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Overview 

•  Definitions 
•  Epidemiology 
•  Outcomes 
•  Drivers of Resistance 



The Vocabulary 

•  MDR = Resistant to 
more than 1 agent in 3 
or more antimicrobial 
categories 

•  XDR = Nonsusceptible 
to more than 1 agent 
in all but 2 categories 

•  PDR = Resistant to all 
categories 

Only acquired resistancewas considered, thus intrinsic species-wide resistance to spe-
cific antimicrobial agents was not considered in defining classes of resistance. MDR is
defined as nonsusceptible tomore than 1 agent from 3 ormore antimicrobial categories,
XDR is definedas nonsusceptible tomore than 1 agent in all but 2 categories, andPDR is
defined as resistant to all categories. The antimicrobial categories and breakpoints for
determining nonsusceptibility are individually defined for each clinically significant class
of GNB (ie, Enterobacteriaceae, PA, and ACCB) (Table 3).
Epidemiologic definitions used for nonsusceptibility are not always concordant with

outcome data from treating infections attributable to nonsusceptible organisms. For
some drug-organism combinations, minimum inhibitory concentration (MIC) values
are shown to be more predictive of clinical outcome than characterization as suscep-
tible, intermediate, or resistant by MIC. For most GNB, the Clinical Laboratory and
Standards Institute (CLSI) have recently reduced the MIC breakpoint for susceptibility
to most cephalosporins and carbapenems to 1 mg/mL or less, based on clinical
outcome data (see Table 3).24 However, patients with GNB bloodstream infections
nonsusceptible to a carbapenems with a MIC of 2 mg/mL or less were more likely to
have a good outcome than those with a MIC of 4 mg/mL or greater.25 Conversely, for

Table 1
Definitions of multidrug resistance and predominant mechanisms of resistance to traditional
gram-negative antibiotics

Common Resistance Phenotypes Major Mechanisms of Resistance

Enterobacteriaceae Third- ! fourth-generation
cephalosporins

Carbapenem resistance
Fluoroquinolones

Aminoglycosides

ESBL, AmpC b-lactamases

Carbapenemases
DNA gyrase and topoisomerase

mutations
Aminoglycoside-modifying

enzymes

Pseudomonas
aeruginosa

Carbapenem resistance and
other b-lactam resistance

Metallo-b-lactamases
AmpC and other b-lactamases
Multidrug efflux pumps
Deletion of membrane porins

Fluoroquinolones DNA gyrase and topoisomerase
mutations

Aminoglycosides Aminoglycoside-modifying
enzymes

Acinetobacter spp Cephalosporin and carbapenem
resistance

Cephalosporinases
Carbapenemases
Multidrug efflux pumps
Porin mutations
Penicillin-binding protein changes

Aminoglycoside resistance Aminoglycoside-modifying
enzymes

Fluoroquinolone resistance DNA gyrase and topoisomerase
mutations

Resistance category
definitions

MDR is defined as resistant to more than 1 agent in 3 or more
antimicrobial categories

XDR is defined as nonsusceptible to more than 1 agent in all but
2 categories

PDR is defined as resistant to all categories
Intrinsic resistance to specific antimicrobial agent would automatically

eliminate that agent from being included in defining resistance

Resistant Gram-Negative Infections 897

Fraimow H, et al.  Crit Care Clin 2013; 29: 895-21. 



Defining Resistance 

levofloxacin, patients with GNB bacteremia in whom levofloxacin MIC was 1 mg/mL,
well below the susceptibility cutoff, had poorer outcomes than those with MICs of
0.5 mg/mL or less.26 The conclusion to be drawn from these data is that breakpoints
for susceptibility need to be continually reassessed based on clinical outcomes for
emerging resistances. However, there may still be reasons for using agents that test
as nonsusceptible for the treatment of resistant organisms.

MANAGEMENT OF INFECTIONS CAUSED BY RESISTANT GNB

The cornerstone of treating of resistant gram-negative infections is administration of
maximally effective antimicrobial therapy. Whether this can be accomplished depends
on several key factors including host status, the type of resistance(s) encountered and
available treatment options, the site(s) of infection, and whether source control of in-
fection is achievable. Many resistant GNB infections are treatable with available
gram-negative agents such as third- and fourth-generation cephalosporins, b-lactam/
b-lactamase inhibitor (BL/BI) agents, carbapenems, or fluoroquinolones. However,
some MDR infections are only treatable with more toxic agents including polymyxins
and aminoglycosides.27,28 Treatment of XDR and PDR organisms may require combi-
nations of partially active or individually inactive agents. Optimizing pharmacody-
namics of available agents by use of extended infusion times and novel delivery
methods including aerosolization may also improve outcomes for marginally treatable
infections.29–31 PDR infections for which there are no available effective treatments are
increasingly reported.1,2 This discussion focuses on treatment of documented resis-
tant GNB infections, but similar principles apply to empiric therapy for severe infections
in individuals at high risk for resistant GNB, including colonized patients or patients in
an outbreak setting.

ANTIMICROBIAL AGENTS FOR INFECTIONS CAUSED BY MDR GNB

There are often many options for treating resistant GNB with single-class antimicrobial
resistance. Rarely, however, do resistant GNB demonstrate single-class resistance.
Multidrug resistance is selected by sequential exposures to different antibiotics, by hor-
izontal transfer of multiple resistance traits clustered on mobile genetic elements, or
by selection for characteristics such as permeability changes or upregulation of efflux
pumps that alter susceptibility to multiple drug classes.8 Knowledge of local suscepti-
bility patterns from current antibiograms, especially unit-specific antibiograms, may
help guide initial therapy. Combination antibiograms demonstrating patterns of
cross-resistance may be even more useful for this.32 Standard broad-spectrum
gram-negative agents including third- and fourth-generation cephalosporins,

Table 3
Breakpoints for susceptibility as approved by EUCAST, SCLIS, and FDA (in mg/mL)

EUCAST
Cefepime/
Imipenem/
Tobramycin

CLSI
Cefepime/
Imipenem/
Tobramycin

FDA
Cefepime/
Imipenem/
Tobramycin

Enterobacteriaceae !1 !2 !2 !2 !1 !4 !8 !4 !4

Pseudomonas aeruginosa !8 !4 !4 !8 !2 !4 !8 !4 !4

Acinetobacter spp — !2 !4 !8 !4 !4 !8 !4 !4

Abbreviations: CLSI, Clinical and Laboratory Standards Institute; EUCAST, The European Committee
on Antimicrobial Susceptibility Testing; FDA, US Food and Drug Administration.

Fraimow & Nahra900

Fraimow H, et al.  Crit Care Clin 2013; 29: 895-21. 



EPIC II 

•  Point prevalence study 
•  International ICUs (n=1265) 

– Population:  13796 patients; 51% infected 

•  Cohort 
– Mean SOFA:  6.3 
– 28% medical, 72% surgery/trauma 
– 56% on MV 

Vincent JA, et al.  JAMA 2009; 302: 2323-9. 



Sites of Infection 

Vincent JA, et al.  JAMA 2009; 302: 2323-9. 

No. (%)a

Site of 
Infection All Western 

Europe
Eastern 
Europe

Central/ 
South 

America

North 
America Oceania Africa Asia

No. (%) 7087 (51.4) 3683 (49) 426 (56.4) 1290 (60.3) 607 (48.4) 285 (48.2) 89 (46.1) 707 (52.6)

Respiratory     
     tract 4503 (63.5) 2332 (63.3) 305 (71.6)b 851 (66) 345 (56.8)b 165 (57.9) 41 (46.1)b 464 (65.6)

  Abdominal 1392 (19.6) 778 (21.1) 93 (21.8)  228 (17.7)b 101 (16.6) 50 (17.5) 16 (18) 126 (17.8)

  Bloodstream 1071 (15.1) 546 (14.8) 53 (12.4) 139 (10.8)b 157 (25.9)b 49 (17.2) 16 (18) 111 (15.7)

  Renal/ urinary 
    tract 1011 (14.3) 411 (11.2) 84 (19.7)b 222 (17.2)b 135 (22.2)b 33 (11.6) 15 (16.9) 111 (15.7)b

   Skin 467 (6.6) 242 (6.6) 37 (8.7) 73 (5.7) 26 (4.3) 30 (10.5) 8 (9.0) 51 (7.2)

   Catheter- 
    related 332 (4.7) 171 (4.6) 21 (4.9) 73 (5.7) 16 (2.6) 15 (5.3) 4 (4.5) 32 (4.5)

   CNS 208 (2.9) 100 (2.7) 20 (4.7) 40 (3.1) 14 (2.3) 11 (3.9) 4 (4.5) 19 (2.7)

   Others 540 (7.6) 289 (7.8)  31 (7.3) 87 (6.7) 62 (10.2) 22 (7.7) 14 (15.7)b 35 (5.0)b



Globally, Majority of ICU infections Are 
Due to Gram-negative Bacteria 

70% of infected patients have positive cultures; 62% are Gram-negative  
31% of Gram-negative cultures are Pseudomonas spp. 
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Data from the Extended Prevalence of Infection in Intensive Care (EPIC II) Study, a global,  
1-day point prevalence study of 13,796 patients from 1265 ICUs in 75 countries in 2007. 

Pseudomonas 
spp.

Escherichia  
coli

Klebsiella  
spp.

OtherEnterobacter 
spp.

Acinetobacter 
spp.



CDC Identified Threats:  2013 
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Assembled from: http://www.cdc.gov/drugresistance/about.html  



  

  
	 	 

Klebsiella pneumoniae Percentage of Invasive Isolates 
with Combined Resistance to Third-Generation 

cephalosporins, Fluoroquinolones and Aminoglycosides 

EU/EEA,	2010		

EU/EEA,	2014		

Percentage	(%)	
Resistance	

European Centre for Disease Prevention and Control. 
Antimicrobial resistance surveillance in Europe 2014.  



