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Abstract: Multidrug resistance associated with extended-spec-
trum  beta-lactamase (ESBL) and Klebsiella  pneumoniae
carbapenemase (KPC) among K. pneumoniae is endemic in southern
Europe. We retrospectively analyzed the impact of resistance on the
appropriateness of empirical therapy and treatment outcomes of K.
pneumoniae bloodstream infections (BSIs) during a 2-year period at
a 1420-bed tertiary-care teaching hospital in northern Italy. We
identified 217 unique patient BSIs, including 92 (42%) KPC-
positive, 49 (23%) ESBL-positive, and 1 (0.5%) metallo-beta-
lactamase-positive isolates. Adequate empirical therapy was
administered in 74% of infections caused by non-ESBL non-KPC
strains, versus 33% of ESBL and 23% of KPC cases (p <0.0001).
To clarify the impact of resistance on BSI treatment outcomes, we
compared several different models comprised of non-antibiotic
treatment-related factors predictive of patients’ 30-day survival
status. Acute Physiology and Chronic Health Evaluation (APACHE)
II score determined at the time of positive blood culture was
superior to other investigated models, correctly predicting survival
status in 83% of the study cohort. In multivariate analysis accounting
for APACHE 11, receipt of inadequate empirical therapy was associated
with nearly a twofold higher rate of death (adjusted hazard ratio 1.9,
95% confidence interval 1.1-3.4; p=0.02). Multidrug-resistant
K. pneumoniae accounted for two-thirds of all K. pneumoniae BSls,
high rates of inappropriate empirical therapy, and twofold higher rates
of patient death irrespective of underlying illness.

(Medicine 2014;93: 298-308)

Abbreviations: AmpC = class C beta-lactamase, APACHE II
= Acute Physiology and Chronic Health Evaluation II, aROC
= area under receiver operator curves, BL/BLI = beta-
lactam/beta-lactamase inhibitor, BSI = bloodstream infection,
CDC = United States Centers for Disease Control and
Prevention, CLSI = Clinical and Laboratory Standards
Institute, CRE = carbapenem-resistant FEnterobacteriaceae,
CR-KP = carbapenem-resistant Klebsiella pneumoniae, ESBL =
extended-spectrum beta-lactamase, EUCAST = European Com-
mittee on Antimicrobial Susceptibility Testing, HPA = United
Kingdom Health Protection Agency, ICU = intensive care unit,
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KPC = Klebsiella pneumoniae carbapenemase, MALDI-TOF =
Matrix-Assisted Laser Desorption Ionization Time-of-Flight,
MBL = metallo-beta-lactamase, MDR = multidrug resistant,
MIC = minimum inhibitory concentration, PCR = polymerase
chain reaction, VIM = Verona integron-encoded metallo-beta-
lactamase.

INTRODUCTION

Multidrug resistance among Enterobacteriaceae is a
growing public health crisis that threatens to make
many health care-associated infections untreatable with
current antibiotics.*”*” The widespread use of broad-spec-
trum cephalosporin and fluoroquinolone antibiotics, in
particular, has accelerated the emergence of fluoroquinolone-
resistant and extended-spectrum beta-lactamase (ESBL)
producing Escherichia coli and Klebsiella pneumoniae,
which are now endemic in many communities and hospitals
worldwide.*”>' Consequently, the diminishing activity of
fluoroquinolones and third-generation cephalosporin has led
to increasing use of carbapenem antibiotics for common
health care-associated infections, creating pressure for the
emergence of carbapenem-resistant  Enterobacteriaceae
(CRE)."™"3 Indeed, outbreaks of K. pneumoniae carbapene-
mase (KPC)-producing Enterobacteriaceac have been
reported worldwide, and they are endemic in many hospitals
and long-term care facilities in southern Europe, China,
South America, and certain regions of North America.*’
KPC enzymes efficiently hydrolyze all cephalosporins,
monobactams, carbapenems, and even beta-lactamase inhib-
itors, leaving few effective treatment options."*'® Triple drug
concentrations consisting of meropenem, tigecycline, and
colistin have been associated with improved survival in
patients with KPC-K. pneumoniae bacteremia,”® but this
combination is rarely administered empirically to patients.
Moreover, the utility of continuing meropenem therapy as
part of an active combination in the setting of extremely
elevated carbapenem minimum inhibitory concentration
(MICs) (>32mg/L) remains unclear.”? Most studies examin-
ing outcomes associated with KPC K. pneumoniae bacter-
emia have focused on unmodifiable risk factors such as older
age, severity of underlying illness, dialysis, and solid-organ
transplantation as predictors of poor outcome.®*%->>
Relatively few studies have examined the impact of
modifiable risk factors (for example, empirical antimicrobial
therapy, source control) in the outcome of multidrug-resistant
(MDR) K. pneumoniae bloodstream infections (BSIs) while
taking into account the severity of underlying patient illness.
In TItaly, approximately 25%-50% of all K. pneumoniae
bloodstream isolates are positive for ESBL production, and
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20%-30% of strains produce KPC-2 or KPC-3 carbapene-
mases.”* To understand the impact of these endemic
resistance patterns on patient outcome, we performed a
2-year retrospective observational study of K. pneumoniae
BSI in our hospital. Our specific objective was to determine
if isolation of ESBL or KPC-producing-K. pneumoniae from
the bloodstream was associated with higher rates of
inadequate empirical antibiotic prescription, which we
hypothesized to be an independent risk factor for patient
death within 30 days of a positive blood culture. We also
performed a literature review to provide a worldwide
perspective on epidemiology, risk factors, and microbiologic
and treatment issues of BSI due to MDR K. pneumoniae.

