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Abstract

Background: Carbapenem-resistant Enterobacteriaceae (CRE) are a global threat. Here, we
describe the clinical and molecular characteristics of Centers for Disease Control and Prevention
(CDC)-defined CRE in the US.

Methods: The second Consortium on Resistance Against Carbapenems in K/ebsiellaand other
Enterobacteriaceae (CRACKLE-2, ClinicalTrials.gov: NCT03646227) is a prospective,
multicenter, cohort study. Patients hospitalized in 49 US hospitals, with clinical cultures positive
for CDC-defined CRE between 30 April 2016 and 31 August 2017 were included. Primary
outcome was desirability of outcome ranking (DOOR) at 30 days. Clinical data and bacteria were
collected, and whole genome sequencing (WGS) was performed.

Findings: 1,040 patients with unique isolates were included; 449 (43%) with infection and 591
(57%) with colonization. CDC-defined CRE admission rate was 57 CDC-defined CRE
admissions/100,000 admissions (95% ClI: 45-71). Three subsets of CDC-defined CRE were
identified: carbapenemase-producing Enterobacteriaceae (618/1,040, 59%); non-carbapenemase-
producing CRE (194/1,040, 19%); and unconfirmed CRE (228/1,040, 22%; initially reported as
CRE, but susceptible to carbapenems in two central laboratories). K/ebsiella pneumoniae
carbapenemase (KPC)-producing clonal group 258 K. pneumoniae was the most common
carbapenemase-producing Enterobacteriaceae. In 449 patients with CDC-defined CRE infections,
DOOR outcomes were not significantly different in patients with carbapenemase-producing
Enterobacteriaceae, non-carbapenemase-producing CRE, and unconfirmed CRE. At 30 days
107/449 (24%, 95% CI 20-28%) patients had died.

Interpretation: Among patients with CDC-defined CRE, similar outcomes were observed
among three subgroups, including the novel unconfirmed CRE group. CDC-defined CRE
represent diverse bacteria, whose spread may not respond to interventions directed to
carbapenemase-producing Enterobacteriaceae.

Funding: National Institutes of Health
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INTRODUCTION

Antimicrobial resistance is an important threat to global public health.12 Carbapenem-
resistant Enterobacteriaceae (CRE) rank among the top three critical multi-drug resistant
pathogens on the priority list of the World Health Organization (WHO).2 The subset of CRE
that produce carbapenemases — carbapenemase-producing Enterobacteriaceae (CPE) — are of
high clinical and public health concern, as they may spread quickly in healthcare systems.?

Globally, common carbapenemases in Enterobacteriaceae include the Klebsiella pneumoniae
carbapenemases (KPC), oxacillinase (OXA)-48-like p-lactamases, and metallo-p-
lactamases, such as New-Delhi-metallo-p-lactamases (NDM), the “active in imipenem”
(IMP) family of carbapenemases, and Verona integron—-encoded metallo-B-lactamases
(VIM).1 When expressed in enteric bacteria, KPC are resistant to inactivation by clavulanic
acid, sulbactam, and tazobactam.® In the retrospective INCREMENT cohort, a 43% all-
cause 30-day mortality in 437 patients with CPE bloodstream infection was observed.®
Patients in INCREMENT originated from 12 countries including the US.8 KPC-producing
K. pneumoniae was the predominant species of CPE in the INCREMENT study.5 In
hospitalized patients in low-income and middle-income countries (LMIC), bloodstream
infection due to CRE is associated with an adjusted hazard ratio of 1-75 (95% CI 1.04-2-94)
for in-hospital mortality.” Of note, in LMICs, only a minority of CR K.pneumoniae were
part of clonal group 258, and b/aypn Was the most commonly identified carbapenemase-
encoding gene.’ In a microbiologically survey of 1,801 CRE — defined as /n vitro resistance
to any carbapenem — isolates from China, 86% of isolates were CPE. In CPE, KPC-
producing ST11 K. pneumoniae were the most common.8

In 2012, the Centers for Disease Control and Prevention (CDC) defined CRE as
Enterobacteriaceae with non-susceptibility to imipenem, meropenem and/or doripenem, and
resistance to extended-spectrum cephalosporins (ceftriaxone, ceftazidime, ceftizoxime, and
cefotaxime).? In 2015, the CDC definition was updated to the current definition of CRE,
which includes /n vitro resistance to one or more carbapenems — including ertapenem —
without any requirement for cephalosporin resistance.1 In the US, a more detailed
understanding of outcomes, and the impact of bacterial characteristics on those outcomes, in
patients with CRE is needed. This improved understanding will help guide future
interventional trials. Therefore, the aim of this study is to describe in detail the clinical
spectrum of patients diagnosed with CDC-defined CRE infection or colonization in the US,
their outcomes, and the phenotypic and genotypic characterization of their isolates. Our
research question is whether carbapenemase production in CRE is associated with adverse
clinical outcomes. In that context, we report the clinical and molecular epidemiology of
1,040 patients with CDC-defined CRE, hospitalized in 49 participating US hospitals.