Acinetobacter species: Percentage of Invasive Isolates 
with Combined Resistance to Fluoroquinolones, 

Aminoglycosides and Carbapenems 
 

  

EU/EEA,	2014	



ESBLs 
Extended Spectrum β-Lactamase Producing 

Enterobacteriaceae 

•  First described in the 1980s 

•  Represent a global health threat 

•  Historically seen in nosocomial infection but 
now encountered in both healthcare-associated 
and community-acquired infections 

•  Cause range of infections from UTI to 
bacteremia 

Harris PNA, et al.  Lancet ID 2015; 15: 475-85 



EBSL:  Classification 
•  Routinely encountered in Enterobacteriaceae (eg E. coli 

& K. Pneumoniae) but not limited to these species 
•  Classified as: 

–  Bush-Jacoby-Medeiros: 2be 
–  Ambler: Class A 

•  Major enzyme types: 
–  SHV 
–  TEM  
–  CTX 

•  AmpC:  Unique beta-lactamase not inhibited by 
clavulanate 

Harris PNA, et al.  Lancet ID 2015; 15: 475-85 



ESBL: The Future

•  Model to predict 
epidemiologic 
projections for ESBLs 

•  Focused on UTIs 
•  Inputs 

–  National estimates of 
hospitalizations for UTI 

–  Evolution in ESBL 
trajectory 

•  Data sources:  
–  HCUP 
–  Literature reviews 

Annual Rates of Hospitalizations with Urinary Tract Infection 
due to Gram-Negative Organisms of Interest 

Cases per 1,000 hospitalizations                       
(95% confidence interval) 

Organism 2000 2009 

Pseudomonas aeurginosa 4.60 (4.43-4.77) 6.68 (6.38-6.98) 

Escherichia coli 15.55 (14.98-16.13 22.57 (21.56-23.58) 

Klebsiella pneumoniae 4.87 (4.69-5.05) 7.06 (6.75-7.38) 

Enterobacteriaceae 15.55 (14.98-16.13) 22.57 (21.56-23.58) 

Annual Rates of Hospitalizations with Urinary Tract Infection 
due to Gram-Negative Organisms of Interest 

Cases per 1,000 
hospitalizations                       

(95% confidence interval) 

Organism 2000 2009 
Multidrug-resistant Pseudomonas aeurginosa 0.53 (0.51-0.55) 0.82 (0.78-0.86) 

ESBL-producing Escherichia coli 0.51 (0.49-0.53) 1.81 (1.73-1.89) 

ESBL-producing Klebsiella pneumoniae 0.45 (0.43-0.46) 1.31 (1.26-1.37) 

Carbapenem-resistant Enterobacteriaceae 0.00 (0.00-0.00) 0.51 (0.48-0.53) 
Zilberberg MD, et al.  ICHE 2013;34:940-6. 



Predicted Trends in EBSL UTI Hospitalizations 9 4 4 INFECTION CONTROL AND HOSPITAL EPIDEMIOLOGY SEPTEMBER 2 0 1 3 , VOL. 3 4 , NO. 9 
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FIGURE i. Annual urinary tract infection (UTI) hospitalization rates with the resistant pathogen of interest per 1,000 hospitalizations, 
2000-2009. A, multidrug-resistant Pseudomonas aeruginosa (MDR PA). B, extended-spectrum j3-lactamase-producing Escherichia coli (EC 
ESBL). C, extended-spectrum /3-lactamase-producing Klebsiella pneumoniae (KP ESBL). D, carbapenem-resistant Enterobacteriaceae (CRE). 

Our findings also echo a more recent report from the CDC 
by Hidron,9 which quantified the prevalence of various re-
sistant organisms in 4 HAIs, including CAUTI, among hos-
pitalized patients during 2006-2007. In this study, the rates 
of resistance to third-generation cephalosporins among uri-
nary E. coli and K. pneumoniae were similar to those in the 
earlier study, or 5.5% (6.1% in 2006 and 6.9% in 2007 in 
our data) and 21.2% (15.5% in 2006 and 14.9% in 2007 in 
our data), respectively. Specific to urinary sources, pseudo-
monal resistance to ceftazidime was 12.6%, whereas that to 
carbapenems was 25.1%.9 In our study, the corresponding 
years of data yielded a slightly higher rate of ceftazidime 
resistance and a lower rate of carbapenem resistance (17.9% 
and 16.1%, respectively). These differences are likely due to 
the differences in hospital and patient mix contributing to 
the 2 sample frames. Because our data come from a nationally 
representative sample of hospitals, they add new and nec-
essary perspective on the burden of resistant gram-negative 

UTI as a proportion of all hospitalizations in the United 
States. 

Understanding the patterns of gram-negative resistance is 
important for several reasons. Treating a serious infection 
with an empirical antimicrobial regimen that fails to cover 
the culprit pathogen(s) has been consistently associated with 
poorer outcomes, including an increased risk of hospital 
death.17"25 A precise knowledge of pathogen distribution 
therefore becomes integral to clinical decision making. On 
the other hand, overly broad coverage when it is not war-
ranted is unhelpful to the patient individually and fosters 
spiraling antibiotic resistance.26 On a population level, this 
leaves the public with fewer treatment options for serious 
infections.27 Current data on the prevalence and patterns of 
resistance can help clinicians to tailor their decision making 
to the probability of the individual patients in front of them 
of harboring a resistant pathogen. Although our data fail to 
provide granularity necessary for such individualized decision 



NDM – The Threat Continues 

3 km apart, yielded growth of NDM-positive K. pneumoniae
of ST283, indicating a likely high level of contamination of
the river with this carbapenem-resistant opportunist patho-
gen. It is noteworthy that a history of travel to Vietnam (but
not involving hospitalization) was noted in one of five
patients affected during an outbreak of carbapenem-resistant
NDM-1-producing Enterobacteriaceae reported from Canada,
suggesting yet again inter-continental transmission of this
resistance determinant (Borgia et al., 2012).

Although a study in Mumbai failed to detect intestinal
carriage of NDM-1-positive Enterobacteriaceae (Deshpande
et al., 2012), gut colonization was reported from Bangladesh
and Pakistan (Islam et al., 2012; Perry et al., 2011). In the
Bangladesh study, screening of consecutive clinical samples
over a 1-month period in late 2010 yielded 403 Gram-
negative isolates, of which 14 (3.5 %) were positive for
NDM-1. The study in Pakistan comprised an investigation
of the prevalence of faecal carriage of Enterobacteriaceae with
NDM-1 at two military hospitals in Rawalpindi. In total, 64
NDM-1-positive isolates of Enterobacteriaceae, belonging to
seven species, were recovered from 37 (18.5 %) of the stool
samples taken from 200 patients. In terms of different
patient populations, the rates of intestinal carriage in
inpatients and outpatients were 27 % and 14 %, respectively
(Perry et al., 2011).

In addition to the widespread occurrence of NDM-1 in
the Indian subcontinent, reports have continued to be
published from many parts of the world, documenting
isolation of NDM-1-positive bacteria from patients with
epidemiological links to that part of the world. Such
reports have emanated from geographically diverse regions
of the globe including Australasia, the Far East, the USA,

Canada, the Middle East and many countries in Europe
(Fig. 1). While many of the patients had a history of
hospitalization in India, Pakistan or Bangladesh, others had
simply travelled in this region (Table 1), which may
indicate community acquisition of NDM-positive bacteria
through ingestion of contaminated water, with resulting
gut carriage.

International transmission of NDM-positive
bacteria from regions other than the Indian
subcontinent

Although much work on NDM has been focussed on the
Indian subcontinent, there are now many documented
cases of international transmission involving movement of
infected or colonized individuals from countries in other
regions of the world. In particular, the Balkans has been
highlighted as a possible secondary reservoir for the spread
of NDM, based on the considerable numbers of reports of
patients from whom NDM-positive bacteria have been
isolated following medical repatriation from this geograph-
ical area (Table 2). Transmission of NDM between Balkan
states has also been documented (Mazzariol et al., 2012).
Routine analysis of carbapenemase-producing Gram-nega-
tive bacteria isolated in the Belgrade Military Medical
Academy in 2010 identified seven isolates of Pseudomonas
aeruginosa that were positive for blaNDM-1 (Jovcic et al.,
2011). Interestingly, none of the patients had a history of
travel to the Indian subcontinent or to Europe, raising the
possibility that such NDM-positive strains may be endemic
in Serbia. However, other investigators commenting on the
possible epidemiological picture of NDM in the Balkans
(Livermore et al., 2011) noted a published report that

Fig. 1. Countries from which NDM-positive bacteria have been reported. Triangles indicate an epidemiological link to the Indian
subcontinent.

Global spread of NDM-mediated carbapenem resistance

http://jmm.sgmjournals.org 501

Johnson AP, et al. J Med Micro 2013; 62: 499-513. 



Colistin Resistance - mcr-1   
•  First colistin-resistant clinical isolate found in U.S. in April 

–  Patient had not traveled outside of the country indicating mcr-1 is 
established in the U.S. 

–  Resistance seen despite relatively low use of colistin in U.S. 

•  Single sample of colistin-resistant E. coli found in pig intestine by 
USDA and HHS 
–  Colistin not used in animals in the U.S. 

•  Colistin resistance  
–  Chromosomally mediated modulation that is generally not transmissible 

between bacteria 
–  Plasmid-mediated resistance (mcr-1) readily passed between 

Enterobacteriaceae species.  Plasmid stability implies maintenance even in 
absence of selection pressure by colistin 

“Continued surveillance to determine the true frequency for 
this gene in the US is critical” 

McGann P et al. Antimicrob. Agents Chemother.  Accepted manuscript posted online 26 May 2016, doi: 10.1128/AAC.01103-16 
 
David L Paterson, Patrick N A Harris. Lancet. Published Online November 18, 2015. http://dx.doi.org/10.1016/ S1473-3099(15)00463-6 
 
U.S. Department of Health and Human Services (HHS) May 26, 2016.  http://www.hhs.gov/blog/2016/05/26/early-detection-new-
antibiotic-resistance.html.  



Change in MDR Acinetobacter:        
US Perspective 
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AB Resistance Based on Infection 
Site 
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Epidemic Can Become Endemic 

•  Retrospective analysis 
•  Single center 

experience 
•  Longitudinal 

evaluation of AB 
isolation 

•  n=4484 first isolates 

Clinical Investigations

Critical Care Medicine www.ccmjournal.org 2735

A. baumannii BM4547 as recipient. Selection was performed 
on agar plates supplemented with ticarcillin (100 µg/mL) and 
rifampin (100 µg/mL) for mating-out assays and ticarcillin 
(100 µg/mL) for electroporation assays.

To determine the diversity of plasmids harbored by a series 
of representative strains of each cluster, plasmid DNA was 
extracted by using the Kieser method and analyzed by agarose 
gel electrophoresis as described previously (30, 31). Plasmid 
sizes were analyzed by eye with a ladder.

