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Abstract

Background: Bloodstream infections (BSIs), or bacteremia, are responsible for considerable disease burden. Increas-
ing rates of antibiotic resistance and delays in selection of appropriate treatment lead to increased morbidity, mortal-
ity, and costs. Due to limitations of current standard treatments, especially for bacteremia caused by resistant patho-
gens, a systematic literature review (SLR) was conducted to understand the utilization of ceftolozane/tazobactam
(C/T) in bacteremia.

Methods: Electronic database searches of EMBASE®, MEDLINE®, CCTR and Northern Lights, as well as hand searches
of conference proceedings from the last two annual meetings (i.e., 2018, 2019) of the European Congress of Clinical
Microbiological and Infectious Diseases (ECCMID) and the Infectious Diseases Society of America’'s annual meeting
(IDWeek) were conducted. A total of 23 studies reporting on patients with bacteremia receiving C/T were included in
the review.

Results: Most studies were observational (k=20 studies), though few interventional studies were also identified
(k=3). Heterogeneity was ubiquitous with respect to source of bacteremia (i.e., primary or secondary), source of
infection (for secondary bacteremia), pathogen type, antibiotic resistance, C/T dose, and outcome definitions. This
heterogeneity, along with limited data, and small sample sizes (n=1 to 31) made it difficult to draw any substantial
conclusions, though overall results were favorable to C/T with respect to the outcomes of interest. Nineteen studies
reported clinical cure or success (primary bacteremia: k=6, reported range: 33.3% to 100%; secondary bacteremia:
k=28, 60% to 100%; mixed/unspecified bacteremia: k=10, 50% to 91.7%). Eight studies reported microbiological cure
or eradication rates (primary: k=3, all reporting 100%; secondary: k =4, 68% to 80%; mixed/unspecified: k=5, 60% to
80%). Thirteen studies reported mortality (primary: k=4, 0% to 14%; secondary: k=7, 0% to 100%; or mixed/unspeci-
fied bacteremia: k=7, 0% to 51.6%). One study each also reported composite clinical response, relapse, hospital
re-admission, and hospital length of stay.

Conclusions: Although the available evidence and observed trends for C/T in bacteremia should be interpreted
with caution, the direction of effect would support the utilization of C/T for these difficult to treat infections. Future
research should supplement the existing evidence by considering the impact of key treatment effect modifiers with-
out contributing to the observed heterogeneity.
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Background

Bloodstream infections (BSIs), also referred to as bac-
teremia, are responsible for considerable disease bur-
den worldwide with incidence estimated to be 189 per
100,000 persons in the United States (US) and to range
between 168 and 220 persons per 100,000 across vari-
ous Northern European nations [1-3]. BSIs or positive
blood cultures can be considered primary (i.e., the sole
source of infection) or secondary to another source
of infection, such as the respiratory tract. Both gram-
positive (e.g. Enterococcus, Staphylococcus, Streptococ-
cus) and gram-negative pathogens (e.g., Escherichia
coli, Klebsiella, Pseudomonas) may cause bacteremia;
the infection tends to be more prevalent among popu-
lations that have weaker immune systems, are critically
ill, and/ or have multiple comorbidities [4, 5].

Increasing rates of antimicrobial resistance, especially
to fluroquinolones, cephalosporins and carbapenems,
pose significant challenges to the management of bac-
teremia. Further, many of the pathogens causing bacte-
remia are multi-drug resistant (MDR), extensively-drug
resistant (XDR), or pan drug-resistant (PDR). Delays
in appropriate treatment of bacteremia are associated
with increasing morbidity, mortality, and costs [1-3].
To optimize management of the infection it is impera-
tive to promptly identify the causative pathogen, sus-
ceptibility status, and physical source(s) of infection.
Blood cultures are key to facilitating selection of an
appropriate treatment for specific pathogen and sus-
ceptibility profiles.

Ceftolozane/tazobactam (C/T) is a combination of a
novel antipseudomonal cephalosporin and an established
B-lactamase inhibitor. It is approved by the US Food and
Drug Administration (FDA) and the European Medi-
cines Agency (EMA) for the treatment of complicated
urinary tract infections (cUTIs) including pyelonephritis,
hospital-acquired bacterial pneumonia and ventilator-
associated bacterial pneumonia (HABP/VABP), and in
combination with metronidazole in complicated intra-
abdominal infections (cIAls) [6, 7]. Due to the lack of via-
ble treatment options for bacteremia, especially caused
by resistant pathogens, a systematic literature review
(SLR) conducted in accordance with established guid-
ance was undertaken to understand the impact of C/T in
primary or secondary bacteremia.

Methods

All publications were identified and evaluated for inclu-
sion using predefined selection criteria based on the Pop-
ulation, Interventions, Comparisons, Outcomes, Time
and Study design (PICOTS) structure [8, 9]. The full
PICOTS criteria are presented in Additional File 1.

Page 2 of 21

Search strategy

Electronic database searches of EMBASE®, MED-
LINE®, CCTR and Northern Lights via the OVID® plat-
form were conducted. Searches included intervention
terms only and were conducted from database incep-
tion to February 2020. In addition, manual searches of
the European Congress of Clinical Microbiological and
Infectious Diseases (ECCMID) annual meeting and the
Infectious Diseases Society of America’s IDWeek were
carried out for 2018 and 2019. Only articles published
in English were evaluated. The full search strategy is
available in an Additional File 2.

Study selection

Study selection occurred in two stages based on review
of the titles and abstracts (stage I) and then, full-text
screening (stage II). Full-text articles satisfying eligi-
bility criteria were included in the SLR and underwent
data extraction. During both stages of study selection
two, independent researchers reviewed each publica-
tion. Discrepancies between researchers were resolved
by discussion, with the support of a third, more senior
investigator, as needed.