METHODS

Patients

The second Consortium on Resistance Against Carbapenems in K/ebsiella and other
Enterobacteriaceae (CRACKLE-2) is a prospective, observational, multicenter study with
consecutive enrollment of hospitalized patients.11:12 Patients were eligible for inclusion in
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the study if CDC-defined CRE was isolated in a clinical culture from any anatomic site
during hospitalization; surveillance cultures were not eligible. There was no age exclusion.
The first qualifying culture episode during the first admission for each unique patient
enrolled during the study period (30 April 2016 — 31 August 2017) with an available CDC-
defined CRE isolate was included. Twenty-six study sites with 49 U.S. hospitals in 15 states
and the District of Columbia contributed patients. The 49 study hospitals are compared to
6,282 US hospitals in Supplementary Table 1. The final study size was derived by inclusion
of all eligible patients within the study period. The study was approved by the Institutional
Review Boards of all the health systems involved with a waiver of consent.

Clinical data Clinical data, including race/ethnicity (which were included to facilitate
comparisons with non-study populations) were obtained from the electronic health record
(EHR). Infections were defined by standard criteria (Supplementary Materials), otherwise,
positive cultures were considered colonization.12 At 90 days after discharge, data on post-
hospitalization death and readmission were collected from the EHR. Treatment was divided
into empirical antibiotics (those given prior to the date of the antibacterial susceptibility
report) and definitive treatment (antibiotics given after susceptibility results were available).

Clinical outcomes

Outcomes were evaluated at 30 days after the index culture. The primary outcome was a
desirability of outcome ranking (DOOR) analysis assessing three deleterious events (lack of
clinical response, unsuccessful discharge, and adverse events; see Supplementary Materials
for definitions) in addition to survival at 30 days after the index culture.1® The best outcome
was defined as being alive without deleterious events. The worst outcome was death. Three
levels in between these two extremes were: alive with 1, 2, and 3 deleterious events,
respectively. As only 1 out of 450 patients with CRE infection fell into the “alive with 3
events” level, that level was grouped post hoc with the “alive with 2 events” level for
analysis, with 4 total levels of outcomes. DOOR is a method to compare groups using a
single ordinal patient-centric outcome. This ordinal outcome represents a global assessment
of patient well-being including efficacy and safety components. Analyses consist of
estimating the probability of a more desirable result in one group relative to another with a
probability of 50% implying equality of groups.11:13 A probability of greater than 50% —
with a 95% significance interval that excludes 50% — implies superiority of one group
compared to the other. Similarly, a probability of less than 50% — with a 95% significance
interval that excludes 50% — implies inferiority of one group compared to the other.
Secondary outcomes included 30-day all-cause mortality, 90-day all-cause mortality, clinical
response, and 90-day readmissions in those who were discharged alive.

Microbiology

CRE were defined according to current CDC guidelines, applied in local clinical
microbiology laboratories.10 Briefly, CDC-defined CRE were Enterobacteriaceae that tested
resistant to any of the carbapenems (i.e., minimum inhibitory concentrations [MIC] of > 4
pg/mL for doripenem, meropenem, or imipenem, OR = 2 pg/mL for ertapenem) or were
documented to harbor a gene encoding a carbapenemase or were positive for carbapenemase
production. For Enterobacteriaceae that exhibit intrinsic imipenem non-susceptibility (i.e.
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Morganella morganii, Proteus species, Providencia species), resistance to carbapenems other
than imipenem was required. Eligibility was based on antimicrobial susceptibility testing
performed in local contributing clinical microbiology laboratories. Bacterial identification
and carbapenem susceptibility testing were performed in these laboratories using MicroScan
(Beckman Coulter, Atlanta, GA), Vitek 2, Etest (both bioMérieux, Durham, NC), BD
Phoenix, BBL disks (both Becton Dickinson, Durham, NC), Sensititre (Thermo Fisher,
Waltham, MA), disc diffusion, or in-house agar dilution. Central carbapenem susceptibility
testing was performed in two independent central research laboratories using Etest and
Microscan (Beckman Coulter, Atlanta, GA).

Whole genome sequencing and genome analysis

Sequencing was performed at three locations: Molecular Resource Facility, Rutgers
(Rutgers; Illumina NextSeq500), UTHealth (Illumina MiSeq), and Baylor College of
Medicine (Illumina HiSeq X). Sequence type (ST) was defined as an allele combination of
housekeeping genes (n=7) resulting in a number that identify the genetic background of a
bacterial isolate based on multilocus sequence typing. Clonal groups (CG) were defined as
related STs differing only in one or two alleles. The CGs are named according to the central
(main) ST. Due to the genetic heterogeneity of the Enterobacter spp., genomic clades were
used to show the population structure of Enterobacterisolates. Genomic clades in
Enterobacter spp. were defined by pairwise average nucleotide identity-based distance
matrix and core single nucleotide polymorphism-based phylogeny analysis. Mean average
nucleotide identity values within a clade were usually = 95%, while the values between
clades were mainly <95%. The average nucleotide identity and single nucleotide
polymorphism phylogeny were concordant in clustering the genomes into phylogenetic
clades. A genomic cluster within highly related isolates was defined as a <20 single
nucleotide polymorphisms in the core genome by phylogenetic analyses. Details of
sequencing, bioinformatics, and phylogenetic analyses are available in the Supplementary
Materials.

Statistical analysis

Distributions across groups for continuous variables were compared using the Kruskal-
Wallis test. Pearson chi-squared testing across three groups was used for categorical
variables. CDC-defined CRE admission rates and robust 95% Cls were estimated using a
generalized linear mixed effects model (glimmix) with hospital as a random effect
(Supplementary Materials).