Statistical Methods
Logistic regression was used to test the association between 
units or sources and the probability of finding a carbapenem 
susceptible A. baumannii isolate aggregated over years. Results 
are reported as frequencies and percents with odds ratios, 95% 
CIs, and p values. To test for significant differences in the pre-
dicted regression line of the number of cases A. baumannii over 
the years, we used a cubic polynomial regression for a Pois-
son distributed variable. Separate intercepts and slopes were 
fit to test for differences between the number of susceptible 
and nonsusceptible isolates. A generalized linear mixed model 
approach was used so that we could include a random resid-
ual term to control for overdispersion. Comparisons between 
group intercepts and slopes were made. The two-tailed 0.05 
α level was used to determine statistical significance. SAS 9.3 
(SAS Institute, Cary, NC) was used for all analyses.

RESULTS

Descriptive Epidemiology
During 18 years, 9,334 A. baumannii isolates were detected, 
being 4,484 of them (48%) considered first isolates. Of the 
4,484 first isolates, 3,141 isolates (70%) were identified in 
the ICUs and 1,343 isolates (30%) were found in wards  
(p < 0.0001) (Table 1). Similarly, 3,943 isolates (87.9%) were 
identified in adult units, and only 541 isolates (12%) were 
identified in pediatric wards (p < 0.0001). Regarding antibi-
otic susceptibilities, 3,638 isolates (81.1%) were carbapenem 
susceptible and 846 isolates (18.9%) were carbapenem nonsus-
ceptible (p < 0.0001). Most of the nonsusceptible first isolates 
were located in the ICUs (712 of 846; 84.1%), especially in the 
trauma (205 of 846; 24.2%), medical (150 of 846; 17.7%), and 
surgical (143 of 846; 16.9%) ICUs. Throughout the 18 years of 
observations, these three units combined experienced 58.8% 
of all carbapenem nonsusceptible first isolates.

Regarding bodily sources of first isolates, respiratory samples 
were the most frequent source of collection (49%), followed by 
wound/drainage (14%), and blood (11%). Similarly, when all 
isolates from all patients were aggregated (n = 9,334), respi-
ratory samples still corresponded to the main bodily source 
(51%), followed by wound/drainage and blood (11% each).

A total of 676 blood A. baumannii isolates (only one per 
unique patient) were identified through the years. Similarly to the 
first analysis, first blood isolates were most frequently detected 
among ICU patients rather than general ward patients (596 of 
676; 88.2%; p > 0.05) and in adult unit rather than in pediatric 

unit (651 of 676; 96.3%; p > 0.05). With regard to susceptibilities, 
191 (28.3%) were carbapenem nonsusceptible isolates and 485 
(71.7%) were carbapenem susceptible isolates. Of the 191 car-
bapenem nonsusceptible blood isolates, 66 (34.5%) were located 
in the trauma ICU, 41 (21.4%) in the medical ICU, and 35 
(18.3%) in the surgical ICU; combined, these three units had 142 
of the 191 carbapenem nonsusceptible blood isolates (74.3%).

Regarding first isolates compared based on carbape-
nem susceptibilities, the intercepts were significantly dif-
ferent (nonsusceptible [β ± SE, p]: 5.033 ± 0.125, p < 0.001; 
susceptible: 3.388 ± 0.313, p < 0001; difference: p < 0.001). 
The linear components for carbapenem nonsusceptible and 
susceptible isolates were significantly different (nonsuscep-
tible: –0.305 ± 0.039, p < 0.001; susceptible: 0.300 ± 0.090,  
p = 0.002; difference: p < 0.001). The cubic component was 
positive and significant for nonsusceptible isolates but nega-
tive and nonsignificant for susceptible isolates (nonsuscep-
tible: 0.004 ± 0.001, p < 0.001; susceptible: –0.001 ± 0.002,  
p = 0.259; difference: p = 0.013) (Fig. 1A). Interestingly, there 
was a shift in the proportions of carbapenem susceptible and 
non-susceptible isolates around 2004..

Regarding first blood isolates, the intercepts were sig-
nificantly different (nonsusceptible [β ± SE, p]: 3.132 ± 0.142,  
p < 0.001; susceptible: 2.362 ± 0.221, p < 0001; difference: 
p = 0.007). The linear components for nonsusceptible and 

Figure 1. Yearly trends of Acinetobacter baumannii in both first isolate 
per single patient (A) and first blood isolate per single patient (B). 
Susceptible A. baumannii isolates: observed counts (solid line), predicted 
counts (rhomboids); nonsusceptible A. baumannii isolates: observed 
counts (dashed line), predicted counts (triangles).

Munoz-Price LS, et al.  CCM. 2013: 41; 2733-42 



Outcomes:   
Predictors in GNR Septic Shock 

•  Retrospective analysis 

•  Subjects:  GNR 
bacteremia resulting 
in septic shock 

•  N=1064 
–  E. coli: 27% 
–  K. pneumoniae:  20% 
–  P. auerginosa: 17% 

•  Endpoint:  Mortality 

 

inappropriate empiric treatment (Table 6). Because
the risk for drug resistance is very high among these
organisms, the observed elevated rates of non-IAAT
are probably not because the clinician did not consider
their risk for resistance, but rather due to his/her deter-
mination that these were not likely pathogens. This ap-
proach therefore represents a slightly different mechanism

for causing non-IAAT and implies a different solution.
Rather than understanding the antibiogram of common
pathogens, this requires a clinician to be aware of the rates
of specific less common organisms at his/her institution.
An additional important mechanism for receiving non-
IAAT exists based on the timing of empiric therapy.
Fully one-quarter of all non-IAAT fell into this category
when there was no evidence of empiric treatment within
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Figure 1 Sepsis severity, resistance and initial treatment. IAAT, initially appropriate antibiotic therapy; MDR, multidrug resistant. P <0.001 for
each comparison.

Table 3 Predictors of hospital mortalitya

Odds ratio 95% confidence
interval

P value

Non-IAAT 3.872 2.770 to 5.413 <0.001

Chronic liver disease 1.942 1.319 to 2.860 0.001

Septic shock 1.846 1.335 to 2.553 <0.001

Pneumonia 1.766 1.237 to 2.522 0.002

Mechanical ventilation 1.669 1.172 to 2.376 0.005

APACHE II score (per 1 point) 1.076 1.047 to 1.105 <0.001

Surgery 0.701 0.560 to 0.879 0.002

Admitted from home 0.677 0.489 to 0.936 0.018

Urosepsis 0.675 0.469 to 0.972 0.034
aIndependent variables included but not retained in the model at alpha ≤0.05:
age, race, admission sources other than home (nursing home or transfer from
another facility), comorbidities of congestive heart failure, chronic obstructive
pulmonary disease, chronic kidney disease and human immune deficiency
virus infection, Charlson comorbidity score, healthcare-associated infection risk
factors (hemodialysis, immune suppression, prior hospitalization, prior antibiotics),
mechanical ventilation, and infection source other than urine (lung, abdomen,
line, central nervous system, skin). Variables pressors and severe sepsis were
excluded because of collinearity with septic shock. APACHE, Acute Physiology
and Chronic Health Evaluation; IAAT, initially appropriate antibiotic therapy. Area
under the receiver operating characteristics curve = 0.777; Hosmer–Lemeshow
P = 0.823.

Table 4 Predictors of receiving initially inappropriate
antibiotic therapya

Odds ratio 95% confidence
interval

P value

Multidrug resistant 13.05 7.00-24.31 <0.001

HIV 3.64 1.02-12.95 0.046

Transferred from another
hospital

2.86 2.00-4.08 <0.001

Nursing home resident 2.28 1.35-3.84 0.002

Prior antibiotics 2.06 1.47-2.87 <0.001

Polymicrobial 1.90 1.30-2.77 0.001

Congestive heart failure 1.61 1.11-2.35 0.013

APACHE II score (per 1 point) 1.05 1.02-1.07 <0.001
aIndependent variables included but not retained in the model at alpha ≤0.05:
age, admission source other than transfer from another hospital (home or
nursing home), comorbidities of chronic obstructive pulmonary disease, chronic
kidney disease, diabetes and malignancy, healthcare-associated infection risk
factors hemodialysis, immune suppression and prior hospitalization, prior
bacteremia, hospital length of stay prior to the onset of bacteremia, surgery,
central line, total parenteral nutrition, septic shock, and infection source. APACHE,
Acute Physiology and Chronic Health Evaluation. Area under the receiver
operating characteristics curve = 0.738, Hosmer–Lemeshow P = 0.664.

Zilberberg et al. Critical Care 2014, 18:596 Page 7 of 13
http://ccforum.com/content/18/6/596

Zilberberg MD, et al.  Crit Care Med 2014.  18: 596. 
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Inappropriate Therapy:  
A Modifiable Risk Factor 
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An additional important mechanism for receiving non-
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Table 3 Predictors of hospital mortalitya
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interval
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Septic shock 1.846 1.335 to 2.553 <0.001

Pneumonia 1.766 1.237 to 2.522 0.002

Mechanical ventilation 1.669 1.172 to 2.376 0.005

APACHE II score (per 1 point) 1.076 1.047 to 1.105 <0.001
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Admitted from home 0.677 0.489 to 0.936 0.018
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aIndependent variables included but not retained in the model at alpha ≤0.05:
age, race, admission sources other than home (nursing home or transfer from
another facility), comorbidities of congestive heart failure, chronic obstructive
pulmonary disease, chronic kidney disease and human immune deficiency
virus infection, Charlson comorbidity score, healthcare-associated infection risk
factors (hemodialysis, immune suppression, prior hospitalization, prior antibiotics),
mechanical ventilation, and infection source other than urine (lung, abdomen,
line, central nervous system, skin). Variables pressors and severe sepsis were
excluded because of collinearity with septic shock. APACHE, Acute Physiology
and Chronic Health Evaluation; IAAT, initially appropriate antibiotic therapy. Area
under the receiver operating characteristics curve = 0.777; Hosmer–Lemeshow
P = 0.823.