PATIENTS AND METHODS

Patient Population

We performed a retrospective analysis of all
K. pneumoniae BSls at our institution from July 2010 to
August 2012. The study site was S. Orsola-Malpighi
Hospital, University of Bologna, a tertiary 1420-bed hospital
with approximately 72,000 yearly inpatient admissions. Cases
were eligible for analysis if they had a positive blood culture
for K. pneumoniae and sufficient documentation in the
medical record to assess treatment and outcomes within 30
days of the positive blood culture.

Study Design

Eligible patients were identified retrospectively from the
institutional microbiology surveillance database and medical
records. Data were extracted using standardized data
collection tools, and the accuracy was confirmed by system-
atic reconciliation of case records using the original patient
electronic medical record. Treatment outcomes associated
with the BSI, including clinical response to antibacterial
treatment, other intercurrent infections or medical complica-
tions, need for intensive care unit (ICU) admission, hospital
discharge, or death were analyzed up to 30 days after the
positive blood culture. Only the first positive culture
(infection episode) per patient was included in the analysis.

Definitions

Bloodstream infections and systemic inflammatory re-
sponse syndrome (SIRS) were defined according to the United
States Centers for Disease Control and Prevention (CDC)
criteria.”® Acute Physiology and Chronic Health Evaluation
(APACHE) 1I scores were calculated for all case patients on
the day of their initial blood culture positive for
K. pneumoniae.®® Neutropenia was defined as a peripheral
absolute neutrophil count of <500 cells/mL. Immunosuppres-
sive corticosteroid therapy was defined as >100mg of
prednisone-equivalent therapy administered within 30 days of
positive blood culture. Chemo-radiation therapy included
receipt of cytotoxic antineoplastic drugs or ionizing radiation
for cancer curative intent or palliation within 30 days before
the blood culture. Acute renal failure was defined according
to the RIFLE criteria.®* Cirrhosis was identified by patient
history (with diagnostic liver biopsy) or a probable diagnosis
(with clinical and analytical data suggesting chronic liver
disease, hepatocellular dysfunction, and portal hypertension).
Intercurrent complications were recorded in the 30-day period
after a positive blood culture if the patient required blood
transfusion for severe hemorrhage or anemia, developed other
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hospital-acquired infections or pressure ulcers, or required
surgical treatment during the hospital stay.

All-cause mortality was assessed in patients within
30 days of the positive blood culture. Empirical therapy
consisted of all antibiotics administered to treat a suspected
infection before final pathogen identification and availability
of in vitro susceptibility results. Definitive therapy was defined
as antimicrobial therapy given after the susceptibility testing
results were available to the clinician. Antibiotic treatment was
considered appropriate for susceptible, ESBL-producing, or
KPC-producing K. pneumoniae BSI if at least 1 antibiotic was
administered with documented sensitivity according to the
breakpoints established by the European Committee on
Antimicrobial Susceptibility Testing (EUCAST). In the case
of KPC-K. pneumoniae, appropriate therapy was defined as
the administration of at least 1 agent proven sensitive (colistin
[using as standard dosage a loading dose of 9 MU, then 4.5
MU every 12h intravenously] or tigecycline or gentamicin)
with either imipenem, meropenem, or tigecycline. For pur-
poses of our analysis, tigecycline, doxycycline, or rifampin
monotherapy was considered inappropriate therapy for KPC-
K. pneumoniae BSI. Only regimens continued for at least
48 hours were included in the analysis.

Microbiology

Blood cultures were incubated using the BACTEC FX
Automated Blood Culture System (Becton Dickinson, Frank-
lin Lakes, NJ). Identification and susceptibility testing of K.
pneumoniae strains isolated from blood samples were
performed with the Vitek 2 automated system (bioMerieux,
Marcy D’Etoile, France). A positive ESBL test from the
automated system was confirmed with disc diffusion tests
according to United States Clinical and Laboratory Standards
Institute (CLSI) guidelines.21 Enterobacteriaceac MICs were
interpreted using EUCAST clinical breakpoints?’ for all
tested antimicrobials. Meropenem MICs were also confirmed
by Etest using methods recommended by the manufacturer
(bioMerieux). Phenotypic confirmation of carbapenemase
production was performed for isolates with reduced suscepti-
bility to carbapenems (MIC > 0.5mg/L for ertapenem,
imipenem, or meropenem) using the modified Hodge test,*
and a meropenem-based disc-diffusion synergy test (Rosco
Diagnostica, Taastrup, Denmark). The presence of the
blaKPC gene was confirmed by polymerase chain reaction
(PCR) using previously described methods.*

Statistical Analysis

Categorical variables were analyzed as absolute num-
bers and their relative frequencies. Continuous variables were
analyzed as mean and standard deviation if normally
distributed, or as median and interquartile range if non-
normally distributed. In the univariate analysis of risk factors
for all-cause 30-day mortality, categorical variables were
compared using the chi-square test, whereas continuous
variables were compared using the Mann-Whitney U or 2-
tailed Student t-test, where appropriate.

The primary study hypothesis was to determine if ESBL
and KPC-producing Enterobacteriaceac would be associated
with significantly higher rates of inadequate empirical antibiotic
therapy, which would be an independent risk factor for 30-day
crude mortality. To account for non-antibiotic therapy covariates
impacting 30-day crude mortality, patient APACHE II scores
calculated on the day of positive blood culture were entered in a
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Cox proportional hazards regression model as a continuous
variable along with a limited number (<5) of clinically plausible
mortality covariates identified in univariate analysis (p <0.1).
This survival model was then used to evaluate the impact of
inappropriate empirical or definitive therapy on patient survival,
use of carbapenem- or colistin-containing regimens for ESBL-
producing isolates, and the impact of combination therapy for
KPC-producing-K. pneumoniae.