To compare outcomes between CPE, non-carbapenemase-producing CRE, and unconfirmed
CRE, pairwise DOOR analyses were performed (Supplementary Materials).13 A weight was
calculated for each patient using the following variables based on their clinical relevance:
origin (home vs. other), Charlson comorbidity index (CCI >3 vs. 3), and age at culture,
resulting in a pseudo-population of weights where the three CDC-defined CRE groups were
similar at baseline based on the IPW variables. Desirability of outcome ranking probabilities
and 95% bootstrap confidence intervals were then calculated using the weighted population.
Less than 1% of outcome data were missing (Supplementary Materials). Because of the
potential for type 1 error due to multiple comparisons, findings for analyses of secondary
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endpoints should be interpreted as exploratory. P-values <0-05 were considered statistically
significant, and all tests were 2-sided. All analyses were performed using SAS software
version 9-4 (SAS Institute).

Role of the funding source

The sponsor of the study had no role in study design, data collection, data analysis, data
interpretation, or writing of the report. The corresponding author had full access to all the
data in the study and had final responsibility for the decision to submit for publication.

RESULTS

Subsets of CDC-defined CRE

Three mutually exclusive subsets were identified in 1,040 CDC-defined CRE isolates (Table
1). Carbapenemase genes were present in 618/1,040 (59%, 95% CIl 56%-62%) CRE
(“carbapenemase-producing Enterobacteriaceae”). In 194/1,040 (19%, 95% CIl 16%—-21%)
of CDC-defined CRE /n vitro resistance to at least one carbapenem was confirmed in
absence of any carbapenemase gene. These, except for five imipenem-resistant Proteus
species, were defined as non-carbapenemase-producing CRE (non-CP-CRE).
Carbapenemase genes were not found in an additional 228/1,040 (22%, 95% CI 19%—24%)
of CDC-defined CRE. These CDC-defined CRE — while they were identified as
carbapenem-resistant by local laboratories - were found to be susceptible or intermediate to
all tested carbapenems in both central laboratories (Supplementary Table 2). These isolates
were defined as unconfirmed CRE (U-CRE).

Clinical epidemiology

The CDC-defined CRE admission rates in participating hospitals during the study period are
shown in Figure 1. The mean CDC-defined CRE admission rate was 57 CDC-defined CRE
admissions per 100,000 admissions (95% ClI: 45-71). From the 49 participating hospitals,
1,040 patients met criteria for inclusion (Table 1). In participating hospitals in the Northeast
316/453 (70%) CDC-defined CRE were CPE as compared to 136/308 (44%) in the South
(difference 26%, 95% CI 19%-33%, p<0-001). Fifty-eight (601/1,040) percent of patients
were admitted from home. Patients with CPE (213/618, 34%) were more likely to be
admitted from long-term care settings as compared to patients with non-CP-CRE
(26/194,13%, difference 21%, 95% CI 15%-27%) and U-CRE (42/228, 18%, difference
16% 95% Cl 10%—-22%), p<0-001. Compared to patients with U-CRE, patients with CPE
had more chronic comorbid conditions (median CCI 3 [IQR=1-3] vs. 2 [IQR=1-4]) and
were more acutely ill (median Pitt bacteremia score 3 [IQR=2-6] vs. 2 [IQR=0-5]).

Microbiologic characteristics

The most common source of CRE isolates was urine (404/1,040, 39%), followed by
respiratory (268/1,040, 26%), blood (130/1,040, 13%), and wound (130/1,040, 13%). CRE
infection was present in 449 (43%) patients, with the remaining 591 (57%) classified as
CRE-colonization. Within the group of CDC-defined CRE-infected patients, those with non-
CP-CRE were less likely to have urinary tract infections (20/102, 20%, difference 14%; 95%
Cl 4%-23%) and more likely to have abdominal infections (29/102, 28%, difference 21%;

Lancet Infect Dis. Author manuscript; available in PMC 2021 June 01.
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95% CI 12%-30%) compared to patients with CPE (urine: 84/253, 33%; abdominal: 19/253,
8%). (p<0-001 for overall distribution). Species distribution and susceptibility to antibiotics
as reported by the local microbiology laboratories are summarized in Table 2 and
Supplementary Tables 3 and 4. Eighty-three percent (493/593) of K. pneumoniae identified
as CDC-defined CRE by local laboratories were carbapenemase-producing
Enterobacteriaceae, compared to 24% (46/192, difference 59%; 95% Cl 52%—66%) of
Enterobacter species and 31% (38/122, difference 52%; 95% CI 43%—-61%) of Escherichia
coli (p<0-001). For 105/228 (46%) of U-CRE, ertapenem was the only carbapenem with /n
vitro resistance as reported by the local microbiology laboratory, as compared to 4%
(27/618, difference 42%; 95% CI 35%-48%) in carbapenemase-producing
Enterobacteriaceae. MIC distribution, as determined in one of the central laboratories, is
shown in Supplementary Figure 1. U-CRE and non-CP-CRE were more susceptible to non-
carbapenem antibiotics, as compared to CPE (Supplementary Table 4). The 2012 CDC
criteria for CRE would have defined 520/618 (84%) of carbapenemase-producing
Enterobacteriaceae, but only 97/194 (50%, difference 34%, 95% CIl 27%-42%) of non-CP-
CRE, and 65/228 (29%, difference 56%, 95% CI 49%-62%) of U-CRE as CDC-defined
CRE (p<0-001).