Data extraction

Data pertaining to study characteristics and methods,
patient, and treatment characteristics, as well as the
outcomes of interest were captured from included stud-
ies. Outcomes were extracted as reported based on data
availability. All outcomes’ definitions were collected
as reported by the authors of the included studies. If
only two of the following were reported, the remaining
data point was calculated: number evaluated, number
experiencing outcome, percent of patients experienc-
ing outcome. In instances where patients with mixed
infections were evaluated, values for outcomes spe-
cific to bacteremia patients were derived based on data
reported. Individual patient data available from case
series or other study designs that reported data for sin-
gle patients but not an entire population were pooled
together to represent a group of bacteremia patients,
data permitting.

As with study selection, data were extracted by a sin-
gle researcher and independently validated by a sec-
ond researcher; these were the same persons involved
in study selection. Any discrepancies were resolved
by discussion between reviewers, including a third, if
needed. Prior to reporting, the full dataset was qual-
ity checked by two independent reviewers. Data were
stored and managed in a Microsoft Excel® workbook.
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Results
Overview of evidence base
After removing duplicate citations, a total of 1,010
unique titles/abstracts were identified from the data-
base searches, of which 94 progressed to full-text review.
After full-text review, 21 were included in the SLR. Three
publications were also identified from the grey literature
searches of conference proceedings. Ultimately, 24 pub-
lications on 23 unique studies were included in the SLR.
An overview of the literature selection process is pre-
sented in the PRISMA Diagram (see Additional File 3).
The 23 studies included in the SLR were of varying
design and were conducted in various geographic set-
tings. Cohort studies were the most commonly utilized
study type (k=13 retrospective cohort studies, [10-22]
one prospective cohort study [23]), followed by case
reports/series (k=2 case reports [24, 25], three case
series [26—28], one case—control study [29]), and clinical
trials (k=2 randomized controlled trials [RCTs], [30, 31]
one single-arm trial [32]). Most studies were conducted
in the US (k=10) [10, 11, 17-20, 26-28, 33] and Spain
(k=61>182125-27); three were conducted internationally
[21, 30, 31], two in Italy [12, 24], one in Japan [32], and
one in Saudi Arabia [13]. The studies also varied with
respect to clinical setting; with seven conducted in medi-
cal centers [15, 18, 20, 22, 26-28], thirteen conducted
in hospitals [10-14, 16, 19, 21, 23-25, 29, 30], one con-
ducted in multicenter health systems [17], and two con-
ducted at unspecified clinical sites [31, 32]. Sample size
of overall populations evaluated in the included stud-
ies ranged from one [13, 14, 19, 22, 24, 25] to 398 [31]
patients. However, six studies reported on patients with
mixed infections [11, 12, 14, 17, 18, 21]. Therefore, the
sample size specific to patients with primary (n=1 to 7
patients), secondary (n=1 to 25 patients), and mixed or
unspecified (n=1 to 31 patients) bacteremia tended to be
smaller and a subset of the overall population.
Heterogeneity was ubiquitous across the evidence base
with respect to source of bacteremia (i.e., primary or sec-
ondary), source of infection (for secondary bacteremia),
pathogen type, antibiotic resistance, C/T dose, and out-
come definitions. The observed heterogeneity was still
present after stratifying results by primary, secondary,
or mixed/unspecified bacteremia. Outcome assessment
time points also varied across the evidence base but were
rarely reported. Variation in the evaluated populations
and C/T dose are discussed further below. Detailed out-
come definitions are presented in Additional File 4.

Pathogen type
The causative pathogen was described in the majority
of studies (k=20/23) [10-27, 29, 30, 33]. Pseudomonas
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aeruginosa was the most frequently reported pathogen
(k=13/23) [11-15, 18-21, 23, 26, 29]. Six studies evalu-
ated patients with mixed/polymicrobial infections [10,
16, 24, 25, 27, 30], five [10, 16, 25, 27, 30] Pseudomonas
aeruginosa in combination with other pathogens [10, 16,
25, 27, 30], and one joint E. coli and K. pneumonia infec-
tion [24].

Antibiotic resistance

Pathogen susceptibility profiles were also described in the
majority of the studies (k=16/23) [10-18, 22, 23, 25-29].
Nine evaluated patients with MDR infections (all 100%
MDR) [10-18, 20, 22, 23, 25, 26, 28, 29, 33] and seven
evaluated a mixed patient population with either MDR,
XDR, and/or PDR infections (five mixed MDR/XDR [12,
16, 20, 23, 29]; two mixed MDR/PDR/XDR [22, 28]).

Underlying infection for secondary bacteremia

Of the 13 [11, 13, 14, 17-21, 25, 26, 30-32] studies
reporting on a secondary bacteremia population there
was variability in the underlying infection source(s). Six
(k=6/13) studies evaluated patients with mixed underly-
ing infections including a combination of biliary, bone/
joint, central-line, intra-abdominal, left-ventricular assist
device, otitis and mastoiditis, perianal abscesses, pyelo-
nephritis, respiratory, submandibular fasciitis, surgical
site, urinary tract infection (UTI), and/or wound. Five of
the remaining studies (k=5/13) evaluated patients with
a single underlying infection and two (k=2/13) did not
specify infection source. Of the five studies reporting a
single infection source, one study each evaluated patients
with lower perianal abscess [13], pneumonia [18] or
nosocomial pneumonia [30], respiratory tract infections
[21], and skin and soft tissue infections [25]. Among the
two studies not reporting infection source, one evaluated
hematopoietic-cell transplant recipients or those with
a hematologic malignancy [26] and another evaluated
maternal sepsis patients [24].