Model goodness-of-fit was determined by calibration
plots using a modified Hosmer-Lemeshow test as previously
described.”® Discrimination of the model was assessed by
area under receiver operator curves (aROC). Residual plots
of excluded and included covariates were used to screen for
incorrect covariate inclusion, exclusion, or temporal effects
as described by Bradburn et al.” All analysis was carried out
using SPSS 20.0 (SPSS, Chicago, IL) and MedCalc 12.7
(MedCalc Software, bvba, Ostend, Belgium).

Ethics Statement

The study was conducted in accordance with study
principles outlined by the Declaration of Helsinki, following
review by the institutional ethics committee. Full protocol
review was waived because of the noninterventional, obser-
vational nature of the study.

Literature Review

We reviewed published studies on K. pneumoniae BSls
in the MEDLINE database (PubMed, National Library of
Medicine, Bethesda, MD) from 1977 to 2012 using as
keywords “Klebsiella pneumoniae” and “bloodstream
infection,” and as a limit “English language.” We focused
our literature review on ESBLs and carbapenemase-produc-
ing strains, as these are currently the main mechanisms of
antibiotic resistance in K. pneumoniae.

RESULTS

During the 2-year study period, we identified 251
episodes of K. pneumoniae BSI. Among these cases, 34
(13.5%) were excluded from further analysis because of
insufficient documentation in the medical record or because
the bloodstream isolate represented a recurrence in the same
patient, resulting in 217 individual cases eligible for analysis.

KPC-producing K. pneumoniae accounted for 7% (104/
1403) of all BSIs in our hospital during the 2-year study
period, and 42% (92/217) of all evaluable BSI episodes.
KPC-producing strains were confirmed to be 8% blaKPC-2
and 92% blaKPC-3 by PCR. Non-KPC, ESBL-producing K.
pneumoniae confirmed by phenotypic testing were responsi-
ble for a further 23% (49/217) of BSIs, with concomitant
porin loss detected phenotypically in 4% (9/217) of the
isolates based on an MIC superior to the epidemiologic
cutoff for 1 or more carbapenems together with a negative
confirmatory test for carbapenemase production. Only 1
isolate of K. pneumoniae (0.5%) during the study period was
positive for metallo-beta-lactamase (MBL) production and
was defined as VIM-1 (Verona integron-encoded MBL-1)
producer by PCR assay. Characteristics and susceptibility
patterns of the infecting isolates are summarized in Table 1.

Patient Population
Baseline patient demographic characteristics are pre-
sented in Table 2. Compared to 30-day survivors, patients
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who died were more likely to be in the ICU (48% vs
11%, p<0.0001), have higher median baseline APACHE
II scores (24 vs 14, p <0.0001), were more likely to
develop intercurrent medical complications (36% vs 16%,
p=0.001) and have received immunosuppressive cortico-
steroid therapy (31% vs 14%, p=0.004) or develop
sepsis or have persistent septic shock in the first 72 hours
(76% vs 15%, p<0.0001). Although primarily validated
as a prognostic index for ICU patients, APACHE II
scores calculated on the day of positive blood cultures
could discriminate non-surviving versus surviving patients
at 30-days after the positive blood culture (aROC of
0.88; 0.83-0.92, p<0.0001); and correctly predicted
survival status in 83% of the total study cohort with good
calibration (Hosmer-Lemeshow chi-square = 5.4, degree
freedom = 8, p=0.71).

The inclusion of additional candidate clinical cova-
riates for the survival model (cirrhosis, solid-organ
transplant, hematologic malignancy, diabetes, corticoste-
roids, intercurrent complications) did not significantly
improve the discrimination of the survival model over
APACHE 1II alone (aROC 0.88 vs 0.89, p=0.96) even
though underlying hematologic malignancy (hazard ratio
[HR] 2.5, 95% confidence interval [CI] 1.1-5.7; p=0.03)
and cirrhosis (HR 2.4, 95% CI 1.2-5.1; p=0.02) were
retained in a final multivariate risk model with APACHE
II score (HR 1.2 per score point, 95% CI 1.1-1.2;
p <0.0001). Therefore, antibiotic treatment variables were
analyzed using only APACHE II score as the underlying
survival risk covariate. An APACHE II score >17 was
found to be the optimal cutoff for defining patients at
high (48/80 patients, 60%) versus lower (10/137 patients,
7%) cumulative 30-day mortality risk.

Antibiotic Treatment and Outcome

Compared to non-MDR strains, BSIs caused by
ESBL- or KPC-positive K. pneumoniae were associated
with a significantly higher frequency of inadequate empiri-
cal antimicrobial therapy (Figure 1). Initial empiric treat-
ment was judged to be adequate in 74% of patients
infected with non-ESBL or non-KPC producing K. pneu-
moniae who received at least 1 active antimicrobial agent,
versus only 32% and 22% of patients with ESBL- and
KPC-positive strains, respectively (p <0.0001). In total,
only 93/217 patients (43%) of patients with K. pneumoniae
BSI received effective empiric therapy. When evaluated by
Cox-hazard proportional regression accounting for underly-
ing illness severity, receipt of inadequate empirical therapy
was associated with an estimated twofold higher rate of
death within 30 days (adjusted HR 1.9; 95% CI 1.1-3.4;
p=0.02).

