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Keywords.

In 2009, the Infectious Diseases Society
of America (IDSA) set the acronym
ESKAPE, which lists the groups of path-
ogens that pose the highest threat to pa-
tients’ safety and to public health [1],
one of which is Acinetobacter baumannii
[1]. Acinetobacter baumannii is a particu-
larly challenging pathogen because it is
associated with a high degree of resis-
tance [2], and it is difficult to eliminate
its environmental reservoir in healthcare
settings with conventional measures [3].
Carbapenems are considered first-line
agents for the treatment of A. baumannii
infections [4-6], and therefore the rise of
infections due to carbapenem-resistant
strains is of particular concern, as out-
comes deteriorate significantly when
isolates become resistant to all B-lactam op-
tions [2, 3, 5-7]. Additionally, carbapenem-
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resistant A. baumannii isolates are often

susceptible to only 1 or 2 agents, making
them extensively drug-resistant (XDR)
pathogens by definition [8]. The inci-
dence of XDR A. baumannii infections
is continually rising [9]. For severe XDR
A. baumannii infections, polymyxins
are frequently used, and are considered
by most to be the drugs of choice [4]. In
this issue of Clinical Infectious Diseases,
Qureshi and colleagues report on a case
series of patients with isolation of
colistin-resistant carbapenem-resistant

A. baumannii [10]. In some of the cases
described by the authors, the isolates have
become truly pandrug resistant (PDR)
with resistance seen to all tested antimi-
crobials. These infections represent a seri-
ous iatrogenic complication of modern
healthcare, where patients acquire infec-
tions in our healthcare facilities, for
which we have no treatment options.

WHAT ARE OUR OPTIONS FOR
TREATING INVASIVE XDR
A. BAUMANNII INFECTIONS?

XDR A. baumannii invasive infections
are frequently managed with polymyxins
[4, 11]. If polymyxins are not an option
due to resistance or toxicity, the most
active agent is often tigecycline, but un-
favorable pharmacokinetics leading to
suboptimal concentrations in the blood

and epithelial lining fluid with current
dosing strategies [12] make it less than
ideal for the treatment of bloodstream
or respiratory tract infections. Minocy-
cline also has excellent in vitro activity
against XDR A. baumannii, and poten-
tially offers more favorable serum concen-
trations [13]; however, [clinical experience
is limited [13]. Although select aminogly-
cosides might also retain activity, the utility
of these agents as monotherapy outside of
the urine is controversial, and current evi-
dence does not support their use [14]. In-
terestingly, sulbactam can retain activity,
even in XDR A. baumannii. Unfortunate-
ly, however, optimal use and dose of sul-
bactam remain unclear, it is not routinely
available or tested in many institutions,
and the only patient in this case series
who received monotherapy with the
agent died despite in vitro susceptibility.

EPIDEMIOLOGICAL
SIGNIFICANCE OF
POLYMYXIN-RESISTANT
A. BAUMANNIIINFECTION

Clinical findings of infections caused by
polymyxin-nonsusceptible isolates have
been reported with other gram-negative
pathogens, including Enterobacteriaceae
[15-17] and Pseudomonas aeruginosa
[18]. This US study [10] could now be
added to previous reports of polymyxin-
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resistant A. baumannii from other parts
of the world [19-27]. Most case-series
analyses point having a tendency to
population of patients who are frequently
old, institutionalized, and debilitated [10,
23]. However, a consistent risk factor,
which stands out in Qureshi et al’s report
[10] and others’ [15-17, 28, 29], is recent
exposure to polymyxins. The fact that 19

of the 20 patients in this report were re-
cently exposed to colistimethate sodium
warrants particular attention. Although
the authors do not describe how colistin
was given (ie, dose, duration, as mono-
therapy vs combination therapy), sub-
optimal use of this agent might have
contributed to the development of these
resistant isolates, and stresses the urgent
need for data demonstrating the optimal
method of polymyxin administration.
The clear association manifested in
this [10] and other reports [15] should
prompt immediate action to contain in-
appropriate usage of polymyxins. Poly-
myxins should not be used to try and
decolonize asymptomatic carbapenem-
resistant Enterobacteriaceae (CRE) carri-
ers [30] or be delivered as part of selective
oral or selective digestive decontamina-
tion protocols [31]. Even the empiric par-
enteral usage of polymyxins should be
subjected to tight restrictions and regula-
tions. This recommendation should always
be weighed against the fact that when poly-
myxins are indicated (as the only appropri-
ate therapeutics for XDR gram-negative
infections), they are usually administered
too late during the course of the disease,
with a median delay of up to 5 days [11].
This delay unfavorably impact patient out-
comes, as time to appropriate therapy is the
strongest independent predictor for mor-
tality in severe sepsis [32].

HOW DO A. BAUMANNII
STRAINS BECOME RESISTANT
TO POLYMYXINS?