C/Tdose

Administered dose of C/T was reported in all the publi-
cations and ranged from 0.375 g [13, 18] to 3 g [26]; the
most frequently administered doses were 1.5 g (k=14)
[10, 12-16, 18, 19, 21, 24, 25, 28, 31, 32] and 3.0 g IV 8qh
(k=9) [10, 11, 14—16, 18-20, 30]. Actual treatment dura-
tion ranged from a minimum of 3 days [14] to a maxi-
mum 48 days [18] and frequency of administration was
reported to be every 8 h in all but two studies, which
reported a single daily bolus of C/T [27, 31]. In addition
to C/T, concomitant therapy with amikacin, colistin or
metronidazole was administered in six [11, 13, 19, 22, 24,
29] of the 23 studies.
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Clinical cure or success

Nineteen studies reported clinical cure or success rates
among patients with either primary bacteremia (k=six)
[11, 12, 15, 17, 18, 23, 33], secondary bacteremia (k=38)
[11, 13, 14, 18, 19, 25, 26, 30] and/or mixed/unspecified
bacteremia (k=10) [10-12, 14, 16, 22, 24, 27-29]. Fifteen
of the 19 studies defined clinical cure or success, three of
which relied on a resolution of signs and symptoms pre-
sent at diagnosis or baseline and nine of which expanded
this definition with additional criteria, including fever
reduction, improved imaging (details related to imaging
not specified), in-hospital survival, lack of microbiologi-
cal evidence of infection, lack of recurrence, no new signs
or symptoms, and/or no use additional antibiotic ther-
apy. For two studies [18, 23] clinical cure or success was
determined as the inverse of clinical failure and a single
study relied on repeat microbiological clearance to define
clinical success or failure [10].

Primary bacteremia

Six retrospective cohort studies evaluated patients with
primary bacteremia [11, 12, 15, 17, 18, 23] and reported
clinical cure or success rates ranging from 33.3% [23] to
100% (n=1 to 7 patients) (see Table 1) [12, 15, 17]. In the
study reporting 33% clinical success, 86.2% of the infec-
tions were caused by an XDR pathogen, compared with
0% to 50.5% of infections caused by an XDR pathogen in
the remaining five studies. Upon removing this study, the
range of clinical success was 86% [11] to 100% (n=3 to 7
patients) [12, 15, 17].

Secondary bacteremia

Five retrospective cohort studies [11, 13, 14, 18, 19],
one case series [26], one case report [25], and one RCT
[30] also reported on clinical cure or success in patients
with secondary bacteremia (see Table 2). Clinical cure
or success ranged from 0% [13] to 100% [18] (n=1 to 18
patients) across the five retrospective studies; removing
a study reporting on only one patient the value ranged
from 60% [14] to 100% [18] (n=2 to 18 patients). Four
(k=4/5) retrospective studies also reported clinical
cure or success by infection source: one evaluated only
patients with pneumonia[22], one evaluated patients with
various infections and provided individual patient data
(IPD) for each infection source [13, 14], and two evalu-
ated patients with various infections and provided data
for smaller subgroups of patients with specific infection
source(s) [11, 18, 19] (see Additional File 5). In the study
providing IPD, clinical cure or success was achieved by
the one patient with abdominal infection (100%, 1/1) and
one patient with venous central catheter infection (100%,
1/1); only one of three patients (33.3%, 1/3) with respira-
tory infection reported clinical cure [14] (see Additional
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File 5). Across the two studies providing data for sub-
groups of patients with specific infections, both found
pneumonia patients to have lower rates of clinical cure
or success than patients with other infection types. In
the first study, clinical cure or success was lower among
patients with wound infection (0%, 1/1) and pneumonia
(38% [3/8]), compared with UTI (86%, 6/7) and intra-
abdominal infections (100%, 1/1) [11] (see Additional File
5). In the second study, clinical cure or success was lower
among patients with pneumonia (33%, 1/3), compared
with 100% (1/1) for each: central-line associated BSI,
left-ventricular assist device infection, and pyelonephri-
tis [19] (see Additional File 5). The rate for clinical cure
or success reported specifically for pneumonia patients
across these retrospective studies (33% to 38%) was simi-
lar to the rate reported among patients with nosocomial
pneumonia in an RCT comparing C/T with meropenem:
36% (of 25 enrolled patients) [30].

A case series of three patients, which did not specify
an underlying infection, reported a clinical cure or suc-
cess rate at the lower end of that observed across the
retrospective studies (66.7%, 2/3) [26] and a separate
case report evaluating a patient with skin and soft-tissue
infection reported clinical cure or success in this patient
(100%, 1/1) [25].

Mixed/Not specified bacteremia

Six retrospective cohort studies [10-12, 14, 16, 22], two
case reports [24, 27], one case series [28], and one case-
control study [29] reported on clinical cure or success
among patients with mixed (i.e. primary or secondary)
and/or unspecified bacteremia (see Table 3). Across the
retrospective cohort studies, clinical cure or success rates
were similar to those in reported in studies evaluating
only secondary bacteremia: 50% [22] to 91.7% (n=6 to 27
patients) [12]. Two studies provided IPD for patients with
specific infection sources [14, 22] (see Additional File 5).
In the first study, all three patients with a respiratory tract
infection reported clinical cure or success (100%, 3/3), as
did a single patient each with abdominal infection (50%,
1/2), biliary infection (100%, 1/1), and otitis and mastoid-
itis (100%, 1/1) [14] (see Additional File 5). In the second
study, clinical cure or success was achieved by a single
patient with septic shock due to cholangitis (100%, 1/1),
as well as a patient with combined UTI and deep surgi-
cal-site infection (100%, 1/1); IPD were not reported for
four other patients with mixed and/or unspecified bacte-
remia [22] (see Additional File 5).