A number of monotherapy and combination therapy
regimens were used to treat K. pneumoniae BSI in the study
cohort. Among patients with non-KPC producing strains
(39% of which were ESBL positive) lack of appropriate
antibiotic therapy or no therapy in the first 48 hours after
culture was associated with increased adjusted risk of death
within 30 days (adjusted HR 2.6, 95% CI 1.1-6.1; p=10.03).
However, empiric therapy with a carbapenem-based regimen
was associated with improved 30-day survival (adjusted HR
0.24, 95% CI 0.06-0.9, p=0.04). A similar benefit was not
evident with beta-lactam-based regimens; that is, ampicillin-
sulbactam, piperacillin-tazobactam, or cephalosporin alone or
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TABLE 1. Klebsiella Pneumoniae Bloodstream Isolate Susceptibility Characteristics by 30-Day Survival Status

Non-KPC Sur- Non-KPC Non- KPC + Sur- KPC + Non-
vivors (n=100)  Survivors (n=25) vivors n =59 Survivors

Percentage Resistant (EUCAST) (80%) No. (%) (20%) No. (%) P (64%) n=233 (36%) P’
ESBL positive 31 31) 9 (36) 0.64 NAT NAT —
ESBL positive + porin 5(5) 4 (16) 0.08 NA NA —
MBL positive 0 (0) 14 0.20 NA NA —
Ampicillin 99 (99) 24 (96) 0.36 59 (100) 33 (100) 1.0
Amoxicillin-clavulanate 45 (45) 15 (60) 0.38 59 (100) 33 (100) 1.0
Piperacillin-tazobactam 28 (28) 13 (52) 0.05 59 (100) 33 (100) 1.0
Ceftriaxone 35 (35) 12 (48) 0.17 59 (100) 33 (100) 1.0
Ceftazidime 31 (31) 14 (56) 0.05 59 (100) 33 (100) 1.0
Meropenem 1(1) 2 (8) 0.09 42 (71) 22 (67) 0.24
Meropenem MIC mg/L GM; IQR NA NA — 22.8 (2-64) 23.8 (2-64) 0.83
Meropenem MIC >16 mg/L NA NA — 42 (71) 24 (73) 0.40
Ertapenem 6 (6) 5(20) 0.04 59 (100) 33 (100) 1.0
Gentamicin 25 (25) 11 (44) 0.16 50) 1 (3) 0.59
Amikacin 10 (10) 5(25) 0.31 58 (98) 32 (97) 0.59
Ciprofloxacin 38 (38) 15 (60) 0.13 59 (100) 33 (100) 1.0
Tigecycline 303 3(12) 0.09 18 (31) 9(27) 0.11
Colistin 1 (1) 0 (0) 0.8 9 (15) 5(15) 0.41

Abbreviations: GM = geometric mean, IQR = interquartile range, NA = not available.

“Chi-square test of independent sample or 2-tailed Student t-test.

Sequencing for ESBL production was not routinely performed, it was done in a subset of KPC-positive strains which were all found to be ESBL positive.

in combination with a second agent (adjusted HR 0.78, 95%
CI 0.31-1.95; p=0.06). No single definitive antibiotic
treatment regimen was found to be independently associated
with improved survival.

Patients infected with KPC-producing K. pneumoniae
also received a variety of empiric treatment regimens. Lack
of appropriate therapy or no therapy was associated with a
trend toward higher 30-day mortality, which did not reach

TABLE 2. Patient Demographic Characteristics

*

Variable 30-Day Survivors (n = 159) No. (%) 30-Day Non-Survivors (n=58) No. (%) P
Mean age, yr (& SD) 66.8 (+13.2) 68.5 (£14.0) 0.46
Sex (% male) 97 (61) 42 (£72) 0.12
Site of hospitalization

Medical ward 111 (70) 28 (48) 0.004
Intensive care unit 17 (11) 24 (48) <0.0001
Surgical intensive care 31 (19) 6 (10) 0.15
Mean APACHE II (+ SD) 14.3 (£5.0) 23.6 (+6.2) <0.0001
Underlying disease

GI disease 72 (45) 28 (48) 0.15
Liver disease 19 (12) 13 (22) 0.05
Solid tumor 21 (13) 13 (22) 0.09
Solid organ transplantation 11.(7) 50 0.77
Cardiovascular disease 29 (18) 15 (26) 0.22
Diabetes 47 (30) 22 (38) 0.24
HIV 1 (0.6) 1(2) 0.56
Other 44 (28) 9 (16) 0.07
Intercurrent complications’ 25 (16) 21 (36) 0.001
Chemotherapy/radiation 11 (7) 6 (10) 0.69
Sepsis/septic shock within 72 h 24 (15) 44 (76) <0.0001
Corticosteroids 22 (14) 18 (31) 0.004
Neutropenia 14 (9) 8 (14) 0.28

Abbreviations: GI = gastrointestinal, HIV = human immunodeficiency virus.

“Chi-square test of independent sample 2-tailed Student t-test.

"Severe anemia or bleeding requiring blood transfusion or other hospital-acquired infections, pressure ulcers, or requirement for surgical

treatment during the hospital stay.
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FIGURE 1. Probability of adequate empirical appropriate antibiotic therapy for K. pneumoniae bloodstream infection by (a) resistance
mechanism and (b) impact on survival. P values were determined by (a) chi-square or (b) differences in survival probability was
estimated using Cox-proportional hazard regression adjusted for patient APACHE Il score calculated at the time of positive blood culture.

statistical significance when adjusted for severity of underly-
ing illness (adjusted HR 1.51, 95% CI 0.76-3.12; p=0.22).
Because of the treatment heterogeneity, we were also unable
to identify a single empiric or definitive treatment regimen
associated with improved survival in patients with KPC K.
pneumoniae BSI. Nevertheless, the lowest risk of 30-day
mortality appeared to be associated with patients who
received colistin + meropenem + tigecycline combination
therapy administered empirically (adjusted HR 0.48, 95% CI
0.11-2.01; p=0.30) or as definitive therapy (adjusted HR
0.38, 95% CI 0.06-1.6; p=0.31).