Molecular epidemiology and bacterial population structure

An interactive version of Figure 2 is available online (http://arlg.med.unc.edu/crackle/
password:B@ct3r1@). Observed carbapenemase genes (Table 2, Supplementary Tables 3
and 5, and Figure 2) included b/akpc.o (313/618, 51%), blakpc-3 (253/618, 41%), blanpm
(22/618, 3%), and blapx a-4s-like (21/618, 3%). Extended spectrum pB-lactamase genes found
in CPE included extended spectrum p-lactamase blagyy (217/618, 35%) and blacTx-m
(121/618, 20%). Non-CP-CRE were more likely to carry blactx-m (59/194, 30%, difference
11%; 95% CI 4%~—18%), whereas blanmpc carriage was associated with both non-CP-CRE
(112/194, 58%) and U-CRE (141/228, 62%). Mutations in either or both genes encoding
outer membrane porins OmpK35 and OmpK36 were present in 120/194 (62%) of non-CP-
CRE and 49/228 (21%) of U-CRE.

The most common clonal group (CG) of K. pneumoniae was CG258 (382/593, 64%),
representing 364/493 (74%) of carbapenemase-producing K. pneumoniae (Figure 2.A.). Of
382 CG258 K. pneumoniae, 364 (95%) were carbapenemase-producing, harboring primarily
blakpc-» (200, 55%) and blakpc-3 (161, 44%). Among carbapenemase producing CG258 K.
pneumoniae isolates, ST258 encompassed 92% of isolates (334/364). After CG258, the most
frequent clonal group was CG307 (44/593, 7%), concentrated in the participating hospitals
of Houston, TX. Similar to CG258, 37 (84%) of 44 CG307 isolates were carbapenemase-
producing, with b/akpc.» detected in 35 (95%) of these 37 isolates. All CG307 harbored
blacTx-m, @ common group of extended-spectrum B-lactamases. Geographic distribution of
ST307 K. pneumoniae is shown in Supplementary Figure 2. Enterobacter isolates were the
second most frequent group of CDC-defined CRE (Figure 2.B.). Due to the observed genetic
heterogeneity of the Enterobacter cloacae complex, genetic clades were used to show the
population structure of Enterobacterisolates.1* In 146/192 (76%) of Enterobacter species no
carbapenemase genes were present. In the remaining 46/192 (24%), blakpc.» (N=16),
blakpc-3 (n=19), and typical carbapenemase genes previously described in Enterobacter
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species were found (b/aymi-1, blam-2, and blaymc-a; one of each). Additionally, various
metallo-B-lactamases genes were identified, including b/aypm-1, b/anpm-7, blaviv-1, and
blaym-4 (one of each).

In E. coli, diverse genetic lineages were observed (Figure 2.C.). In 84/122 (69%) E. coli, no
carbapenemase genes were present. ST131 accounted for 37/122 (30%), and was present in
hospitals belonging to all geographical areas studied. The most common carbapenemases in
E. coliwere blakpc.o (n=15), and blakpc.3 (n=14), with sporadic isolates containing
blaypm-s (N=4), blaoxa-232 (N=2), and blaoxa-48 (N=3).

Phylogenetic reconstructions of K. pneumoniae, E. coli and Enterobacter spp. comparing
infecting vs colonizing isolates (Supplementary Figure 3) indicate that both groups of
isolates are highly related suggesting that infecting isolates are likely originating from initial
colonization events.

Clinical outcomes

Of the total 1,040 patients, 449 (43%) met criteria for CDC-defined CRE infection. Using
DOOR outcomes at 30 days after index culture, 183 (41%) patients with infection were alive
without events, 97 (22%) alive with one event, 62 (14%) alive with 2 or 3 events, and 107
(24%) were dead (Table 3). Outcomes were not significantly different between groups after
adjusting for possible confounding factors. Inverse probability weighted (IPW) DOOR
analyses indicated no significant differences between groups. In DOOR analysis, 50%
likelihood of a better outcome is equal to no difference between groups, whereas a greater
than 50% probability combined with a 95% confidence interval that does not cross 50%,
indicates a significantly higher likelihood of a better outcome in one group versus the other.
IPW-adjusted probabilities of a patient with CPE vs. non-CP-CRE, CPE vs. U-CRE, and
non-CP-CRE vs U-CRE having a better outcome are 52% (95% CI 45%-58%), 52% (95%
Cl 44%-61%), and 51% (95% CI 41%-60%), respectively. In the subset of patients with
invasive infections (pneumonia, bacteremia, or intra-abdominal infection, n=256), there was
also no significant difference in DOOR outcome (IPW-adjusted probability of a better
outcome of 54%, 95% Cl=42%-66%). Similarly, in DOOR analyses stratified based on Pitt
Bacteremia score, and when time from admission to first positive culture was included as an
additional IPW-confounder, differences between CRE groups were not observed
(Supplementary Tables 6 and 7). Likewise, when limiting IPW-adjusted DOOR analysis to
238 patients infected with K. pneumoniae, no significant difference between groups was
observed (data not shown). All-cause 30-day and 90-day mortality in patients with CDC-
defined CRE infections was 24% (107/449, 95% CI 20%—-28%), and 31% (137/449, 95% ClI
26%-35%), respectively (Table 3). Mortality rates were not significantly different between
patients infected with carbapenemase-producing Enterobacteriaceae, non-CP-CRE, and U-
CRE. Among 325 patients discharged alive after CDC-defined CRE infection, 150 (46%,
95% CI 41%-52%) were readmitted within 90 days, with a median time to readmission of
21 days (IQR 8-44 days). Antibiotic treatment is outlined in Supplementary Table 8. In
patients with U-CRE, 204/449 (38%) and 155/414 (37%) received a carbapenem as part of
their empiric or definitive treatment regimen, respectively. In 591 patients with CDC-defined
CRE colonization, 30-day mortality was 111/591 (19%, 95% CI 16%—-22%). The 90-day
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readmission rate in 469 patients with CDC-defined CRE colonization who were discharged
alive was 186/469 (40%, 95% CI 35%—-44%).