A case-control study evaluating clinical cure or success
in patients with either primary or secondary bacteremia
reported a clinical cure or success rate that fell at the
higher end of the range reported across the retrospec-
tive studies (80%, 8/10) [29]. In this study, similar clinical
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cure or success rates were reported for patients receiv-
ing C/T in combination (83.3%, 5/6) with either amika-
cin plus levofloxacin (n=2), amikacin (n=4), colistin
(n=1), or fosfomycin (n=1), and those receiving C/T
monotherapy (75%, 3/4). Two case reports, neither speci-
fying an underlying infection, reported clinical cure or
success in a single patient with maternal sepsis [24] and
a single patient with a positive blood culture [27]. A case
series also evaluated clinical cure or success in patients
with mixed underlying infections (including primary bac-
teremia); the outcome was achieved by 77.8% (7/12) of
patient.

Microbiological cure or eradication

Eight studies reported microbiological cure or eradica-
tion rates among patients with either primary (k=3 stud-
ies) [11, 15, 17, 33], secondary (k=4) [11, 14, 17, 32] or
mixed/unspecified bacteremia (k=5) [10, 11, 14, 22, 27].
Seven of these provided a definition, all of which relied
on a negative culture to measure the outcome. Only one
study specified the source of culture (blood) [32]. Three
studies specified that a repeat culture was used to meas-
ure the outcome [10, 22, 27]. Notably, one study assumed
that microbiological cure or eradication was achieved in
surviving patients with clinical success, who otherwise
did not have a repeat culture available [17]. Despite only
few studies specifying that a repeat culture was required,
based on clinical practice it is possible that all studies
specifying that microbiological cure or eradication was
collected, did in fact require a repeat culture.

Primary bacteremia

Three retrospective cohort studies reported on micro-
biological cure or eradication among patients with pri-
mary bacteremia and all reported a 100% rate (n=4 to 7
patients) (see Table 4) [11, 15, 17].

Secondary bacteremia

Three retrospective cohort studies [11, 14, 17] and one
single-arm trial [32] reported microbiological cure or
eradication to range from 68% [17] to 80% [14] (n=5t0 9
patients) in patients with secondary bacteremia caused by
mixed underlying infections (see Table 5). Two of these
studies reported microbiological cure or eradication rates
stratified by infection source [11, 14] (see Additional
File 5). In a single study providing IPD [14], microbio-
logical cure or eradication was achieved by 66.7% (2/3)
of patients with a respiratory tract infection and a single
patient each abdominal (100%, 1/1) or venous catheter
infection 100% (1/1) (see Additional File 5). In the study
providing data for subgroups of patients with specific
infections, the microbiological cure or eradication rate
was lower among patients with wound infection (0%, 1/1)
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and pneumonia (38%, 3/8) compared with patients with
UTI (86%,6/7) and intra-abdominal infection (100%,1/1)
[11] (see Additional File 5). A single-arm trial also evalu-
ated microbiological cure or eradication in patients with
uncomplicated pyelonephritis or cUTI receiving C/T and
reported a rate higher than that observed across all the
retrospective cohort studies (95.7%, 22/23) [32].

Mixed/Unspecified bacteremia

Four retrospective cohort studies [10, 11, 14, 22] and one
case study [27] reported microbiological cure or eradi-
cation in patients with mixed (i.e. primary or second-
ary) or unspecified bacteremia, which ranged from 60%
[22] to 80% (n=5 to 25 patients) (see Table 6) [11, 14].
Two studies reported data for subgroups of patients with
specific infection sources [14, 22] (see Additional File 5).
The first study provided IPD and reported the lower rates
of microbiological cure or eradication in patients with
abdominal (50%, 1/2) and respiratory infection (50%, 1/2)
compared with patients with biliary infection (100%, 1/1)
or otitis and mastoiditis (100%, 1/1) [14] (see Additional
File 5). In the second study, microbiological cure or erad-
ication rate was not achieved by the single patient with
submandibular fasciitis (0%, 0/1), but was achieved by
the single patient with combined UTI and deep surgical-
site infection (100%, 1/1) [22] (see Additional File 5).

Mortality

Thirteen studies reported mortality rate among patients
with either primary (k=4) [11, 15, 17, 18, 33], secondary
(k=7) [11, 13, 17, 18, 21, 26, 30] or mixed/unspecified
bacteremia (k=7) [10, 11, 14, 16, 21, 22, 29]. Only two
reported infection related mortality. Of the remaining 11
studies, one reported that patients had died in hospital,
and another the number of patients surviving at study
end; the other nine studies did not further define mor-
tality. Mortality was also reported at various time points
including 28 days (k=1) [30], 30 days (k=8) [10, 11,
13, 15, 17, 21, 26, 29], and 90 days (k=1) [16]; a single
study timed the outcome at 30 days for one patient and at
90 days for another patient [18].

Primary bacteremia

Four retrospective cohort studies [11, 15, 17, 18] reported
mortality among patients with primary bacteremia,
which ranged from 0% [15, 17, 18] to 14% [11] (n=1 to
7 patients) over a follow-up period of ranging from 30 to
90 days (see Table 7). Three of these four studies reported
zero deaths [15, 17, 18], one of which specifically sought
to record death due to infection [18].
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Secondary bacteremia

Five retrospective cohort studies [11, 13, 17, 18, 21], an
RCT [30] and a case series [26] also reported mortality in
patients with secondary bacteremia (see Table 8). Across
these studies, mortality ranged vastly from 0% [18] to
100% [13] over a follow-up period ranging from 28 to
30 days (n=1 to 19 patients).