Table 4 Predictors of receiving initially inappropriate
antibiotic therapya

Odds ratio 95% confidence
interval

P value

Multidrug resistant 13.05 7.00-24.31 <0.001

HIV 3.64 1.02-12.95 0.046

Transferred from another
hospital

2.86 2.00-4.08 <0.001

Nursing home resident 2.28 1.35-3.84 0.002

Prior antibiotics 2.06 1.47-2.87 <0.001

Polymicrobial 1.90 1.30-2.77 0.001

Congestive heart failure 1.61 1.11-2.35 0.013

APACHE II score (per 1 point) 1.05 1.02-1.07 <0.001
aIndependent variables included but not retained in the model at alpha ≤0.05:
age, admission source other than transfer from another hospital (home or
nursing home), comorbidities of chronic obstructive pulmonary disease, chronic
kidney disease, diabetes and malignancy, healthcare-associated infection risk
factors hemodialysis, immune suppression and prior hospitalization, prior
bacteremia, hospital length of stay prior to the onset of bacteremia, surgery,
central line, total parenteral nutrition, septic shock, and infection source. APACHE,
Acute Physiology and Chronic Health Evaluation. Area under the receiver
operating characteristics curve = 0.738, Hosmer–Lemeshow P = 0.664.

Zilberberg et al. Critical Care 2014, 18:596 Page 7 of 13
http://ccforum.com/content/18/6/596

Predictors of Receiving Initially Inappropriate Antibiotic Therapy 



Appropriate Initial Therapy 

•  Every hour’s delay until appropriate therapy resulted in a 12% increase in mortality 
•  Compared with starting appropriate therapy within 1 hour of the onset of 

hypotension, the OR for mortality increased from 1.67 in Hour 2 to 92.54 with 
delays >36 hours 

An	earlier	study	of	sep)c	shock	(n	=	2,731)	explicitly	
demonstrated	the	importance	of	an)microbial	)ming	

Kumar A, et al. Crit Care Med. 2006;34:1589-1596. 
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Impact of Resistance on Outcomes  
How Many Time Do We Have to Get it Right to Save One Life? 

•  Retrospective analysis of 
impact of appropriate 
therapy on mortality 

•  1250 subjects with septic 
shock 

•  Inappropriate antibiotics:           
3.4 x independent increase 
in risk for death 

•  NNT calculated per 
pathogen 

For every 5 patients given appropriate 
therapy one added survivor! 

Vazquez-Guillamet C, et al.  CCM 2014; 42: 2342-9. 



SO HOW DID WE GET HERE? 



Resistance Driving Resistance:  
The ESBL / Carbapenem Resistance Loop 

Increased MDR enterics (ESBLs)

X transmiss.
+

 spread of  
R- genes

Select carbapenem-R 
strains 

Increased 
carbapenem use

Increased carbapenem-R strains

Pseudomonas aeruginosa

Enterobacteriaceae

Acinetobacter



Carbapenem-resistant K. pneumoniae 
(CRKP) 

Multivariate analysis of risk factors for the emergence of CRKP 
Variables Odds ratio 95% C.I. P 

Prior fluoroquinolone use 1.87 1.07-3.26 0.026 

Prior carbapenem use 1.83 1.02-3.27 0.042 

ICU admission 4.27 2.49-7.31 >0.001 

Exposure to at least 1 ABX drug prior to 
isolation of K. pneumoniae 1.02 1.00-1.03 0.012 

Hussein K, et al. Infect Control Hosp Epidemiol. 2009;30:666-671. 



Correlation Between Carbapenem 
Consumption and P. aeruginosa 

Resistance 

Lepper PM, et al.  Antimicrob Agents Chemother.  2002;46:2920-2925. 
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Are We Even Dosing 
Antibiotics in the ICU 

Correctly? 



Udy AA, et al. ICM. 2013; 39: 2070-82.  

Changes in the Critically Ill Patient 
Affecting Antibiotics 

Systemic Inflammation

Altered Major Organ Blood Flow

•  Large volume IV fluid resuscitation
•  Obesity
•  Vasopressor medications
•  Extracorporeal circuits
•  Low plasma protein concentrations
•  Drug-drug interactions

Deranged CL (AKI or ARC) Increased Vd (hydrophilic agents)

Reduced Antibiotic Exposure

Higher MIC

Treatment Failure and/or the Selection of Resistant Organisms

+

+

+ Endothelial Dysfunction and Capillary Leak



Udy et al  Clin Pharmacokinet  2010; 49:1-16 

Explanation of  
Augmented Renal Clearance  

•  ARC arises from 
interaction of: 
–  Systemic inflammation 
–  Physiologic reserve 

•  ARC noted in: 
–  Young patients 
–  Trauma patients 

Inflammation

BurnsInfection

Pancreatitis Surgery

  RBF IV fluids

Vasoactive 
medications

  GRF

SIRI

  COVasodilation

Renal 
reserve

ARC



β-lactam Underdosing in Patients with 
Augmented Renal Clearance (ARC)? 

•  ARC = supranormal 
glomerular filtration 

•  ClCr > 130 ml/min/1.73m2 

•  Cockcroft Gault CrCl 
•  Most common in critically 

ill patients with: 
–  SIRS/Sepsis 
–  Trauma 
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Udy AA et al. Chest 2012;142:30-39. Baptista JP et al. Crit Care 2011;15:R139. 



Basilea (On File) 

Ceftobiprole 
500 mg q 8 

vs.
 Linezolid 600 mg 

q 12 hours & 
Ceftazidime 2 g q 8



Dosing Matters: Was This All Due to ARC? 

Infec3on	
type	 Treatment	group	

Predicted	
mortality*	

(%)	

Actual	
mortality	

(%)	

Non-VAP	 Ce\obiprole	 18.5	 18.8	

Non-VAP	 Linezolid/Ce\azidime	 19.0	 21.2	

VAP	 Ce\obiprole	 24.2	 33.7	

VAP	 Linezolid/Ce\azidime	 24.2	 22.6	
*Based on Knaus et al. Crit Care Med 1985;13:818 

Study primary enrolled 
-Young patients with normal estimated renal function

-Trauma patients 



Clinical Cure & All-Cause 28-Day Mortality 

	
	
	
	
	
	
	
	
	

Doripenem 
7-day course 

Imipenem 
10- day course 

n N % n N % Diff (%) 95% CI  

 Clinical cure rate 
      MITT 36 79  45.6 50  88   56.8  -11.2 ( -26.3;   3.8) 
      ME 28 57  49.1 36  59   66.1  -17.0 ( -34.7;  0.8) 
   Creatinine clearance* (MITT) 
      ≥ 150 mL/min 8 18 44.4 20 28 71.4 -27.0 (-55.4; 1.4) 
     ≥80 - 150 31 15 48.4 37 19 51.4 -3.0 -26.8; 20.9 

     >50 - <80 23 12 52.2 18 9 50.0 2.2 -28.7; 33.0 

     >30 - ≤50 5 0 0 2 1 50.0 -50.0 

     ≤30 2 1 50.0 3 1 33.3 16.7 

 All cause 28-day mortality 
      MITT 17 79 21.5 13 88 14.8 6.7 (-5.0; 18.5) 
MITT = Microbiological ITT,  ME = Microbiologically Evaluable  
* Calculated using Cockcroft -Gault formulas relating serum creatinine with age & body weight 

Kollef, MH, et al. Crit Care 2012;16(6):R218.  



Beta-Lactam (BL) Infusion in Severe Sepsis Trial 
(BLISS) 

•  Prospective, randomized, non-blinded 
•  Interventions 

–  Bolus infusion (BI) of BL vs 
–  Continuous infusion (CI) 

•  Agents:  cefipeme, pip/taz, meropenem 
•  Subjects:  (n=140), Adults, severe sepsis, & organ 

dysfunction 
•  Endpoints 

–  Clinical cure 14d after d/c abx 
–  PK/PD targets (BL levels measured in central lab) 

Abdul Aziz MH, et al. ICM; published online Jan. 2016 



BLISS 

Abdul Aziz MH, et al. ICM; published online Jan. 2016 CI	=	Con3nuous	Infusion	
IB	=	Intermiaent	Bolus	
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Conclusions 

•  Resistance among GNR increasing  

•  Pattern seen globally and in multiple pathogen 
types 

•  Resistance drives inappropriate therapy 

•  We know very little about how to use 
antibiotics in the patients who need them most 
urgently 
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Clinical Scenarios Establishing Relevance for
Understanding Mechanisms of Resistance

•  A woman with an E. coli urinary tract 
isolate that possesses the mcr-1 gene 

•  A hospital trying to combat an epidemic 
of carbapenemase-producing Klebsiella 
pneumoniae 



Contemporary Issues Related to the 
Mechanisms By Which Clinically Important 

Resistance Occurs in Patients

•  Acquisition of pathogens possessing 
resistance determinants 
– Travel 
– Food 
– Plasmid-mediated genetics 

•  Selection of resistant strains by antibiotic 
pressure 

•  Inadequate infection control 



Mechanism for Developing Disease with 
Carbapenemase-Producing Bacteria

• Clinical tenet 
– Colonization is the antecedent event for 

clinical  disease. 
•  Representative example 

–  Of 57 travelers who visited India, 3 returned 
to France with CPE intestinal carriage 
•  None had contact with any local healthcare center 

while in India 

Ruppé E et al.  Euro Surveill 2014;19(14):pii=20768 



Foodborne Sources of Resistant                 
K. pneumoniae

Davis GS et al.  Clin Infect Dis 2015;61:892-899  

•  K. pneumoniae isolated from 2 sources in Flagstaff, 
Arizona  
– Retail meats in grocery stores in 2012 
– Urine and blood specimens from a local hospital in 2011-2012 

•  Antibiotic susceptibility and genetic relatedness 
determined 

•  Meat-source isolates significantly more likely to be 
multidrug resistant and resistant to tetracycline and 
gentamicin than clinical isolates 

•  Phlogenetic analyses confirmed close relationships 
among meat-source and clinical isolates 



Discovery of first mcr-1 gene in E. coli bacteria found in a human in United States 
For Immediate Release:  Tuesday, May 31, 2016 
 
The Centers for Disease Control and Prevention is part of a coordinated public health 
response after the Department of Defense (DoD) amounted the discovery of the first 
mcr-1 gene found in bacteria in a human in the United States.  CDC is working with 
DoD, the Pennsylvania Department of Health, local health departments, and others to 
identify people who have had contact with the patient and take action to prevent local 
spread.  E. coli bacteria carrying the mcr-1 gene was found in a urine sample from a 
Pennsylvania woman with no recent travel outside of the U.S.  The mcr-1 gene makes 
bacteria resistant to the antibiotic colistin, which is used as a last-resort drug to treat 
patients with multi-drug resistant infections, including carbapenem-resistant 
Enterobacteriaceae (CRE).  The mcr-1 gene exists on a plasmid, a small piece of DNA 
that is capable of moving from one bacterium to another, spreading antibiotic 
resistance among bacteria species.  The CDC and federal partners have been hunting 
for this gene in the U.S. ever since its emergence in China in 2015. 
 