DISCUSSION

In this contemporary analysis of CRE in hospitalized US patients, three clinically and
molecularly distinct subsets of CRE were identified. CPE are generally considered of the
greatest epidemiologic interest for their association with poor outcomes and ability to spread
rapidly throughout healthcare systems. However, in this cohort, 41% of isolates meeting the
current CDC guidelines did not carry carbapenemase genes, and 22% were not carbapenem-
resistant upon centralized laboratory re-testing. Thus, resources dedicated to halting the
spread of CPE may therefore be directed at bacteria of lesser public health concern. Correct
identification of carbapenemase production at the patient, hospital, regional and national
levels is important for treatment selection, infection control, and prevention of spread.

Clinical outcomes were not significantly different regardless of infection with
carbapenemase-producing Enterobacteriaceae, non-CP-CRE, or U-CRE. As most CPE are
KPC-producing ST258 K. pneumoniae, this comparison is primarily between these strains
and a genetically much more diverse group of Enterobacteriaceae of various species. Three
non-mutually exclusive explanations for this finding may be considered. First, current CDC
criteria may identify patients with infections that — regardless of the underlying mechanism
of carbapenem resistance and/or /n vitro reproducibility of the phenotype — are associated
with high risk of mortality and readmissions. Second, improved treatment options for CPE
infections that were available during the study period may have decreased the difference in
patient outcomes predicted based on earlier studies. Third, the label of “CRE” may lead to
unnecessary treatment with more toxic and/or less effective antibiotics. A retrospective,
single-center study evaluated 83 patients with CDC-defined CRE bacteremia diagnosed
between 2013 and 2016. In that cohort, infection with CPE was compared to non-CP-CRE.
While limited by a small sample size, and inclusion of only bacteremia cases, infection with
CPE was marginally associated with both increased 14-day (aOR 4-92, 95% CI 1.01-24-81,
p=0-05) and 30-day mortality (aOR 3:19, 95% CI 0-99-10-25; p=0.05).15 Ceftazidime-
avibactam — superior to polymyxins in the treatment of CRE infections — was not available
during that study.1115.16 Thus, it is possible that treatment of high-risk patients with CPE
infections with ceftazidime-avibactam resulted in improved outcomes.1! However, only a
subset of patients with CPE received ceftazidime-avibactam as empiric (17%), and definitive
therapy (23%), respectively. Furthermore, 95% of patients with non-CP-CRE received a
carbapenem in that single-center study, as compared to less than 40% in the current study.
Carbapenems are superior to piperacillin/tazobactam and are considered by many to be the
preferred treatment for patients with severe infections with ceftriaxone-resistant,
carbapenem-susceptible Enterobacteriaceae.>17

The high rate of non-CPE amongst CDC-defined CRE appears to be a direct consequence of
the change in definition implemented in 2015. When we applied the 2012 definition in this
dataset, the percentage of CDC-defined CRE without carbapenemases decreased to 24%
(162/682). Based on similar outcomes between patients infected with different subgroups of
CDC-defined CRE, this broad definition may well be justified. However, control of
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infections with bacteria in these various subgroups may not respond to the same infection
prevention and control strategies. In a 2017 CDC surveillance study, 68% of CRE were non-
carbapenemase producers.18 In addition, 22% of CDC-defined CRE were not carbapenem
resistant upon central testing. The simplest explanation for these U-CRE is that they reflect
major errors of automated carbapenem susceptibility testing, specifically when using
ertapenem. In addition, U-CRE may in part represent isolates with ertapenem MICs close to
breakpoints, in which a single dilution difference might change the interpretation of
susceptibility from resistant to intermediate. However, when tested in the central laboratory,
ertapenem MICs ranged widely in these isolates. Another explanation is loss of resistance
genes during transport and passage. However, loss of a carbapenemase-containing plasmid
would not explain the high rates of meropenem and imipenem susceptibility observed at the
contributing local microbiology laboratories. Also, as U-CRE are found in patients, who are
clinically different from patients with carbapenemase-producing Enterobacteriaceae, and
display a species distribution and non-carbapenem susceptibility pattern distinct from
carbapenemase-producing Enterobacteriaceae, a stochastic random event is unlikely to
explain the observed U-CRE. Regardless, infection with U-CRE seems to be an indicator of
increased risk of mortality to the same extent as infection with carbapenemase-producing
Enterobacteriaceae.