LITERATURE REVIEW

Epidemiology, Risk Factors, and Outcome of
BSls Due to Multidrug-Resistant K. Pneumoniae
Klebsiella pneumoniae is one of the most important
causes of health care- and ICU-acquired infections. It has
been reported as the second overall cause of Gram-negative
BSI behind Escherichia coli.’® In a population-based surveil-
lance study conducted in the Calgary Health Region (popula-
tion 1.2 million) from 2000 to 2007, a total of 640 episodes
of K. pneumoniae BSIs were identified for an overall annual
population incidence of 7.1 per 100,000. Two-thirds of
episodes were classified as health care-associated, and rates
of resistance to antibiotics increased significantly during the
study period.*® Another elegant surveillance study performed
at 4 hospitals located on 4 continents showed that environ-
mental factors may lead to an increase in the incidence ratio
of K. pneumoniae BSI during the warmest months of the
year.3 Unfortunately, no data about the prevalence and trend
of antibiotic resistance were provided in that report.
Multidrug resistance in K. pneumoniae is most frequently
linked with the production of ESBL. ESBLs were first
detected in Germany in K. pneumoniae and Serratia marces-
cens in 1983,40 and consist of plasmid-mediated enzymes that
hydrolyze oxyimino-beta-lactam agents, including third-gen-
eration cephalosporins and aztreonam.®™®' These plasmids
also carry resistance genes to other antibiotics including
aminoglycosides, chloramphenicol, sulfonamides, trimetho-
prim, and tetracycline. Over 100 different ESBL enzymes
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have been identified, each with a preferential substrate.’’
Most ESBLs can be divided into 3 groups: TEM, SHV, and
CTX-M types. Organisms that produce CTX-M enzymes have
become the most prevalent type of ESBLs mainly in E. coli,
particularly from certain European and South American
countries, with potential to spread beyond the hospital
environment."* TEM-derived and SHV-derived ESBLs are
mostly limited to nosocomial infections caused by Klebsiella
spp.®" The rate of ESBL production is variable worldwide.
The SENTRY antimicrobial surveillance program® found that
in 2009-2012, ESBL phenotype rates among Klebsiella spp.
were higher in the European Mediterranean regions (35.1%)
than in the United States (19.5%).

Epidemiologic studies suggest that widespread use of
third-generation cephalosporins is a major risk factor for
selection of ESBL-producing K. pneumoniae.*®*"*7* Sever-
al additional risk factors for colonization and infection with
ESBL-producing organisms have been reported, including
the following: arterial and central venous catheterization,
gastrointestinal tract colonization with ESBL-producing
organisms, prolonged length of stay in an ICU, low birth
weight in preterm infants, prior antibiotic use, and mechani-
cal ventilation.*>*® Carriage of this organism increases
dramatically among hospitalized patients, as colonization
rates increase in direct proportion to the length of stay.

Clinical outcome in patients with BSIs caused by
ESBL-producing bacteria is influenced by differences in
epidemiology, type of ESBL enzymes expressed, co-resis-
tance phenotypes, and virulence determinants among Enter-
obacteriaceae species.®* The mortality rates for patients with
BSIs caused by ESBL—froducing K. pneumoniae ranged from
14.1% to 43.3%.%°%°® Delay in initiation of effective
antimicrobial therapy has been reported as one of the most
important treatment-related prognostic factors in patients
with ESBL-producing Enterobacteriaceae BSI, and has been
associated with a fivefold increase in BSI mortality.®®

Increasing carbapenem used, necessitated by the grow-
ing prevalence of ESBL, has contributed significantly to the
emergence and rapid dissemination of carbapenem-resistant
K. pneumoniae (CR-KP) strains.*> Over the past 15 years,
the rate of CR-KP rose dramatically worldwide.”® The CDC
reports a significant increase in health care-associated
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infections from <1% in 2000 to 8% in 2007 in the United
States,while European data from the EARS-Net database
showed that, during the year 2010, the rates of CR-KP
varied from 0.2% (Germany) to 15.8% (Italy) and 59.5%
(Greece), with higher rates generally observed in southern
European countries.’® The main mechanisms of carbape-
nem resistance in K. pneumoniae are 1) overproduction of
AmpC beta-lactamases (class C beta-lactamases) or ESBLs
combined with porin loss; and 2) production of several
types of carbapenemases.”> Carbapenemase enzymes are
able to hydrolyze nearly all beta-lactam antibiotics and are
frequently carried by transferable plasmids that permit a
rapid spread from a strain to another, or among different
bacterial species, even within in the same patient.%®
Carbapenemases are classified into different classes (A, B,
and D) based on amino acid sequence homology; the class
A K. pneumoniae carbapenemase (KPC) and the class B
MBL, including VIM, IMP-type beta-lactamase (active on
imipenem), and New Delhi MBL, have been the most
implicated in the spread of carbapenem resistance among
K. pneumoniae organisms.'>='>