Despite some media reports, the Pennsylvania State Health Department investigation 
has determined that the woman did not have CRE and the bacteria identified is not 
resistant to all antibiotics (referred to as a pan-resistant infection).  The presence of the 
mcr-1 gene, however, and its ability to share its colistin resistance with other bacteria 
such as CRE raise the risk that pan-resistant bacteria could develop. 

Initial report of MCR-1 resistance mechanism in humans: Liu YY et al.  Lancet Infect Dis 2016;16:161-168 
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Classic Bases for Bacterial Resistance 

βla = β-lactamase             PBP = Penicillin-binding protein 



Clinical Implications of Penicillin-Binding 
Proteins in Resistant Gram-Negative Bacteria

•  Representative example:  Development of  PBP2 with low 
affinity for penicillin, with resultant resistance in clinical 
isolates of Neisseria  gonorrhoeae1 

-  PBP alteration also contributing to resistance in N. 
meningitidis and Haemophilus influenzae 

•  Observation of alterations in certain PBPs of carbapenem-
resistant A. baumannii 2 

•  Intrinsic activity of sulbactam against Acinetobacter 
baumannii by binding to penicillin-binding proteins3 

1Brian G, Spratt BG, Cromie KD.  Rev Infect Dis 1988;10:699-711 
2Vashist  J et al.  Indian J Med Res 2011;133:332-338 
3Levin AS.  Clin Microbiol Infect 2002;8:144-153 



Mechanisms Impacting Concentration  
of Antibiotics Within Bacteria

•  Permeability (Delcour A. Biochim Biophys Acta 
2009;1794:808–816) 

-  Cell membrane 
•  Outer membrane (e.g., β-lactam resistance in 

Stenotrophomonas) 
•  Inner membrane (e.g., aminoglycoside resistance) 

-  Porins 
•  Dependent on both number and properties of 

these channels 
•  Impacted by physical and chemical properties of 

the antibiotic 
•  Efflux 



MexAB-OprM* MexCD-OprJ MexEF-OprN MexXY-OprM 

Fluoroquinolones 
Tetracycline 
Chloramphenicol 
Piperacillin 
Cefepime 
Aztreonam 
Meropenem 
Doripenem** 

Fluoroquinolones 
Piperacillin 
Cefepime 
Meropenem 

Fluoroquinolones 
Trimethoprim 
Chloramphenicol 

Fluoroquinolones 
Aminoglycosides 
Piperacillin 
Cefepime 
Meropenem 
Tigecycline‡ 

  *Constitutively expressed in virtually all isolates 
    Quale J et al.  Antimicrob Agents Chemother 2006;50:1633-1641 
 **Dalhoff A et al.  Biochem Pharmacol 2006;71:1085-1095 
     ‡Dean CR et al.  Antimicrob Agents Chemother 2003;47:972-978 

Efflux Pumps in Pseudomonas aeruginosa: 
Agents Subject To Extrusion By These Pumps



Mechanisms Contributing to the 
Expression of Carbapenem Resistance in 

P. aeruginosa

•  Selection by carbapenems of porin-deficient 
mutants  

•  Selection by fluoroquinolones of mexEF-oprN-
overexpressing mutant strains of Pseudomonas 
aeruginosa with  

 (1)   Upregulated efflux pumps 

 (2)   Closed porin channels  

Lister PD, Wolter DJ.  Clin Infect Dis 2005;40:S105-S114 
Livermore DM.  Clin Infect Dis 2002;34:634-640 



A Clinical Approach to 
Gram-Negative Resistance Due to β-Lactamases

Extended-Spectrum 
β-Lactamases 

(ESBLs) 
Carbapenemases AmpC 

β-Lactamases 

E. coli 
Klebsiella 

Serratia 
P. aeruginosa 
Acinetobacter 
Indole + Proteus 
Citrobacter 
Enterobacter 
 

Class A:  KPC 
Class B:  NDM 
Class D:  Oxa-type* 
 

  KPC = Klebsiella pneumoniae carbapenemase 
  NDM = New Delhi metallo-β-lactamase (found in Enterobacteriaceae) 
*Most characteristically found in Acinetobacter 

Chromosomal Plasmid 

E. coli 
Klebsiella 



A Mechanism for 
Community-Acquired ESBLs

Jacoby GA, Munoz-Price L.  N Engl J Med 2005;352:380-391  

“. . . the genes for CTX-M–type enzymes are found on 
the chromosome of kluyvera, a genus of rarely 

pathogenic commensal organisms.  Rather than 
evolving from a progenitor with a more limited 

spectrum of activity, the CTX-M group appears to have 
emerged in multiple places by plasmid acquisition of 

β-lactamase genes from such a widespread 
environmental reservoir.” 



Data About Therapy of ESBL Infections

  1Rodríguez-Baño J et al.  Clin Infect Dis 2012;54:167-174 
   2Lee N-Y et al.  Clin Infect Dis 2013;56:488-495 
  3Nguyen HM et al.  J Antimicrob Chemother 2014;69:871-880 

•  Even with cefepime susceptible (MIC ≤8 μg/mL) isolates, 
cefepime definitive therapy inferior to carbapenem therapy in 
treating patients with so-called cefepime-susceptible ESBL-
producer bacteremia2  

–  New susceptibility breakpoints3 

•  CLSI:    ≤2 µg/mL   
•  EUCAST:  ≤1 µg/mL  

•  Potential option for piperacillin/tazobactam for infection 
caused by ESBL-producing E. coli from a urinary tract source 
(although other ESBL-producing organisms or other sites of 
infection not demonstrated to be effectively treated by a 
non-carbapenem)1   



β-Lactamase Inhibitor Therapy 
in the Treatment of ESBL Infections

•  Potential option for piperacillin/tazobactam for 
infection caused  by ESBL-producing E. coli from a 
urinary tract source (although other ESBL-producing 
organisms or other sites of infection not demonstrated 
to be effectively treated by a non-carbapenem)1 

•  Perspective paper suggesting potential roles for        
β-lactamase inhibitor combinations in treatment of 
ESBL infections2   
–  Infections of the urinary tract 
–  Non-urinary infections with isolates having low MICs 
–  Clinical infections in which source control has been achieved 

  1Rodríguez-Baño J et al.  Clin Infect Dis 2012;54:167-174 
  2Harris PNA et al.  Lancet Infect Dis 2015;15:475-485 
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Plasmid-Mediated AmpC           
β-Lactamases

•  First proof of a Class C β-lactamase captured on a 
plasmid provided in report of transmissible resistance 
to methoxy- and oxyimino-β-lactams that was 
mediated by the enzyme MIR-1 (which has 
biochemical properties of a Group 1 β-lactamase) 
and that showed part of the MIR-1 gene to be 90% 
identical to the ampC gene of E. cloacae1 

•  Less common than ESBLs but risk factors similar to 
those for bacteremia caused by ESBL-producing 
Klebsiella pneumoniae2 

1. Papanicolaou GA et al.  Antimicrob Agents Chemother 1990;34:2200–2209 
2. Jacoby GA.  Clin Microbiol Rev 2009;22:161-182 



Mechanisms for Production of  
Chromosomally-Mediated Type I β-Lactamase 

•  Exposure of a wild-type organism to an enzyme 
inducer with reversible induction of Type I       
β-lactamase 

•  Spontaneous mutation of wild-type organisms 
to a state of stable derepression, which occurs 
with a frequency of 10-6-10-7 and which results 
in irreversible production of Type Iβ-lactamase 

Sanders CC, Sanders WE.  J Infect Dis 1986;154:792-800 



ampC 

ampR 

Abx 

Abx 

Abx 

Type I 
β-Lactamase 

A Proposed Explanation of 
Induction of Type I β-Lactamase 

Lindberg F et al.  Rev Infect Dis 1988;10:782-785 



Resistance on the Basis of Selection

Spontaneous 
mutation 
occurs in the 
absence of 
drug selection 
in a sensitive 
population 

Drug 
treatment 

Sanders CC, Sanders WE.  J Infect Dis 1986;154:792-800 

Mutant is 
selected for by 
drug treatment  
as sensitive 
strains die off 

Resistance 
becomes 
clinically 
manifested 
during therapy 

Resistant 
clone grows 
within what 
used to be a 
sensitive 
population  



Factors Which Promote the Selection 
of  Resistant Gram-Negative Bacteria

•  Antibiotic pressure  
•  Inadequate infection control with spread of 

clonal isolates 
–  “The clinical microbiology laboratory plays a 

critical role . . . in the molecular epidemiologic 
investigation of outbreaks  (A-III).” * 

*Dellit TH et al.  Clin Infect Dis 2007;44:159-177 



Resistance in Pseudomonas aeruginosa

•  Resistance mechanisms regulated by 
genetic operons on the chromosome of       
P. aeruginosa 

–  Outer membrane porins (carbapenems) 
–  Efflux pumps (fluoroquinolones; 

meropenem) 
–  AmpC β-lactamases (non-carbapenem β-

lactams) 

Lister PD, Wolter DJ.  Clin Infect Dis 2005;40:S105-S114 
Quale J et al.  Antimicrob Agents Chemother 2006;50:1633-1641 



Ceftolozane
•  In vitro studies showing ceftolozane stability 

against the most common resistance mechanisms 
driven by mutation in Pseudomonas aeruginosa 
–  Overexpression of the chromosomal cephalosporinase 

AmpC 
–  Efflux pumps 
–  Porin channel closure 

•  Potential advantages of ceftolozane-tazobactam 
–  Treatment of P. aeruginosa infections 
–  “Minimizing the development of self- and cross-

resistance and conserving activity against MDR strains 
selected with other antipseudomonal agents” 

Cabot G et al.  Antimicrob Agents Chemother 2014; 58:3091-3099 



Considerations About Acinetobacter

•  López-Cortés LE et al.  J Antimicrob Chemother 2014;69:3119-3129   
–  “Our data do not support an association of combination therapy with 

reduced mortality in MDRAB infections.” 

Relevant literature about prevention of Acinetobacter
•  Garnacho-Montero J et al.  Intens Car Med 2015;41:2057-2075

–  Task force on management and prevention of Acinetobacter baumannii 
infections in the ICU 

•  “We consider that a single patient colonized or infected with A. 
baumannii represents the potential for transmission to other patients.  
Consequently, the detection of a single case of A. baumannii in an 
area with no previously identified cases should prompt the 
implementation of infection control measures (BIII). 