In carbapenemase-producing Enterobacteriaceae, CG 258 K. pneumoniae containing blakpc
remains the most common.1® In addition, ST307 is now the most common K. pneumoniae
lineage containing blactx-m and blakpc in the Houston area, supporting the introduction of
this novel high-risk clone. Previous reports suggest that ST307 is likely to follow a similar
pattern of spread to CG258.20.21

Treatment-emergent resistance to ceftazidime-avibactam has been reported in ST307 K.
pneumoniae, similar to CG258 strains.22:23 Additional mechanisms of resistance were also
seen, such as CRE containing b/apxa-4g-like and genes encoding metallo-B-lactamases.
Horizontal gene transfer may cause spread of b/aypm, O/ayim, and blapxa in a comparable
manner to blakpc.

The most common genetic lineage of £. coliin the CRE isolates was a highly related clade
of ST131. Given that ST131 is the most common E. coli lineage among pathogenic isolates
causing extra-intestinal disease worldwide, acquisition of carbapenem resistance among
these isolates is concerning.2425> Most disturbing are those ST131 £. co/i, which have
acquired a carbapenemase gene, as these clones have high potential for causing severe
invasive disease.26:27

This study has several limitations. First, hospitals were selected based on interest of site
investigators, rather than as a random selection. Small hospitals were underrepresented in
our study hospitals and large teaching hospitals were overrepresented. Therefore, these
findings should not be extrapolated to hospitals with fewer than 100 beds. However, the
study hospitals represented a wide range of sizes, ownership models, community vs. tertiary
care, as well as a wide variety in CRE admission rates. Second, this was a consent-waived
study, and only EHR data were included. This approach allows for unbiased, sequential
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inclusion, regardless of ability to provide consent. Third, patients and isolates were
compared in three groups for several variables, which may introduce problems with multiple
comparisons. However, the primary outcome variable — the DOOR analysis — was a priori
defined, and no significant difference was observed between groups. Fourth, our sampling
was limited to a single country. The epidemiology of CRE in other parts of the world may be
substantially different. Ongoing studies in the MDRO Network are evaluating the
international epidemiology of CRE.

Conclusions.

In the US, Klebsiella pneumoniae carbapenemase (KPC)-producing clonal group 258 K.
pneumoniae is the most common carbapenemase-producing Enterobacteriaceae. Among US
patients with CDC-defined CRE in 49 hospitals in 26 sites, there were similar clinical
outcomes among three subgroups, including the novel U-CRE group. These data provide
guidance for clinical practice and public health policy; CDC-defined CRE represent a
diverse group of bacteria, whose spread may not respond to interventions directed solely to
carbapenemase-producing Enterobacteriaceae. Regardless of CRE subgroup, CDC-defined
CRE infections are associated with poor outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

Resistance to carbapenems in Enterobacteriaceae is a threat to global public health. We
searched MEDLINE (1966 to July 1, 2019) and Google Scholar (1966 to July 1, 2019),
using the terms “carbapenem resistant Enterobacteriacea€e’, “‘carbapenemase”, and
“mortality”. Our search identified reports of surveillance studies conducted by the US
Centers for Disease Control and Prevention (CDC). These reports indicate that a subset
of CDC-defined CRE in the US do not produce carbapenemases. Data from large retro
spective cohorts of patients with carbapenemase—producing Enterobacteriaceae (CPE)
from Europe, US and China indicate a predominance of KPC-producing K. pneumoniae.
Retrospective multi-center data on CPE bloodstream infections show a 30-day all-cause
mortality of 43%. Furthermore, in low-income and middle-income countries, carbapenem
resistance is associated with a 15% absolute increase in in-hospital mortality among
inpatients with a bloodstream infection due to Enterobacteriaceae. A single-center,
retrospective study from the US suggested that infection with carbapenemase-producing
CRE (CPE) is associated with increased mortality as compared to non-carbapenemase-
producing CRE (non-CP-CRE).

Added value of this study

In this study, we provide comprehensive clinical and whole genome sequencing (WGS)
data for a cohort of 1,040 unique patients with CDC-defined CRE. In addition to CPE,
and non-CP-CRE, we identified a novel subset of CDC-defined CRE. These unconfirmed
CRE met criteria for CRE at the clinical lab, but were found to be carbapenem-
susceptible in two central laboratories. Clinical outcomes in patients infected with these
three subsets were similar. Analyses of WGS data reveal that clonal group 258 K/ebsiella
pneumoniae remains the most common CPE. However, clonal group 307 is also on the
rise.

Implications of all the available evidence

Among US patients with CDC-defined CRE, there were similar clinical outcomes among
three subgroups, including the novel unconfirmed CRE group. CDC-defined CRE
represent a diverse group of bacteria, whose spread may not respond to interventions
directed solely to carbapenemase-producing Enterobacteriaceae.
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Figure 1. CDC-defined CRE admission rates at participating hospitals.
The rates of all admissions during which CRE were identified (blue), and of admissions

during which at least one CRE infection was diagnosed (red) are shown. CDC-defined CRE
admission rates and robust 95% Cls were estimated using a generalized linear mixed effects
model with hospital as a random effect. Error bars indicate 95% confidence intervals.
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Figure 2. Phylogenetic population structures.
Circle 1 shows clonal groups (CG, 2.A.), Genomic clusters (2.B.), and Sequence Types (ST,