Mortality differed by underlying infection source and
was also wide-ranging for the same infection evaluated
across multiple studies. A single retrospective cohort
study reported mortality stratified by infection source
[11] (see Additional File 5). Reported at 30 days, mortal-
ity was higher in patients with wound infection (100%,
1/1) and pneumonia (63%, 5/8) compared with UTI (29%,
2/7) and intra-abdominal infection (0%, 0/4) [11]. Apart
from this study, three others also reported on patients
with respiratory tract infections; in an RCT 52% (13/25)
[30] of nosocomial pneumonia patients died at 28 days,
in a retrospective cohort study 25% (1/4) [21] of patients
with lower respiratory tract infection died at 30 days, and
in another retrospective cohort study 0% (1/2) of pneu-
monia patients died at 30 days [18] (see Additional File
5).

Mixed/Unspecified bacteremia

Six retrospective cohort studies [10, 11, 14, 16, 21, 22]
and one case—control study [29] reported mortality in
patients with either mixed (i.e. primary or secondary) or
unspecified bacteremia (see Table 9). Across these data
mortality at various assessment points ranged from 0%
to 51.6% (n=2 to 19 patients); for studies reporting time
points, all but one reporting a follow-up period of 90 days
(mortality: 36.4%)[16], evaluated mortality at 30 days.
Three studies fell at the upper end of this range; the
first evaluated only patients with lower respiratory tract
infections (51.6%, 16/31) [21] and the other two evalu-
ated a higher proportion of patients with XDR infection
(79%[22]-100% [16] versus 0%). Removing these studies,
mortality ranged from 10%[10] to 28% [11]. Across all
studies, only one specified that death was due to infec-
tion [16].

Other efficacy measures

The SLR also sought to capture data on composite clini-
cal response, relapse, hospital re-admission, and hos-
pital length of stay, which were rarely reported in the
literature. Only a single study each reported on these out-
comes. In general, it was found that treatment with C/T
led to favorable results with respect to these measures.

In an RCT evaluating patients with bacteremia second-
ary to pyelonephritis or complicated lower UTI, a com-
posite clinical response rate (defined as clinical cure and
microbiological eradication of all baseline pathogens) of
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79.3% was reported. The study did not report on primary
pathogen type, antibiotic resistance status, or time point
[31]. In a retrospective cohort study of patients with
either primary bacteremia (n=1) or bacteremia second-
ary to MDR Pseudomonas pneumonia (n=2), no patient
reported relapse or recurrent infection (outcomes not
defined, reported at 90 days) [18]. In addition to C/T, the
primary bacteremia patient received ciprofloxacin and
inhaled tobramycin, one secondary bacteremia patient
received gentamicin; the third patient was treated with
C/T monotherapy [18]. In another retrospective cohort
study of patients with mixed or unspecified bacteremia
and mixed antibiotic resistance, the need for hospital
readmission was rare; at 30 days 14% of patients were
admitted to the hospital from which 10% were infection-
related re-admissions [10]. The final retrospective cohort
study reported hospital length of stay among patients
with secondary bacteremia due to either MDR or XDR
Pseudomonas infections. Median length of hospital stay
from the onset of bacteremia was 14.5 (IQR: 9 to 26) days
[20].

Discussion

Bacteremia causes a considerable disease burden globally,
with a substantial impact both in terms of patient mor-
bidity and economic impact [2, 3]. This review sought
to provide a summary of the available literature on C/T,
a novel antibacterial agent, as utilized in patients with
primary, secondary, mixed or unspecified bacteremia.
Limited data and substantial variability in patient charac-
teristics across studies make it difficult to draw any sub-
stantial conclusions, but the overall results were favorable
to C/T.

The 23 studies included in the review provided mostly
observational evidence (i.e. cohort and case-control stud-
ies, case reports, case series), though few interventional
studies were included (i.e. RCTs and single-arm trials).
The majority evaluated patients with Pseudomonas infec-
tions (range: 95% to 100% of patients in 20/23 included
studies), which are of particular concern as they are
known to cause severe infections and to exhibit both
intrinsic and acquired resistance to antibiotics [12, 34].
Careful selection of an appropriate therapy is critical
when dealing with antibiotic resistant bacteria, a step
which may lead to delays in treatment. Agents commonly
used to treat these infections include aminoglycosides,
B-lactams, fluoroquinolones, and/or polymyxins but a
growing evidence base suggests increasing resistance to
these treatments [23, 34]. The need for newer effective
agents or combinations of existing therapies is appar-
ent. Recently, the challenges involved in treating highly
resistant bacteria has led the World Health Organization
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Table 4 Microbiological cure or eradication in primary bacteremia patients receiving C/T

Author, year Study design Pathogen type Antibiotic resistance Outcome definition  Time point % (n/N)
Reporting
cure or
eradication

Retrospective cohort studies

Elabor et al, 2018 Retrospective cohort  Pseudomonas: 100% MDR infection: 100% Defined as the pres- - 100% (4/4)
[15] (not further specified) ence of a repeat

negative culture after

initiation of treatment
Gallagher et al, 2018 Retrospective cohort  Pseudomonas: 100% MDR infection: 100% Defined as a negative - 100% (6/6)
n7z (not further specified) culture at the end of

therapy
King etal, 2018 [11]  Retrospective cohort  Pseudomonas: 100% MDR infection: 100% Microbiological suc- - 100% (7/7)