Noteworthy literature about treatment



•  A potentially suitable alternative in the directed therapy for 
infections of the approved indications (cSSSIs and cIAIs) 
caused by MDR A. baumannii if the MIC is ≤1 mg/L (BIII)  

•  May be an option in the directed therapy for other 
infections (especially pulmonary infections) caused by A. 
baumannii if the tigecycline MIC is ≤1 mg/L and the isolate 
is resistant to other agents (BIII)  
–  In these infections, the high dose regimen (loading dose 200 mg 

followed by 100 mg every 12 h) is suggested (BIII) 

•  Due to uncertainties about the efficacy of tigecycline in 
non-approved indications, recommendation for use in 
combination with another active agent, if possible (BIII) 

Tigecycline in the Treatment of Multi-Drug Resistant
Acinetobacter baumannii Infections

Garnacho-Montero J et al.  Intens Car Med 2015;41:2057-2075 



•  A total of 74 A. baumannii isolates collected in China 
–  64 tigecycline-nonsusceptible A. baumannii  
–  10 tigecycline-susceptible A. baumannii 

•  The majority positive for adeABC, adeRS, adeIJK, and abeM, 
while the adeE gene found in only one susceptible isolate 

•  tetX1 gene was detected in 12 (18.8%) of tigecycline 
resistant isolates (first report of tetX1 gene being detected in 
A. baumannii isolates) 

•  Reversal of resistance pattern with efflux pump inhibitors  
•  Conclusion:  The active efflux pump AdeABC appeared to 

play important roles in the tigecycline resistance of              
A. baumannii. 

Tigecycline Resistance in 
Acinetobacter baumannii 

Deng M et al. Antimicrob Agents Chemother 2014;58:297–303 



•  Eravacycline MICs performed on 38 A. baumannii isolates 
collected from surveillance studies in New York City1 

–  20 possessed bla SHV and 25 were carbapenem-resistant 
–  Expression of adeB, abeM, and oprF determined by real time RT-PCR 
–  Eravacycline MICs ranged from 0.06 to 4 μg/ml 

– MICs directly correlated with expression of adeB  (P=0.019) 
but not with oprF or abeM 

–  Inactivation of the adeB gene in an isolate with over-
expression of adeB led to a decrease in the eravacycline MIC 
(from 2 to 0.25μg/mL) 

•  Potent in vitro activity of eravacyline against carbapenem-
resistant A. baumannii2  
–  MIC50 and MIC90 values lower than those of tigecycline 

–  Eravacycline/Tigecycline MIC50:  0.5 and 2 μg/mL 
–  Eravacycline/Tigecycline MIC90:  2 and 8 μg/mL 

Eravacycline and Efflux in A. baumannii 

1. Cortes CD et al.  54th Interscience Conference on Antimicrobial Agents and 
Chemotherapy, September 5-9, 2014, Washington, DC. 2014; Abstract  C-1375. 

2. Pogue JM et al. Clin Infect Dis 2015;60:1304-1307 



A Clinical Approach to Gram-Negative 
Resistance Due to β-Lactamases

Extended-Spectrum 
β-Lactamases 

(ESBLs) 
Carbapenemases AmpC 

β-Lactamases 

E. coli 
Klebsiella 

Serratia 
P. aeruginosa 
Acinetobacter 
Indole + Proteus 
Citrobacter 
Enterobacter 
 

Class A:  KPC 
Class B:  NDM 
Class D:  Oxa-type* 
 

  KPC = Klebsiella pneumoniae carbapenemase 
  NDM = New Delhi metallo-β-lactamase (found in Enterobacteriaceae) 
*Most characteristically found in Acinetobacter 

Chromosomal Plasmid 

E. coli 
Klebsiella 



Mechanism Basis for Combination Therapy for  
Infections by Carbapenemase-Producing 

Bacteria
•  Approaches to combination therapy 

–  Agents from different classes 
–  Double agents from the same class 
–  New agents 

•  Combination regimens from different classes1 
–  Tigecycline with colistin 
–  Tigecycline with gentamicin 
–  Colistin with gentamicin 
–  Carbapenem with an aminoglycoside  
–  Carbapenem with colistin  
–  Fosfomycin with a carbapenem 
–  Fosfomycin with an aminoglycoside 

1Falagas ME et al.  Antimicrob Agents Chemother 2014;58:654-663 



Mechanism Basis for Combination Therapy for  
Infections by Carbapenemase-Producing Bacteria

•  Double carbapenem regimen (including 
ertapenem) 
–  Increased affinity of carbapenemases for ertapenem1 

•  β-lactam/β-lactamase inhibitor combination 
–  Avibactam inhibition of some carbapenemases but 

not metallo-β-lactamases2 

•  Synergy demonstrated with amikacin and 
doripenem using mathematical model3 

1Bulik CC, Nicolau DP.  Antimicrob Agents Chemother 2011;55:3002-3004 
2Patel G, Bonomo RA.  Front Microbiol 2013;4:48 
3Hirsch EB et al.  J Infect Dis 2013;207:786-793 



•  In vitro activity of eravacycline against >4,000 Gram-
negative pathogens from New York City hospitals1 

–  Activity was retained against multidrug-resistant isolates, including 
those expressing KPC and OXA carbapenemases. 

–  Correlation of eravacycline MICs with increased expression of the 
adeB gene 

•  In vitro activity against New Delhi metallo-β-lactamases 
(NDM carbapenemases)2 

–  Aztreonam/avibactam 
–  Colistin 
–  Eravacycline 
–  Fosfomycin (as part of combination therapy)3 

1Abdallah M et al.  Antimicrob Agents Chemother 2015;59:1802-1805 
2Zmarlicka MT et al.  Infect Drug Resist  2015;8:297-309 
3Seija V et al.  Int J Infect Dis 2015;30:20-26   

Activity Against Carbapenemase-
Producing Pathogens



Antibiotic Use and the Risk of  
Carbapenem-Resistant Klebsiella 

pneumoniae (CRKP)

 
Kritsotakis EI et al.  J Antimicrob Chemother 2011;66:1383-1391 

Exposure to FQ* 

*FQ = Fluoroquinolones 



The Concept of “Super-Spreaders”
•  32 carriers of KPC-producing carbapenem-resistant 

Enterobacteriaceae identified in active surveillance cultures 

•  Amount of environmental contamination by CRE in the 
immediate vicinity of KPC-producing CRE carriers used as 
a marker for dissemination 
–  Environmental cultures and molecular typing performed 

–  Rectal swab quantification and molecular typing performed 

•  18% of carriers responsible for 80% of environmental 
contamination 
–  Consistent with the 20/80 rule (20% of individuals contribute at 

least 80% to the transmission potential) 

–  K. pneumoniae ST-258 detected in all of the super-spreaders  

Lerner A et al.  Clin Microbiol Infect 2015;21:470.e1-470.e7 



Prevention of Colonization and Infection by         
KPC-Producing Enterobacteriaceae  

in Long-term Acute-Care Hospitals (LTACHs)

•  Bundled intervention tested using stepped-wedge 
design in 4 LTACHs with high endemic KPC 
prevalence 
–  Screening patients for KPC rectal colonization upon 

admission and every other week 

–  Contact isolation and geographic separation of KPC-
positive patients in ward cohorts or single rooms 

–  Bathing all patients daily with chlorhexidine gluconate 

–  Healthcare-worker education and adherence monitoring 

Hayden MK et al.  Clin Infect Dis 2015;60:1153-1161 



Prevention of Colonization and Infection by         
KPC-Producing Enterobacteriaceae  

in Long-term Acute-Care Hospitals (LTACHs)

Hayden MK et al.  Clin Infect Dis 2015;60:1153-1161 
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2016 Antimicrobial Stewardship 
Guideline Statement

“Antibiotic resistance is an even more complex metric 
than CDI because the development and spread of 

resistance is impacted by many factors. Implementation of 
stewardship interventions has been associated with 
reduced resistance in both gram-positive and gram-

negative bacteria; however, observed effects on resistance 
are unpredictable because of confounding variables and 
many pathogen and host factors. Still, measurement of 

resistance may be useful for selected bacterial pathogens 
and in focused patient populations receiving a targeted 

ASP intervention.”  
 
Barlam TF et al.  Clin Infect Dis 2016;62(10):e51–e77 



Clinically Relevant Concepts 
with Mechanisms of Resistance

•  Genetics 
–  Plasmid versus chromosomal 

•  Societal pressures 
–  Travel 

–  Food 
•  Antibiotic selective pressure 

–  In contrast to induction (with gram-negative resistance) 
•  Inadequate infection control 

–  Colonization as the antecedent event for clinical 
infection 



Treatment options for 
problematic Gram-negative 

pathogens:  


Jason M. Pogue, PharmD, BCPS-ID
Clinical Pharmacist, Infectious Diseases 

Sinai-Grace Hospital, Detroit Medical Center 
Clinical Assistant Professor of Medicine 

Wayne State University School of Medicine 



What we will address today

•  Therapeutic strategies for treating carbapenem-
resistant Gram negative bacilli 

•  Key differences between the polymyxins, and the 
therapeutic implications 

•  The role of new cephalosporin/beta-lactamase 
inhibitor combinations for the treatment of infections 
due carbapenem-resistant Gram-negative bacilli 

•  Late stage pipeline agents, and where they show the 
most promise in the fight against these pathogens 



What are we working with for 
treatment options?

•  Current options 
–  Polymyxins 

•  Colistin  
•  Polymyxin B 

–  Tetracyline derivatives 
•  Minocycline 
•  Tigecycline   

–  Aminoglycosides 
•  Gentamicin 
•  Tobramycin 
•  Amikacin 

•  Recent additions 
–  Ceftolozane/tazobactam 
–  Ceftazidime/avibactam 

•  Coming soon? 
–  More BLBLI 

combinations 
•  Imipenem/relebactam 
•  Meropenem/vaborbactam 
•  Aztreonam/avibactam 

–  Plazomicin 
–  Eravacycline 



Case 1
•  FR is a 63 y/o male who is a frequently flier at your 

hospital. This most recent hospitalization was 
admission for CA-UTI with an ESBL producing     
E. coli (3 previous episodes, last two with ESBL). 
Patient was started on ertapenem 

•  On hospital day 6, the patient decompensates 
–  Vitals: HR 135, RR 28, MAP 50, WBC 18.4, Scr 2.3 

–  Sent to unit, responds to fluid challenge 

–  Started on vancomycin + meropenem + tobramycin 



Two days later
•  Patient is relatively stable, but blood pressures 

still low, Tmax 28.8, WBC stable 
•  Respiratory culture comes back as follows: 
 

A.	baumannii	 MIC	(mg/L)	 Interpreta)on	
Cefepime		 >16	 R	
Meropenem		 >16	 R	
Tobramycin		 4	 S	
Ciprofloxacin	 64	 R	
Ampicillin/Sulbactam	 16/8	 I	
Colis3n	 1	 S	

What do we start the patient on?