The main predictors for CR-KP isolation are poor
functional status, high severity of underlying conditions, ICU
stay, and prior exposure to antimicrobials. As for the latter
risk factor, different classes of antibiotics have been associat-
ed with CR-KP infection, including carbapenems, fluoroqui-
nolones and cephalosporins.”*® Among the most common
underlying conditions, patients who undergo solid-organ
transplantation appear to be at uniquely high risk for CR-KP
infection. Patel et al demonstrated in a large case-control
matched-cohort study of K. pneumoniae infection that solid-
organ transplantation was associated with a fourfold higher
risk of CR-KP acquisition.”* This association was confirmed
by other investigators for virtually all types of solid-organ
transplantation.®’

Crude mortality rates among patients with isolation of
CR-KP vary from 20% to 70%, depending on the population
studied and the type of infection.®'33>677480 The crude
mortality rates among patients with BSI are higher than
those observed for patients with other types of infections,
being generally about 45%.!3:48:50:627480 ‘Notably, mortality
is generally higher for bacteremia secondary to a pulmonary
source than for primary episodes or BSI secondary to other
sources,®> probably due to the limited pulmonary penetration
of the available drugs and the lack of opportunity to remove
the infectious source.

Diagnostic Detection

The isolation of the microorganism from blood
cultures is still the gold standard for diagnosing K.
pneumoniae BSI. Molecular methods such as PCR on blood
samples have been proposed as a rapid diagnostic test to
identify microorganisms causing BSI, especially among
patients already on antimicrobial therapy,*' but they are not
considered cost effective compared with standard blood
cultures.** Recently, the matrix-assisted laser desorption
ionization-time-of-flight (MALDI-TOF) mass spectrometry
assay has been shown to be a very accurate diagnostic
technique to identify in a few hours the microorganism
growing in the blood culture®® In the near future, this
technique could also be able to detect the pattern of drug
resistance of the identified microorganism.'*'” MALDI-
TOF currently provides only rapid identification of the
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pathogen in most laboratories, thus the culture method
seems to be the standard for BSI diagnosis so far.

Methods for detection of drug resistance in K. pneumo-
niae can be broadly divided into 2 groups: phenotypic
methods that use non-molecular techniques, which detect the
ability of the ESBL or carbapenemase enzymes to hydrolyze
different cephalosporins or carbapenems; and genotypic
methods, which use molecular techniques to detect the gene
responsible for the enzyme production.®' Clinical diagnostic
laboratories primarily use phenotypic methods because these
tests are easy to perform, cost effective, and are easily
incorporated into the workflow of automated susceptibility
systems used in most clinical microbiology laboratories,
making them widely accessible. However, phenotypic meth-
ods are not able to distinguish between the specific enzymes
responsible for resistance. Several research or reference
laboratories use genotypic methods for the identification of
the specific gene responsible for the production of the ESBL
or carbapenemases, which have the additional ability to
detect low-level resistance (which can be missed by pheno-
typic methods). Furthermore, molecular assays have the
potential to be performed directly on clinical specimens
without culturing the bacteria, with subsequent reduction of
detection time. The detection of ESBL-producing bacteria
remains a contentious issue.’’ A study from the United
States reported that only 8% of clinical laboratories from
rural hospitals routinely screened for ESBL-producing organ-
isms,”" whereas a performance survey of 60 Italian laborato-
ries misidentified up to 50% of known ESBL-producing
isolates.** The United States CLSI and the United Kingdom
Health Protection Agency (HPA) have published guidelines
for ESBL detection in Enterobacteriaceae specifically for E.
coli, Klebsiella spp., and Proteus spp.>® These guidelines are
based on the principle that most ESBLs hydrolyze third-
generation cephalosporins although they are inhibited by
clavulanate, and recommend initial screening with either
8mg/L (CLSI) or 1 mg/L (HPA) of cefpodoxime, 1mg/L
each of cefotaxime, ceftazidime, ceftriaxone, or aztreonam,
followed by confirmatory tests (including the E-test ESBL
strips) with both cefotaxime and ceftazidime in combination
with clavulanate at a concentration of 4 mg/mL. Automated
systems that use similar detection principles are widely used
in clinical laboratories, especially in North American and
European countries, reporting high rates of sensitivity of up
to 94% and specificity of 98% for detecting ESBLs in E.
coli, Klebsiella spp., and Proteus spp.’*"°

In terms of genotypic detection, PCR amplification
followed by nucleotide sequencing remains the gold standard
for the identification of specific point mutation of blaTEM
or blaSHV ESBL genes.®! However, this is not always
straightforward and cost effective because clinical isolates
often have multiple copies of ESBL genes. The PCR
amplification of CTX-M-specific products without sequenc-
ing, in an isolate that produces an ESBL, usually provides
sufficient evidence that a blaCTX-M gene is responsible for
this phenotype.®'

Detection of isolates with KPC enzymes or other
carbapenemases is challenging because resistance may be
low level, and low level carbapenem resistance can also arise
through combinations of impermeability and activity of
AmpC or ESBL. Carbapenemase production should be
suspected when Enterobacteriaceae have resistance or re-
duced susceptibility to carbapenems that is increased when
isolates do not show strong the cephalosporin-clavulanate
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and cephalosporin-cloxacillin synergies typical of strains
with ESBL or high-level AmpC. Carbapenemase activity can
be confirmed by the Hodge test (also known as the
cloverleaf test) and by acidimetric tests with carbapenems as
the substrate, despite their low sensitivity and specificity.*’
The inclusion of inhibitors (boronic acid for KPC and either
ethylenediaminetetraacetic acid [EDTA] or dipicolinic acid
for metalloenzymes) can help discrimination between carba-
penemase types, and cloxacillin can be used to inhibit the
interfering activity of AmpC.*” Definitive identification of
carbapenemases in clinical isolates is best achieved by
molecular methods.’> PCR and sequencing are currently
considered the gold standard to identify isolates harboring
blaKPC genes, but this approach is also time-consuming and
requires considerable technical expertise.