(not further specified)

cess required a nega-
tive culture at the end
of therapy

MDR Multi drug resistant

(WHO) to identify a crucial need for effective antibiotic
treatment of resistant P. aeruginosa infections [9, 34].
C/T presents as a potentially promising therapeutic
option. In most studies identified by the review (16/23),
treatment of bacteremia was complicated by the fre-
quency of MDR, PDR, and XDR infections. C/T gener-
ally led to favorable clinical efficacy based on reported
clinical cure or success, microbiological cure or success,
and mortality. Few data points suggest that patients with
XDR infections exhibited worse outcomes than those
with MDR when considering clinical cure or success
[22, 23], though this trend was not observed for either
microbiological cure or eradication, or, mortality [16,
29]. Across the evidence base, patients with respiratory
infections also exhibited worse outcomes than those with
other underlying infection sources, reporting lower rates
of clinical cure or success, lower rates of microbiological
cure or eradication, as well as higher mortality compared
with other infection types calling attention to the diffi-
culty in treating respiratory infections and the underly-
ing critical nature of patients with secondary bacteremia.
Notably, the studies evaluating patients with mixed infec-
tion types did not report on the dose of C/T that was
administered to patients with respiratory infections. Dos-
ing of C/T used for respiratory infections is double the
recommended dose used for cUTI and cIAl, which had
earlier regulatory approval. It is possible that potential
underdosing of patients with respiratory infections may
have contributed to the poorer prognosis seen in patients
with pneumonia. The need for ventilators and presence
of a greater number of comorbid conditions may also
have contributed to the lower cure rates and higher mor-
tality among patients with respiratory infections [17].
The observed trends related to XDR and respiratory
infections are aligned with what is expected in these

patient populations [35]. While inconsistency in some of
the findings of the review is likely due to the inclusion of
studies with small sample sizes and heterogeneity in key
patient characteristics, interpretation of data identified
by the review is subject to additional challenges. A key
limitation of this review is that most included studies did
not assess bacteremia outcomes as a primary aim of the
study. The presence of bacteremia was reported either,
clearly, as part of study eligibility criteria or patient base-
line characteristics or was inferred based on reporting of
positive blood culture, sepsis, or septic shock. Often, out-
comes data for bacteremia patients were not separately
reported and had to be hand calculated based on details
provided by authors in provided text, tables, and figures.
This reiterates the separate focus of the studies from
which the bacteremia population was identified. While
a number of the included studies specified whether
patients with primary or secondary bacteremia were
evaluated, several reported on either a mixed (for which
primary or secondary bacteremia results were not sepa-
rable), or an unspecified bacteremia population. Some
studies also reported conflicting data, which are cap-
tured in footnotes to our results tables. All included stud-
ies were of small sample size and even larger studies of
patients with mixed infections reported on few patients
with bacteremia (n=1 to 31). As previously mentioned,
there was much heterogeneity in data evaluated and
reported in relation to presence of primary or secondary
bacteremia, pathogen type, antibiotic resistance, underly-
ing infection, C/T dose and outcome definitions. Many
studies reported only overall population characteristics
as opposed to those specific to the bacteremia cohort,
and thus did not accurately represent the subset of
patients with bacteremia. Further, most evidence was col-
lected from observational studies or case reports, adding



Page 14 of 21

(2022) 21:42

Khankhel et al. Ann Clin Microbiol Antimicrob

]LN 40 punom e Jayua snid 921nos eluownaud a|qissod e pey juaiied Yyoeg 's92IN0Ss OM] U9IMID] JBIDUN SEM BIWDISIDEJ JO 92IN0S 3y) ‘syudned 7 Jo4 ,

suoIdayul oeI} A1eunin (1) ‘Juelsisal Brup N Yaw

AdeJay1 Jo pus ay1 1e
24nNd aAleHaU e palinbal

(payiads Jayiny

(1 =N) punom

‘(F=N) |[eulLOpge-eaul
‘(£=N) LN (8=N) eluow
-naud :suondajul paxi

o(8L/€1) %C L - $S9DNS |EDIBOIOIQODIN %00 | :UoIdUI YAW 10U) %00 | :SoUOUWIOpNasd [[BI9AO  HOYOD aAIDads0i1ay [11]8107 “|e 1o bury
|LN pue ‘punom
Adeiayy Jo pua ay1 1e ainy (payinads Jayuny ‘eluownaud ‘[euiwiopge
61/€1) %089 - -|nd>aApReHsU B Se pPRUYRd %001 UCIJUI YHAW 10U) 9400 | :SOUOWIOPNASH -BJJul ‘Julof /auoq ‘paxIy  MOoYod aAldadsonay  [/1]810T “Ie 12 Jlaybejjen
(1=N) J212y3ed
|BJIUSD SNOUSA pue (£ =N)
Alozeaidsal ‘(L =N) [eu
o -JWopge :SUOIDAJUI PIXIN
yum Adesayy (payidads Jayuny eluwaIa10eq
(S/) %008 o) skep 0 = %001 uon>a4ul yaw 10U) 9001 “SOUOLIOPNAsH  PUB UONIJUI PAXIW [[BISAQ  1IOU0D dAIDdS0NRY [PL]£10T "|e 12 UOISED
S9IPNIS 1IOYOD dA1102dS0119Y
|W/N4D #vOL >01
Pasea1d9p oM dUl|9se] 18
puNoj (Ju/N4D SvoL =<)
suaboyiedoln ||e smoys 1LN2 pue
2IN3Nd dUln e pue siuydauoeAd pazeond
(£7/81) %<8/ sAep i1 2IN1N2 poo|q aAlebIN - - -WoduN :sU0RI3JUl PIXIN |eL} WIe-91buUIS  [2€] 6107 “|e 19 emesiely
[1N> pue
siydauofaAd paiedyd
(£2/20) %/'S6 sKep 71 2In}|N> poo|q aAnebaN - -~ -WodUN SUORIJUI PSXIN [eLy wiie-31buls  [7€] 6107 “|e 12 emesely
[el} wie-3|bulg
uonedipesd
10 24nd
bunioday
(N/U) % juiod swig UOIIUYSP SWODINQ ddUE)SISAI D1301 adA} uaboyied 92Inos ubisap Apnis 1eak Joyny