2.C.), Circle 2. indicates region of origin, Circle 3 CPE vs. non-CP-CRE vs. U-CRE, Circle
4 indicates carbapenemase present where applicable and Circle 5 indicates the DOOR level
(Level 1; alive without deleterious events. Level 2; alive with 1 deleterious event. Level 3;
alive with 2 or 3 deleterious events. Level 4; death). A. K. pneumoniae B. Enterobacter spp.
C. E. coli. Of note, an interactive version of this Figure is available online (http://
arlg.med.unc.edu/crackle/ password: B@ct3rl@).
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Table 1.
Baseline characteristics.
Characteristic CPE Non-CP-CRE U-CRE All p Valuef
n 618 (59) 194 (19) 228 (22) 1,040
region <0-001
Midwest | 119 (19) 31 (16) 24 (11) 174 (17)
Northeast | 316 (51) 67 (35) 70 (31) 453 (44)
South | 136 (22) 67 (35) 105 (46) 308 (30)
West 47 (8) 29 (15) 29 (13) 105 (10)
age, median (IQR) 64(54,75) | 64(53,75) | 63(51,74) | 64 (53,75) 0-51
sex, male 329 (53) 128 (66) 127 (56) 584 (56) 0-008
race 0-73
white | 292 (47) 96 (49) 103 (45) 491 (47)
black | 201 (33) 55 (28) 79 (35) 335 (32)
other? | 125 (20) 43 (22) 46 (20) 214 (21)
hispanic ethnicity 74 (12) 26 (13) 25 (11) 125 (12) 0-74
ccl, median 1QR)” 3(L,5) 3(L,5) 2(L,4) 3(L5) 0-01
PBS, median (IQR)° 3(2,6) 3(1,6) 2(0,5) 3(2,6) 0-01
Time to positive culture, days, median (IQR)d 2(0,16) 11(1,30) 300,19 3(00.18) <0001
Community onset 147 (24) 42 (22) 63 (28) 253 (24) 0-38
admitted from® <0-001
home | 323 (52) 127 (65) 151 (66) 601 (58)
long-term chronic care 172 (28) 23(12) 35(15) 230 (22)
hospital transfer 79 (13) 39 (20) 34 (15) 152 (15)
long term acute care 41 (7) 3(2) 7@) 51 (5)
transferred from foreign country 3(<1) 2(1) 0 (0) 5(<1)
hospice 0(0) 0(0) 1(<1) 1(<1)
hospital
tertiary care center 471 (76) 162 (84) 175 (77) 808 (78) 0-10
bed number 0-22
0-499 | 147 (24) 54 (28) 67 (29) 268 (26)
500-999 | 189 (31) 64 (33) 74 (32) 327 (31)
1,000+ | 282 (46) 76 (39) 87 (38) 445 (43)
culture <0-001
blood: infection 75 (12) 25 (13) 30 (13) 130 (13)
urine: infection 84 (14) 20 (10) 25 (11) 129 (12)
urine: colonization 175 (28) 39 (20) 61 (27) 275 (26)
respiratory: infection 41 (7) 15 (8) 11 (5) 67 (6)
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Characteristic CPE Non-CP-CRE U-CRE All P Valuef
respiratory: colonization 129 (21) 29 (15) 43 (19) 201 (19)
wound: infection 32 (5) 10 (5) 17 (7) 59 (6)
wound: colonization 41 (7) 12 (6) 18 (8) 71(7)
intra-abdominal: infection 19 (3) 29 (15) 10 (4) 58 (6)
other: infection 2 (<1) 3(2) 1(<1) 6 (1)
other: colonization 20 (3) 12 (6) 12 (5) 44 (4)

All data is shown as n (%) unless otherwise specified.

aOther races included asian (n=40), native Hawaiian/pacific islander (n=3), multi-racial (n=5), and those patients for whom race was not specified
in the medical record (n=166) Community onset defined as home origin with first positive culture date less than 3 days from date of admission.

CCl; Charlson comorbidity index. CCl is a chronic comorbidity score with a range from 0 to 37, with higher scores indicating more comorbid
conditions present. A patient with a score of 3 could have three level 1 comorbid conditions (e.g. dementia, chronic pulmonary disease, and
congestive heart failure), or one level 1 (e.g. dementia) and one level 2 comorbid condition (e.g. leukemia), or one level 3 condition (moderate or

severe liver disease).29

PBS; Pitt bacteremia score. PBS is an acute severity of illness score. Higher scores indicate more severe illness. A patient with a score of 3 would

have one level 1 marker (e.g. disoriented mental status) and one level 2 marker of acute illness (e.g. hypotension).30

Time to first positive culture indicates the number of days from admission to the collection date of the index culture, with 0 indicating that the
index culture was obtained on the day of admission.

e . . . .
For analysis purposes grouped as home/transferred from foreign country, long term acute care/hospital transfer, and long term chronic care/
hospice.

Pvalue comparing distributions where applicable. CPE: carbapenemase-producing Enterobacteriaceae. Non-CP-CRE: non-carbapenemase-
producing carbapenem-resistant Enterobacteriaceae (CRE). U-CRE: unconfirmed CRE. IQR Interquartile range.
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Table 2.

Bacterial characteristics including distribution of common p-lactamase genes.