Carbapenemase-detection by real-time PCR assay has
several advantages. First, results can be obtained within 2
hours (from the initiation of the procedure), which may help
clinicians to provide more adequate therapy during the early
period of clinical illness and facilitates rapid decisions
regarding isolation of patients to prevent dissemination.
Second, it is simple and easy to perform and requires
minimal training. Third, its theoretical processing capacity
(up to 48 samples in 24 hours) makes it suitable for testing
even large collections of isolates (for example, in the context
of surveillance programs in outbreak situations).®® Further-
more, as novel blaKPC variants continue to emerge, multi-
plex-PCR assay, using molecular beacons, can be modified
in response to epidemiologic developments.'® As previously
mentioned, using a hydrolysis reaction to identify beta-
lactamases and carbapenemases, MALDI-TOF is able to
accurately report the presence of carbapenemases.'> PCR
followed by electrospray ionization mass spectrometry (PCR/
ESI-MS) quickly identifies Gram-negative bacteria and can
target the identification of common resistance genes such as
gyrA, parC, and blaKPC with >96% sensitivity and specific-
ity.? Among methods that are currently available, nucleic
acid microarray technologies are proving to be important in
the characterization of resistance genes and molecular
epidemiology.>> The clinical experience, to date, shows that
this technology correctly identifies the presence of resistance
genes with 90%-100% accuracy when applied directly from
single bacterial colonies grown on agar plates.”> In addition,
the nucleic acid microarray technology Check-KPC/ESBL
could be employed with DNA extracted directly from blood
cultures positive for Gram-negative bacteria, before species
identification, reducing the notification time by as much as
18-20 hours.”® All these applications are awaiting large-scale
trials in the clinical arena.

Treatment Options

To our knowledge there are no randomized controlled
studies performed to determine the best therapy for infections
caused by ESBL organisms. Carbapenems remain preferable to
piperacillin/tazobactam or partially susceptible cephalosporins
such as cefepime when a critically ill patients is in need of
empirical therapy.*” Paterson et al>® reported that patients who
received a carbapenem as monotherapy or combination therapy
during the first 5 days after a blood culture positive for ESBL-
producing K. pneumoniae had a significantly lower mortality
than those who received non-carbapenem antibiotics. Varda-
kas et al’’ recently conducted a systematic review and meta-
analysis of the efficacy of carbapenem vs non-carbapenem-
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based regimens for ESBL-producing Enterobacteriaceac BSI.
They found that carbapenems were associated with lower
mortality versus non-beta-lactam/beta-lactamase inhibitor com-
binations (BL/BLIs) for empirical and definitive treatment.
However the analysis did not control for the severity of
underlying illness. In a post hoc analysis of 192 patients with
BSI due to ESBL-producing Enterobacteriaceae, including 6
prospective cohorts carried out in Spain over 2001-2007,
mortality in patients treated with an in vitro active BL/BLIs
(amoxicillin-clavulanic acid and piperacillin-tazobactam) or
carbapenem was compared in 2 cohorts: the empirical therapy
cohort and the definitive therapy cohort.®® After adjustment for
confounders, no association was found between either empiri-
cal therapy with BL/BLIs (adjusted HR 1.14, 95% CI 0.29—
4.40; p=0.84) or definitive therapy (adjusted HR 0.76, 95%
CI 0.28-2.07; p=0.5) and increased mortality. These results
suggest that, if active in vitro, amoxicillin-clavulanic acid and
piperacillin-tazobactam are suitable alternatives to carbape-
nems for treating patients with BSI due to ESBL-producing
Enterobacteriaceae. In addition, the study suggests that in
patients who have reached clinical stability, a step-down
regimen from carbapenems to BL/BLIs could be considered.

A recent surveillance study that examined outcome of
antibiotic treatment showed that ESBL-producing K. pneu-
moniae organisms are generally more susceptible to cefepime
than piperacillin/tazobactam or other BL/BLIs,* therefore
standard-dose cefepime could be considered a reasonable
option for the definitive therapy of invasive infections
resulting from ESBL-producing E. coli and Klebsiella spp.
when the MIC for the organism is <2mg/L (CLSI) or
<1mg/L (EUCAST), although higher doses may be consid-
ered for MICs in the 4-8 mg/L range. The authors stated that
piperacillin/tazobactam is also a reasonable option when the
MIC is <16 mg/L.*