1/D Buineday siusiieq ejuwiaiaideg A1epuodas uj uonediped 10 21n)) [ed160[0IqoIA - § d1qeL



Page 15 of 21

(2022) 21:42

Khankhel et al. Ann Clin Microbiol Antimicrob

paip pue ypoys d1ndas padojanap Ajpusnbasgns uonedipels [edibojoiqodiw buiiodas syuaned €/1 ,

Jue)sisal Bnup AjaAIsuIX3 Y@y ‘puessisal Bnup ued Yad ‘yueisisal brup ninw yaw

o(S/€) %009

(52/00) %008

(C1/6) %0'SL

9|ge|IRAR 219M 32INOS SWIES
91 WOl $3InY N> pateadal
uaym Adesayl Jo y g/ 1aye
esoulbnise ¢ 1o sainynd

- 9AI1EDBU Se pauya(

Adeiayy Jo pus ay1 e
2IN3ND 2AIBHAU e palinbal
- $5920N5 |e2I60|0IqOIIN

2Iinynd
aAIIsod Ajsnoiaaud e 1aye
usboyied awes jo ainynd
- 9AI1EHAU PAIUBWINDO(

%t

UoNd3YUI YAd ‘%6/L
UONIYUI YAX ‘W6E /L
:uond3UI YW

%001 “UORIAUI AW

(suonIaul spuowop

-nasd Yim syualied ||e)
9698 :UOBIUI YA

(payads Jsyuny
10U) 9600 | :souowopnasd

%G PDjUOWNAUY
A

(%v 1) epipued -

(%) el|ouebION -

"(9%5) Wnaydasobulua| «
"(9%S) e1PUaPINOI (%0 11)
1910RQOIBUDY (%01) 1910eq
-0J31U7 :UONDJJUI SLUOWOP
-Nasd [PIGOIDIWA|Od »
(payiads Jayuny

10U) 956 :SDUOWOPN3sd

uondJul

QMs-|ea1bins dasp pue [N
10 SIMIDSE) JeingIpuRWIgNS
:SUOIDRJUI PIXI [[BISAQ
2IN1N2 Poo|q aAIsod eIA
P331$91 PUNOM ‘|eulwopae
-eJjul ‘1N "eluownaud

10 elwasR1deq Alewrd
:SUOIDRJUI PIAXIA [[BISAQ

(uon

-J3JU SUO UBY] 2J0U 9ARY
p|Nod syuaed) punopp
'anssi| ‘Areulin ‘poojg ‘K101
-eJidsay :SUOIDAUI PAXIN
‘AJel|ig 'siplolsew

pue sinQ ‘Aioielidsoy
[PUILIOPQY SUOID3)UI

110402 9A13ds0I19Y

1oyoo EIeETe HoEN]

11040D 9A1123ds0119Y

[zl 810c e 12 ||l2dix

[L1]810z "[e 32 Bury

[oL]
8107 “|e 12 JewnyeAe

e palinboe-jendsoy paxipy
yum Adesayy (paydads Jaynny 3o0ys o1ndas/sisdas pue
(S/%) %008 J1214e) shep 0 - 9001 :uondul Yaw 10U) %00 | -Sbuowopnasy SUOIID3YUI PAXIW [[eI2AQ  HOYOD 9A1102ds0.19Y [71] £10T “|e 12 uoised
S9IPNIS 1IOYOD 9A1109dS0119Y
UopIN[oSal
o1bojolqoiw buiiells %001
-UoWwiap aInynd 1eadai 1102 3 (payidads 1ayiiny
(1/1) %001 - 3|gen|ed Ajjea1uld e peH - 10U) 9001 :SDUOLIOPNIS - 110dai ased [£2] 0Z0T " 19 sauof
1iodal ased
uonedipesd
10 24nd
bunioday
(N/Y) % julod awi] uonIULYSP SWOdINQ  ddUe)SISDI dDoIGqIUY adA} uaboyied 2Inos ubisap Apnis 1eak Joyny

1/ buiaiedai syuaned elwaialdeq payinadsun/paxiud Ul UOIeJIPeIS JO 2Ind [eDIB0J0IqOIdIN 9 dlqeL



Khankhel et al. Ann Clin Microbiol Antimicrob (2022) 21:42 Page 16 of 21
Table 7 Mortality in primary bacteremia patients receiving C/T
Author, year Study design Pathogen type Antibiotic Outcome definition Time point % (n/N)

resistance Reporting mortality

Retrospective cohort studies

Elabor et al, 2018  Retrospective cohort Pseudomonas: 100%
[15] (not further speci-
fied)

Pseudomonas: 100%
(not further speci-
fied)

P aeruginosa: 100%

Gallagher et al,,
2018 [17]

Retrospective cohort

Haidar et al, 2017  Retrospective cohort
(18] (single patient)

Pseudomonas: 100%
(not further speci-
fied)

Pseudomonas: 100%
(not further speci-
fied)

King etal.etal,
2018 [11]

Retrospective cohort

King etal. etal,
2018 [11]

Retrospective cohort

MDR infection: 100% -

MDR infection: 100%

MDR infection: 100%

MDR infection: 100%

MDR infection: 100% -

30 days 0% (0/4)?