A word about ampicillin/sulbactam
•  Can retain activity even in the 

setting of carbapenem-
resistance 
–  Sulbactam can inhibit                  

A. baumanni PBPs 
•  NOT compromised by more 

common oxacillinases seen in A. 
baumannii 

•  Limited clinical evidence to 
support 
–  Often used in combination, 

significantly varied doses, data 
difficult to interpret 

•  Breakpoint you see clinically 
based on ampicillin 
breakpoints (MIC = 8/4 mg/L) 

Yokoyama et al. J Infect Chemother 2015; 21(4): 284-9 

•  Recent PK/PD data suggest 
that high doses of 
sulbactam (6-8 grams/day) 
unable to have bactericidal 
effect if MICs >1-2 mg/L 
(“breakpoint” currently 4 
mg/L) 
–  Current dosing usually 4 

grams/day of sulbactam 

•  Bottom line 
–  Role of agent unclear, not all 

test for susceptibility, optimal 
dose unknown (use higher 
than normal doses, and EI) 



Polymyxins
•  Colistin (polymyxin E, formulated as colistimethate 

sodium) and polymyxin B are the available agents 
–  Vast majority of the data with colistin 

•  Unique detergent-like mechanism of action 
–  Electrostatic interaction with outer membrane of 

susceptible bacteria 
– Displacement of divalent cations from membrane 

•  Cell membrane integrity disrupted 
•  Direct anti- LPS effect 

•  Highly active against XDR organisms of concern 
•  No cross-resistance to other agents!  

–  However, high degree of heteroresistance, particularly in 
A. baumannii 

LPS= Lipopolysacchaide 



Polymyxin Usage Today
•  Both agents still dose-limited by high rates of 

nephrotoxicity 
–  Poly B less toxic then colistin? 
– Can antioxidants limit the incidence? 

•  Colistin given as inactive prodrug colistimethate, 
polymyxin B as active moiety 
–  Significant implications on time to reaching peak 

concentrations, renal dosing, and treatment of urinary tract 
infections 

•  Bottom line 
–  Regardless of agent chosen, concerns with safely hitting 

target concentrations and heteroresistance lead most to 
recommend use in combination 



Tetracyclines for CRAB
•  Minocycline 

–  Shows good activity against A. baumannii (including CRAB) 
~75% susceptible 

–  Recent evidence suggests it is bactericidal against               
A. baumannii 

– Clinical evidence limited, but encouraging 

•  Tigecycline 
–  Serum and epithelial lining fluid concentrations suboptimal 
–  Experience as monotherapy conflicting 

•  Resistance development and clinical failures 
– Higher doses might overcome limitations 

•  100 mg BID being commonly used, some international 
even going higher!  



•  Fully  synthetic  fluorocycline  with  broad  spectrum  
activity  including  MDR  Gram-positive,  Gram-negative,  
aerobic  and  anaerobic  organisms  

•  In vitro activity assessed against 4,000  isolates  collected  from  
11  hospitals  in  Brooklyn and  Queens,  NY  from  November  
2013  to  January  2014 

Pipeline: Eravavcycline

Species		(n)	 ESBL	 blaKPC	 blaOXA	
Eravacycline	
MIC50/MIC90	

Tigecycline	
MIC50/MIC90	

E.		coli		(2,866)	 13%	 0.17%	 -	 0.12	/	0.5	 4	/	>16	

K.		pneumoniae		(944)	 33%	 13%	 -	 0.25	/	1.0	 0.5	/	2.0	

Enterobacter		aerogenes		(90)	 22%	 3.3%	 -	 0.25	/	1.0	 0.5	/	2.0	

Enterobacter		cloacae		(124)	 23%	 3.2%	 -	 0.5	/	1.0	 0.5	/	2.0	

Acinetobacter		baumannii		(158)	 67%	 0.63%	 36%	 0.5	/	1.0	 2.0	/	4.0	

Abdallah	M,		et	al.		Antimicrob		Agents		Chemother		2015;	59:	1802-1805		

MIC	values	in		µg/mL		



Favorable Intrapulmonary  
 Concentrations of Eravacycline

Connors KP,  et al.  Antimicrob  Agents  Chemother   2014;58:2113-2118 

Sample  Site
AUC0-12
(ug-h/mL)



Site: Unbound  
Plasma Ratio

Plasma (total) 4.56 

Plasma 
(unbound) 0.77 

ELF 4.59 6.44 

AM 39.53 51.63 

Eravacycline  1.0 mg/kg  IV  q12h 
for  a  total  of  seven  doses 



Eravacycline Current Status

•  Non-inferiority seen in Phase III trial for cIAI 
•  Failed to show non-inferiority in Phase III trial for cUTI 

–  Problems related to using oral formulation at low dose 
(bioavailability ~10%) 

•  Recent guidance given from FDA 
–  Second cIAI study needed for NDA  

•  Commencing 4Q 2016, hopeful for top line data for submission 
late 2017 

–  New study to commence for once daily IV only therapy   
for cUTI 

–  Revisiting the oral program 

•  Still considered a QIDP and fast track status 



CRAB: Summary
•  Polymyxins remain the mainstay of therapy and 

despite a lack of evidence to support it, most use 
combination therapy 

•  The exact role of sulbactam is unclear, but many 
consider it “first-line” if susceptible 

•  The tetracycline class offers are only real 
alternative (or active combination agent) 
–  Minocycline becoming more popular  

–  Tigecycline being used at higher doses 
–  Eravacycline does offer some PK advantages 



Case 2
•  JJ is a 48 y/o who has resided in the MICU 

for the past 74 days.  While there he has 
been treated for 3 different VAPs, with 
MRSA, P. aeruginosa, and ESBL producing 
enterobacteriaceae. He now presents with 
a new onset VAP and the pathogen looks 
like this….. 



P. aeruginosa

MIC	(mg/L)	 Interpreta)on	

Cefepime		 32	 R	

Piperacillin/Tazobactam	 128/4	 R	

Meropenem	 16	 R	

Ciprofloxacin	 32	 R	

Tobramycin	 32	 R	

Amikacin	 16	 “S”	

Colis3n		 0.5	 S	

Given all those issues, must I use a polymyxin?



Ceftolozane/Tazobactam
•  Cephalosporin  plus  beta-lactamase  inhibitor 
•  Spectrum  of  activity:  Gram-negatives,  including  MDR  

Pseudomonas  aeruginosa  and  ESBL-producing  strains 
•  Claim to fame: avoids major P. aeruginosa resistance 

mechanisms 
•  FDA  approval  in  December  2014 

–  Complicated  Urinary  Tract  Infections,  including  Pyelonephritis 
–  Complicated  Intra-abdominal  Infections  (plus  metronidazole) 
–  IV  dose:  1.5 g  (1 g ceftolozane; 0.5 g tazobactam)  q8h  (1-h 

infusion)  

•  Clinical  trials:  Ventilated  nosocomial  pneumonia  at  an 
increased  dose:  3.0 g (2 g ceftolozane; 1 g tazobactam) q8h 

•  Plasma-to-epithelial  lining  fluid  penetration ~50%  
Liscio JL,  et al.  Int  J  Antimicrob  Agents  2015 Jun 14  (Epub) 
Chandorkar G,  et al.  J  Antimicrob Chemother  2012; 67: 2463-2469 
Nicolau D,  et al.  J  Clin  Pharmacol  2015 (Epub);  clinicaltrials.gov 



Ceftazidime/Avibactam

•  Cephalosporin  plus  beta-lactamase  inhibitor 

•  Spectrum  of  activity:  Gram-negatives,  including  MDR  
Pseudomonas  aeruginosa,  ESBL-producing  strains,  KPCs 

•  FDA  approval  in  February  2015  (based  Phase 2  data) 

–  Complicated  Urinary  Tract  Infections,  including  Pyelonephritis 

–  Complicated  Intra-abdominal  Infections  (plus  metronidazole) 

–  For  patients  with  limited  or  no  alternative  treatment  options 

–  IV  dose:  2.5 g  (2 g ceftazidime; 0.5 g avibactam)  q8h  (2-h infusion)  

•  Clinical  trials:  Nosocomial  pneumonia - Dose  of  2.5 g q8h 

•  Plasma-to-epithelial  lining  fluid  penetration ~30%  

Liscio JL,  et al.  Int  J  Antimicrob  Agents  2015 Jun 14  (Epub) 
Nicolau  D,  et al.  J  Antimicrob  Chemother 2015 (Epub);  clinicaltrials.gov 



So how will these agents fare in 
XDR P. aeruginosa?

•  By susceptibility breakpoints, ceftolozane/tazobactam and ceftazidime/
avibactam will often have similar susceptibilities 

•  Ceftolozane/tazobactam is usually more potent than ceftazidime/avibactam 
•  Mechanism of resistance will be important 

–  Ceftolozane/tazobactam is relatively stable to the three major mechanisms of 
beta-lactam resistance (ceftolozane is stable) 

•  Unless a carbapenemase is present 
–  Avibactam will restore ceftazidime against beta-lactamases (ampC), but if the 

mechanism of resistance is more mediated by efflux or porin reductions, 
avibactam will not be of much help 

Buehrle AAC 2016; 60(5): 3227-31 



Any Help on the Horizon for 
XDR P. aeruginosa?