No consensus exists regarding the best regimen for
treating CR-KP. Several strategies have been proposed based
on retrospective analysis and mostly single-center studies of
CR-KP BSI, but controlled trials supporting these recommen-
dations are lacking.>*’® The first option consists of administer-
ing a first-line antibiotic, mainly carbapenems, at higher doses
to overcome resistance. However, some CR-KP isolates exhibit
such high MICs to first-line agents that extreme doses with
unacceptable toxicity would be required to achieve pharmaco-
kinetic/pharmacodynamic exposures required for efficacy. The
second option is to use a second-line antibiotic with Gram-
negative activity for which resistance is not yet developed (for
example, colistin, tigecycline, gentamicin, fosfomycin). Unfor-
tunately, many second-line agents are more toxic than first-line
drugs, or have significant pharmacokinetic deficiencies that
limit their activity in anatomical sites where CR-KP are most
likely to emerge, including the urine, bloodstream, and lung.>’
Moreover, all of the second-line antimicrobials are prone to
rapid emergence of resistance during treatment, especially if
used as monotherapy.'®> A third strategy, now widely regarded
as superior to other treatment approaches, is to treat CR-KP
infections with a combination of first- and second-line anti-
biotics with the hope that synergistic interactions between
antibiotics will lessen the need for extremely high antibiotic
doses, suppress the emergence of resistance, and overcome the
pharmacokinetic weaknesses of individual agents.’>’> Some
reports showed that patients who received combinations of a
carbapenem + colistin, and/or tigecycline experienced lower
mortality rates (0-40%) than those on carba};enem, colistin, or
tigecycline monotherapy  (40%-80%).°>"*%"  Tumbarello
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et al’* found that the overall 30-day mortality rate was 42%,
but it was significantly higher among patients who received
monotherapy versus combination regimens (54% vs 34%,
p=0.02), and the combination of tigecycline, colistin, and
meropenem was associated with the lowest mortality risk.”* A
significant benefit in survival among patients with CR-KP BSI
treated with carbapenem-containing combination regimens was
shown in a recent observational study of 205 patients with CR-
KP BSL?* Among other combination regimens, meropenem or
doripenem + ertapenem, and colistin + rifampicin have been
proposed.''”’* Although in vitro data are encouraging for both
these combinations, clinical data are yet too scant to conclude
about their efficacy.'®3°

DISCUSSION

To the best of our knowledge, the current retrospective
study represents the largest epidemiologic analysis of K.
pneumoniae BSIs with accompanying data on antimicrobial
resistance patterns and treatment. Over 65% of the isolates
recovered in our patient cohort were resistant to third-
generation cephalosporins. The rates of inadequate empirical
therapy were high as 26%, 67% and 78% for non-ESBL/non-
KPC, ESBL,and KPC-positive K. pneumoniae, respectively.
Somewhat unexpectedly, we found that APACHE II scores
calculated at the time of BSI onset better predicted patient
30-day survival status (correct in 83% of cases) compared
with a multivariate risk model developed from variables
identified in univariate analysis (see Table 1). When the
impact of antimicrobial therapy for K. pneumoniae BSI was
evaluated accounting for APACHE II, inadequate empirical
antimicrobial therapy was associated with nearly a twofold
higher rate of death within 30-days of a positive K. pneumo-
niae blood culture.

Our analysis is unique from previous studies in that we
evaluated the survival impact of various empirical and
definitive antimicrobial regimens, accounting for the severity
of underlying patient illness.

Treatment of hospital-acquired Enterobacteriaceae is
becoming a serious challenge given the increasingly high
rates of ESBL-producing strains coinciding with a dimin-
ished activity of fluoroquinolones, penicillins and cephalo-
sporins for many common health care-associated
infections.'® As a result, the clinical need for carbapenem-
based regimens has increased dramatically, particularly in
the treatment of BSIs. The widespread carbapenem use has
undoubtedly contributed to an explosive increase in KPC
carbapenemase-producing K. pneumoniae, which now com-
promises over 40% of K. pneumoniae BSIs in our hospital.

Unlike treatment of ESBL organisms, for which carba-
penems, cefepime and in selected cases BL/BLI are shown
to be effective in eradicating infection and were associated
with good outcomes,*>*”” there are no ideal “rescue”
treatment options for KPC-K. pneumoniae.”® As discussed in
our literature review, limited data from non-randomized case
cohort studies suggest that combination therapy is associated
with imyroved survival in patients with KPC-K. pneumoniae
BSL.%*7 In the current study cohort, we observed a more
modest benefit (4% higher response rate) with combination
versus monotherapy regimens for KPC-K. pneumoniae BSI
compared to that reported in previous studies.**> Mortality
rates in our monotherapy-treated patients were substantially
lower than those reported by Tumbarello et al (for example,
41% vs 54.3%, respectively), and colistin, tigecycline, or
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gentamicin monotherapy, now recognized as inferior regi-
mens for KPC-K. pneumoniae BSI,>” was used less frequent-
ly during the period of the current study compared to that of
Tumbarello et al (11% vs 37%, respectively). Therefore, it is
not surprising that margin of benefit observed with combina-
tion therapy was less pronounced.

A number of patients (68/251, 27%) in our study cohort
did not receive any empiric antibiotic therapy for K.
pneumoniae BSI. The majority (49/68, 72%) of these patients
were initially managed by source control only (that is,
catheter removal, interventional drainage) without an antibi-
otic, while 6/251 (9%) either died or were discharged prior
to the positive culture. Nevertheless, in our analysis account-
ing for underling severity of disease, lack of empiric
antimicrobial therapy was associated with increased mortality
risk in patients with non-KPC K. pneumoniae BSI, with a
similar (albeit non-significant) trend towards increased mor-
tality in patients with KPC K. pneumoniae BSI.

This study has several limitations. Data were collected
retrospectively, which could lead to potential confounding
factors and selection bias that cannot be completely eliminat-
ed in the analysis. Additionally, this is a monocentric study
accounting for a specific local epidemiology for Enter-
obacteriaceae. Further data including a larger sample size of
patients will be necessary to confirm our study results and
allow for more robust comparisons of empiric treatment
regimens for K. pneumoniae BSI.

Nevertheless, we confirmed that high endemic rates of
ESBL and KPC-resistance among K. pneumoniae is associat-
ed with increased risk of inappropriate empirical therapy,
which was an independent risk factor for patient death.
Development of validated clinical risk models, and improved
diagnostic and resistance detection methods for -earlier
detection of ESBL- and carbapenemase-producing Enter-
obacteriaceae, will be essential tools for improving empiric
treatment strategies for these increasingly MDR pathogens.
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