Defined as patients 0% (0/6)
who died in the hos-

pital after 30 days

30 days

Defined as P. aer- 0% (0/1)P
uginosa if the patient
died with signs

and symptoms of
infection, microbio-
logic or histological
evidence of an active
P.aeruginosa infec-
tion, and

if other potential
causes of death were
reasonably excluded

90 days

In-hospital mortality - 0% (0/7)°

30 days 14.0% (1/7)

MDR, Multi drug resistant

@ Mortality not explicitly reported, but all 4 patients were reported to survive. This value may need to be evaluated with caution when considering timings for
evaluating in-hospital mortality (NR for bacteremia patients). For the overall group of patients, 17/65 (26.1%) of patients died in hospital, yet 56/65 (86.1%) of patients

survived to 30 days (indicating that only 9 patients died)
b Died within 90 days (Not attributable)
€ In-hospital mortality

another layer of variability, particularly related to treat-
ment characteristics. The patients included in these stud-
ies may have experienced varied durations of treatment,
times to appropriate treatment, use of combination ther-
apy, source control and dosing, which may also explain
wide ranges of reported outcomes and inconsistency in
any observed trends even when patients with the same
type of bacteremia and resistance levels were evaluated.
Finally, although the SLR was conducted in accordance
with established guidance, as always reviews are limited
by the confines of their selection criteria and the risk of
publication bias present within the included evidence
base.

Conclusion

Although the available evidence and observed trends for
C/T in bacteremia should be interpreted with caution,
the direction of effect would support the utilization of

C/T for these difficult to treat infections. Treatment with
C/T was generally found to lead to favorable clinical effi-
cacy based on reported clinical cure or success, micro-
biological cure or success, and mortality among patients
with bacteremia often caused by MDR/PDR/XDR Pseu-
domonas infections. Future research should aim to sup-
plement the published data by conducting larger studies
that use methods most often implemented in the existing
evidence base and also consider the impact of treatment
effect modifiers, such as bacteremia source (i.e., pathogen
type, antibiotic resistance, underlying infection), infec-
tion severity, comorbidities, and treatment regimen, as
well as providing outcome data based on key parameters
such as presence of bacteremia, pathogen and resistance
profile.
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Table 8 Mortality in secondary bacteremia patients receiving C/T

Page 17 of 21

Author, year Study design Source Pathogen type  Antibiotic Outcome Time point % (n/N)
resistance definition Reporting
mortality
Case series
Hakki and Case series NR® P aeruginosa: MDR infection: Defined as 30 days 0% (0/3)
Lewis et al., 100% 100% patients surviv-
2018 [26] ing
Randomized controlled trials (RCT)
Kollef et al. RCT Nosocomial Pseudomonas®: - - 28 days 52.0% (13/25)
etal, 2019 pneumonia 17.4% (Not
[30] further specified),
Enterobacter:
53.86%"
Retrospective cohort studies
Bosaeed et al, Retrospective Complicated Pseudomonas: MDR infection: - 30 days 100% (1/1)
2020 [13] cohort (single perianal 100% (not further 100%
patient) abscesses specified)
Gallagher Retrospective Mixed infections:  Pseudomonas: MDR infection: - - 36.8% (7/19)
etal, 2018 cohort bone/ joint, 100% (not further  100%
7] intra-abdominal, specified)
pneumonia,
wound, and UTI
Haidar et al., Retrospective Pneumonia P aeruginosa: MDR infection: Defined as P. 30 days for 0% (0/2)
2017 18] cohort 100% 100%° aeruginosa if the  patient 1
patient died with 90 days for
signsand symp-  patient 2
toms of infection,
microbiologic
or histological
evidence of an
active P aerugi-
nosa infection,
and
if other potential
causes of death
were reasonably
excluded
King et al., Retrospective Mixed infections:  Pseudomonas: MDR infection: - 30 days 44.4% (8/18)%e
2018 [11] cohort Pneumonia 100% (not further 100%
(N=8), UTI specified)
(N=7), intra-
abdominal
(N=4), wound
(N=1)
Rodriguez- Retrospective Lower respiratory  Pseudomonas: -9 - 30 days 25.0% (1/4)
Nunez et al., cohort tract infection 100% (not further
2019 [21] specified)

MDR Multi drug resistant
? Undefined primary source

b Calculated % tallying number of patients with Pseudomonas pathogen

€ Antibiotic resistance presented here not specific for bacteremia

9 Died within 30 days (not attributable)

€ In-hospital mortality

fFor 2 patients, the source of bacteremia was unclear between two sources. Each patient had a possible pneumonia source plus either a wound or UTI

9 Multi-drug resistant or extensive-drug resistant, exact resistance measure unclear
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European medicines agency; FDA: Food and drug administration (US); HABP:
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resistant; MODS: Multiple organ dysfunction syndrome; n: Number of patients;
PDR: Pan-drug resistant; PICOTS: Population, interventions, comparisons,
outcomes, time and study design; PRISMA: Preferred reporting items for
systematic reviews and meta-analyses; RCT: Randomized controlled trial; SIRS:
Systemic inflammatory response syndrome; SLR: Systematic literature review;
US: United States; UTI: Urinary tract infection; VABP: Ventilator-associated bac-
terial pneumonia; VNP: Ventricular-associated nosocomial pneumonia; WHO:
World Health Organization; XDR: Extensively drug resistant.
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