CPE (n=618) | Non-CP-CRE (n=194) | U-CRE (n=228) | All (n=1,040) | P value

Species <0001
K. pneumoniae 493 (80) 52 (27) 48 (21) 593 (57)
ST258 K. pneumoniae 334 (54) 6 (3) 4(2) 344 (33)
Enterobacter spp. 46 (7) 73(38) 73(32) 192 (18)
E. coli 38 (6) 33(17) 51 (22) 122 (12)
ST131 E. coli 22 (4) 13 (7) 24 (11) 59 (6)
non-K. pneumoniae Klebsiella spp. 14 (2) 26 (13) 16 (7) 56 (5)
other 27 (4) 10 (5) 40 (18) 77(7)
Meets 2012 CDC criteria for CRE 520 (84) 97 (50) 65 (29) 682 (66) <0-001
Carbapenemasesa
blagpc.o 313 (51) 313 (30)
other b/aKpcb M @
blaypm-1 15(2) 15(1)
other blaNDMC M @
blaoxa-a8 6(1) 6(1)
a 15 (2 15(1
Other blaoxa-4s-like @ @
Other® 10 (2) 10 (1)
Extended spectrum B-lactamase
blactxm 121 (20) 59 (30) 45 (20) 225 (22) 0-004
f 217 (35) 19 (10) 14 (6) 250 (24) <0-001
blaSHV
0(0 0(0 1(<1 1(<1 0-41
blern? (0) (0) (<D) (<1)
blaampc 116 (19) 112 (58) 141 (62) 369 (35) <0-001

aTotaIs exceed 100%, as 8 isolates carried more than one carbapenemase gene.

bOther blakpc included blakpC-4 (3), blakpC-6 (1), blakpc-8 (1), and blakpC-18 (2).
cOther blanDM included blanDM-5 (6), blanDM-7 (1).

dOther blagxa-48-like included blagxa-181 (2), blapxa-232 (13).

eother carbapenemases included b/av/|\M (4), blaim| (2), blasME (3), blanmc-A (1).

fThose blasH\V/ that are considered extended spectrum B-lactamase genes, including blasSHV-12 (217), blasHV-7 (12), blasHV-30 (11),
blasHv-2 (5), blasHV-5 (4), and blasHV-105 (1).

gblaTEM.lo. CPE: carbapenemase-producing Enterobacteriaceae. Non-CP-CRE: non-carbapenemase-producing carbapenem-resistant
Enterobacteriaceae (CRE). U-CRE: unconfirmed CRE.
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Outcomes in patients with CRE infections.

Table 3.

CPE (n=253) | Non-CP-CRE (n=102) | U-CRE (n=94) | All (n=449) | Pvalue
DOOR at 30 days n /ad
alive without events 106 (42) 37 (36) 40 (43) 183 (41)
alive with 1 event 53 (21) 26 (25) 18 (19) 97 (22)
alive with 2 or 3 events 31(12) 17 (17) 14 (15) 62 (14)
dead 63 (25) 22 (22) 22 (23) 107 (24)
DOOR components at 30 daysa
not discharged 103 (41) 45 (44) 36 (38) 184 (41) 0-70
readmitted 32(13) 12 (12) 14 (15) 58 (13) 079
lack of clinical response 86 (34) 35(34) 32 (34) 153 (34) >0-99
lack of symptomatic response 74 (29%) 29 (28) 28 (30) 131 (29) 0-98
relapse 12 (5) 3(3) 3(3) 18 (4) 0-66
remains on anti-CRE antibiotic 8 (3) 9(9) 7(7) 24 (5) 0-06
renal failure 13 (5) 5 (5) 5 (5) 23 (5) 0-99
C. difficile infection 3(1) 2(2) 0(0) 5(1) 0-42
LOS, days, median (IQR) 19 (9, 38) 29 (12, 60) 15 (6, 35) 20 (8, 45) 0-002
Post-culture LOS, days, median (IQR) 11 (5, 22) 16 (6, 26) 10 (4, 19) 12 (5, 23) 0-02
30-day mortality 63 (25) 22 (22) 22 (23) 107 (24) 0-80
90-day mortality 79 (31) 33(32) 25 (27) 137 (31) 0-64
90-day rea dmissions” 81/183 (44%) 37/69 (54%) 32/73 (44%) | 150/325 (46%) | 0.37
clinical response 167 (66%) 67 (66%) 62 (66%) 296 (66%) >0-99
Disposition® 0-03
death 63 (25) 27 (26) 19 (20) 109 (24)
home 72 (28) 38 (37) 40 (43) 150 (33)
hospice 7(3) 6 (6) 2(2) 15 (3)
long term acute care 29 (11) 7(7) 2(2) 38 (8)
long term care 71(28) 21(21) 24 (26) 116 (26)
transfer other hospital 11 (4) 3(3) 6 (6) 20 (4)
transferred to a foreign country 0 (0) 0 (0) 1(1) 1(<1)

aDesirabiIity of outcome ranking (DOOR) analysis components as defined in Supplementary Materials.

bin patients discharged alive. LOS length of hospital stay.

c . . . .
Grouped for analysis purposes as death/hospice, home/transferred to a foreign country, LTAC/transfer other hospital, long-term care.

Page 27

dlnverse probability weighted (IPW) DOOR analyses indicated no significant differences between groups. IPW-adjusted probabilities of a patient
with CPE vs. non-CP-CRE, CPE vs. U-CRE, non-CP-CRE vs U-CRE having a better outcome are 52% (95% CI 45%-58%), 52% (95% CI 44%-—
61%), 51% (95% CI 41%-60%). CPE: carbapenemase-producing Enterobacteriaceae. Non-CP-CRE: non-carbapenemase-producing carbapenem-
resistant Enterobacteriaceae (CRE). U-CRE: unconfirmed CRE.
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