•  Imipenem-relebactam 
–  Addition of “avibactam-like” β-lactamase inhibitor to imipenem-

cilistatin 
–  As with avibactam, will handle the β-lactamase part of imipenem 

resistance (but that’s about it) 
•  Will not be helpful against carbapenemases (largely MBL) 
•  Imipenem by itself not overly inhibited by ampC, but when 

combined with other mechanisms it can cause resistance 

Lapuebla	AAC	2015;	59(8):	5029-31	

MIC50 
(μg/ml)

MIC90 
(μg/ml)

Range           
(μg/ml)

% 
Susceptible

P. Aeruginosa  (n-490)

    Imipenem 2 16 <0.03 to > 16 70 

    Imipenem + relebactam 0.5/4 2/4 <0.03/4 to > 16/4 98 

Imipenem-resistant P. aeruginosa (n=144)

    Imipenem 8 >16 4 to >16 0 

    Imipenem + relebactam 1/4 2/4 0.25/4 to >64/4 92 



Meropenem-Vaborbactam
•  Vaborbactam 

–  Unique boronic acid BLI 
–  Potent inhibitor of KPC 
–  Does minimal for meropenem in P. aeruginosa 

•  (not class A serine carbapenemases) 

Lapuebla AAC 2015; 59(8): 4856-60 

P. Aeruginosa (n-98) MIC50 
(μg/ml)

MIC90 
(μg/ml)

Range           
(μg/ml)

% 
Susceptible

Piperacillin-tazobactam 16/4 >128/4 16/4 to > 128/4 52 

Ceftazidime 8 >16 1 to > 16 37 

Amikacin 4 16 <0.5 to > 64 94 

Ciprofloxacin >4 >4 <0.125 to > 4 35 

Meropenem 8 32 4 to >64 0 

Meropenem-RPX7009 (4μg/ml) 8/4 32/4 0.125/4 to >64/4 NA 

Meropenem-RPX7009 (8μg/ml) 8/8 32/8 0.25/8 to 64/8 NA 



Treatment for XDR P. aeruginosa 

•  Recent approvals of ceftolozane/tazobactam and 
ceftazidime/avibactam have given us non-
polymyxin options 
–  Both being studied in nosocomial pneumonia, data 

currently lacking 

•  Ceftolozane/tazobactam is a more potent option, 
but individual isolates can vary in their 
susceptibilities (test both!) 
–  Note higher dose being studied for pneumonia! 

•  Pipeline BLI combinations of minimal utility 
(currently) 



Final Case
•  An 88 year old with a past medical history 

significant for everything presents to the ICU 
from the LTAC on the 7th floor in septic shock 
due to VAP.  

•  Culture ends up growing….....   

K.	Pneumoniae	 MIC	(mg/L)	 Interpreta)on	
Cefepime	 16	 R	
Meropenem	 4	 R	
Ciprofloxacin	 16	 R	
Tobramycin	 16	 R	
Gentamicin	 2	 S	
Colis3n	 2	 S	
Tigecycline	 1	 S	



CRE Treatment Options:  
We got issues!

Carbapenems? Relevance of in vitro activity? Inoculum 
effect? Dosing?  

Polymyxins Can we safely reach therapeutic 
concentrations? Optimal agent? 
Heteroresistance?  

Tigecycline Bacteriostatic, Questionable efficacy in 
sites of concern (lungs, blood, urine) 

Aminoglycosides Questionable utility outside of the 
urinary tract 

Fosfomycin Only available in 3g x 1 oral “sachet” in 
the United States.  



Is Combination Therapy Better?

•  To date, 4 retrospective studies in treatment 
of KPC bloodstream infections suggest that 
with our “current” options, combination 
therapy is superior to monotherapy 

•  Optimal combination remains unclear 
– Regimens should contain 2-3 agents with in vitro 

activity 

– Role of carbapenems, controversial, but 
INTERESTING and in accordance with PK/PD 



The New (and coming) Agents and the 
Importance of the Mechanism of CRE….

Spectrum 
Beta-lactamase  Inhibitor 

Tazobactam Avibactam Vaborbactam Relebactam 

Class  A  ESBLs + + + + 
Class  A  
carbapenemases 
(KPC) 

+ + + 

Class B MBLs 

Some  class  C  
enzymes +/- + + + 
Some  class  D  
enzymes + 

Drawz  SM,  Bonomo RA.  Rev  Clin  Microbiol  Rev  2010; 14: 160-201 
Toussaint KA, Gallagher JC.  Ann  Pharmacother  2015; 49: 86-98 



Ceftazidime/avibactam:  
A new option!

Organism	 CeRazidime	
MIC50	

CeRazidime	
MIC90	

CAZ/AVI	
MIC50	

CAZ/AVI	
MIC90	

Fold	
reduc)on		

KPC	producing	
K.pneumoniae	 ≥	512	 ≥512	 0.25	 1	 ≥	512	

OXA-48	
producing	
K.pneumoniae	

256	 512	 0.25	 0.5	 1024	

Zhanel Drugs 2013; 73(2): 159-77 
Carmeli Lancet ID 2016 



•  In vitro activity in isolates from NYC 

Coming Soon: Meropenem/Vaborbactam

Species  (n)
Meropenem

Meropenem-
RPX7009

Meropenem-
RPX7009

MIC50 MIC90 MIC50 MIC90 MIC50 MIC90


Klebsiella  pneumonia  (KPC+)  (121) 8 64 0.06 / 4 2 / 4 0.03 / 8 0.5 / 8 

Pseudomonas  aeruginosa  (96) 32 64 32 / 4 64 / 4 32 / 8 64 / 8 

Acinetobacter  baumannii  (98) 8 32 8 / 4 32 / 4 8 / 8 32 / 8 

Lapuebla A,  et al.  Antimicrob  Agents  Chemother  2015; 59: 4856-4860  

MIC values in  µg/mL  

•  Addition  of  RPX7009  resulted  in  a  64-  to  512-fold  
decrease  in  meropenem  MIC  in  majority  of  KPC-positive  
isolates 

•  All  but  2  of  these  isolates  (98.3%)  were  inhibited  by  1 
µg/mL  meropenem  combined  with  RPX7009  at  8 µg/mL  



•  4,000  isolates  collected  from  11  hospitals  in  Brooklyn  
and  Queens,  NY  from  November  2013  to  January  2014 

Imipenem/relebactam

Species  (n) Imipenem
Imipenem - 
Relebactam

MIC50 MIC90 MIC50 MIC90

Escherichia  coli  (2778) 0.25 0.25 0.25 / 4 0.25 / 4 

Klebsiella  pneumonia  (891) 0.25 4 0.25 / 4 0.25 / 4 

blaKPC-possessng  K. pneumoniae  (111) 16 >16 0.25 / 4 1 / 4 

Lapuebla A,  et al.  Antimicrob  Agents  Chemother  2015; 59: 5029-5031  

MIC	values	in		µg/mL		



Current Status:

•  Meropenem/vaborbactam 
– Tango 1 (cUTI) completed 
– Tango 2 (vs. best available therapy for CRE) 

ongoing 

•  Imipenem/relebactam 
– Phase III studies ongoing 

•  Versus colistin + imipenem for imipenem-resistant 
infections 

•  Versus piperacillin/tazobactam for nosocomial 
pneumonia 



Plazomicin 
•  Next-generation  aminoglycoside  (“neoglycoside”)  

•  Inhibits  bacterial  protein  synthesis  and  exhibits  dose-
dependent  bactericidal  activity 

•  In  vitro  activity  against  both  Gram-positive  and  Gram-
negative  organisms,  including  isolates  harboring  any  of  
clinically  relevant  aminoglycoside-modifying  enzymes  
(e.g., acetyltransferases, nucleotidyltransferases,  and  
phosphotransferases) 

•  Much more potent than older aminoglycosides against CRE 

•  Human  studies  have  not  reported  nephrotoxicity  or  
ototoxicity,  and  lack  of ototoxicity  in  the  guinea  pig  
model 

Zhanel  GG,  et al.  Expert  Rev  Anti  Infect  Ther  2012; 10: 459-473 
Cass  RT,  et al.  Antimicrob  Agents  Chemother  2011; 55: 5874-5880    



Activity Against MDR Enterobacteriaceae 
from Greece

 37%, 7%, 18% were susceptible to gentamicin, 
tobramycin, and amikacin, respectively 

J Chemother 2012, 24(4); 191-4 



CRE Treatment Options: Summary 
•  Retrospective data with the “old” options suggest 

2-3 active drugs key for invasive infections 
•  Ceftazidime/avibactam (+/- 2nd agent) offers us a 

first line beta-lactam option again if KPC or 
OXA-48 

•  Vaborbactam/relebactam with a carbapenem on 
the horizon 

•  Plazomicin, a more potent aminoglycoside option 
•  Nothing close for MBLs, but aztreonam/avibactam 

is on the distant horizon 



Plazomicin: Clinical trials 
•  A  Phase 3,  Multicenter,  Randomized,  Open-Label  Study  to  

Evaluate  the  Efficacy  and  Safety  of  Plazomicin  Compared  
with  Colistin  in  Patients  with  Infection  Due  to 
Carbapenem-Resistant Enterobacteriaceae  (CRE)  [CARE] 

–  Plazomicin  in  combination  with  meropenem  or  tigecycline 

–  Colistin  in combination  with  meropenem  or  tigecycline 

–  Treatment  of  patients  with  bloodstream  infection,  hospital-
acquired  or  ventilator-associated bacterial pneumonia 

•  A  Phase 3,  Randomized,  Multicenter,  Double-Blind  Study  
to  Evaluate  the  Efficacy  and  Safety  of  Plazomicin  
Compared  with  Meropenem  Followed  by  Optional  Oral  
Therapy  for  the  Treatment  of  Complicate  Urinary  Tract  
Infection,  including  Pyelonephritis,  in  Adults 

ClinicalTrials.gov:  NCT01970371 
 ClinicalTrials.gov:  NCT02486627 



Summary/Conclusion
•  Old agents have flaws and most use combination 

therapy 
•  Polymyxins (unfortunately) remain the standard for     

A. baumannii and no B-lactam compounds are in the 
near future 

•  Ceftolozane/tazobactam, and to a lesser degree 
ceftazidime/avibactam offer new B-lactam options for 
XDR P. aeruginosa 

•  Ceftazidime/avibactam offers great promise for CRE, 
but experience is still lacking 

•  The pipeline, while still lean, has a few things coming! 
–  Largely targeting CRE though…. 



Closing Reminders

1.  There are instructions in the workbook on  
page 7 to complete the program evaluation 
and CME/CE form online 

2.  There is a post test, program evaluation and 
CME/CE form at your seat.  Please complete 
and hand to a MedEDirect Representative as 
you exit 

As a reminder, there are TWO ways to complete your 
Program Evaluation and receive CME/CE credit:

Thank you for your participation!



Discussion and Questions