Polymyxins act on the outer membrane
of A. baumannii through electrostatic in-
teractions between the positive charge of

the five Dab residues of the polymyxin
molecule and the negatively charged
phosphate group on the lipid A moiety
of the lipopolysaccharide (LPS) [33].
The mechanisms of resistance to poly-
myxins in A. baumannii are usually
through modifications of the lipid A
component [23]. Complete removal of
LPS has been reported [34, 35], either by
inactivation of certain biosynthesis genes
(eg, IpxA, lpxC, lpxD) [34], or through
certain insertion sequences (eg, ISAball)
[36]. Phosphoethanolamine added to
hepta-acylated lipid A may also lead di-
rectly to polymyxin resistance [37]. All
these mechanisms result in polymyxin re-
sistance by reducing the net negative
charge of the outer membrane, thus re-
ducing the affinity of polymyxin to the
bacterial surface [38]. In the article by
Qureshi et al [10], phosphoethanolamine
modifications of lipid A were present
among all colistin-resistant A. baumannii
isolates.

IS THERE HELP ON THE
HORIZON?

The pipeline of new molecules for treating
XDR gram-negative bacteria is limited,
and this is particularly true with regard
to agents with activity against A. bauman-
nii. Encouragingly, there has been a marked
increase in the number of novel gram-
negative agents that have made it to phase
2 or beyond in response to the 2009 IDSA
campaign [1]. In 2012, President Obama
signed into law the Generating Antibiotic
Incentives Now act, which allowed antibi-
otics treating life-threatening antibiotic-
resistant infections to be designated as
“qualified infectious disease products”
(QIDPs). This allowed a new product
fast-track status, priority review, and addi-
tional 5-year exclusivity free from generic
competition. This law has shown early
success as 2 new antibiotics against gram-
negative bacteria have been recommended
for approval. The first, ceftolozane-tazo-
bactam, recently received full US Food
and Drug Administration approval, and a

final decision on ceftazidime-avibactam
is expected in the first quarter of 2015. Al-
though these agents will be significant
advancements in the treatment of XDR
P. aeruginosa and CRE, neither has ap-
preciable activity against carbapenem-
resistant A. baumannii [39, 40]. Two other
agents in phase 3 development, plazomicin
and carbavance (meropenem/RPX7009),
also have a heavy focus toward CRE [41,
42]. Whereas plazomicin appears to be
more potent than other available amino-
glycosides against A. baumannii, 50% of
minimal inhibitory concentration (MICs)
and 90% of minimal inhibitory concentra-
tion (MICgg) values remain high (8 and
16 mg/L, respectively) [43],and as previou-
sly discussed, the role of aminoglycosides
as monotherapy for systemic infections
is controversial. RPX7009 is a novel bor-
onic acid inhibitor with potent class A
and C B-lactamase inhibitory properties.
However, it does not restore the activity of
the carbapenem in carbapenem-resistant
A. baumannii, where class D oxacillinases
are the predominant resistance mechanism
[44]. Additionally, relebactam combined
with imipenem-cilistatin was recently
granted QIDP status, and phase 3 studies
should commence early in 2015. However,
relebactam will not restore carbapenem
activity against A. baumannii [44].
However, it is not all bad news. A novel
fluorocycline, eravacycline, is currently in
phase 3 development, and has shown po-
tent in vitro activity against carbapenem-
resistant A. baumannii, with MIC5, and
MICq, values slightly lower than those
of tigecycline (0.5 and 2 ug/mL vs 2 and
8 ug/mL, respectively) [45]. Limited
pharmacokinetic data suggest the poten-
tial for enhanced epithelial lining fluid
penetration with eravacycline [46], but
its role for invasive A. baumannii infec-
tions remains to be seen. A bit further
down the pipeline, S-649266, a sidero-
phore cephalosporin, has shown activity
in A. baumannii including carbapenem-
resistant strains. Data showed MICs,
and MICy, values in 102 A. baumannii
isolates to S-649266 of 0.125 and 2 mg/L,
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respectively, even in the setting of MICs,
values to meropenem of >16 pg/mL [47].

CONCLUSIONS

Qureshi et al’s meticulously executed
matched analysis [10] should prompt
close attention to the impending chal-
lenge posed by polymyxin-resistant,
carbapenem-resistant A. baumannii in-
fection dissemination. Because highly ef-
fective alternative therapeutics are not yet
available, nor will they be in the imme-
diate near future, patients with this infec-
tion are frequently managed with various
combinations of drugs without strong
data to support these practices. Of the
20 patients reported by Qureshi and col-
leagues, the mortality rate of these fre-
quently PDR infections was “only” 30%,
with 15% only colonized, not truly infect-
ed [10]. This might relate to virulence and
fitness properties of these currently dis-
seminating strains [48]. Regardless, to
handle this threat, selective pressure im-
posed through inappropriate polymyxin
usage should be reduced through stan-
dardizations of prescribing policies, and
optimizing exposures when polymyxins
are warranted. Innovative predictive mea-
sures (eg, specified prediction tools) and
implementing rapid diagnostic tech-
niques could shorten the time to initia-
tion of polymyxins in the population
that would truly benefit from their earlier
initiation, while limiting exposure in
those who would not. Patients colonized
with polymyxin-resistant A. baumannii
should be subjected to enhanced infec-
tion control measures to prevent its con-
tinued spread, and should not be cohorted
with carriers of other XDR ESKAPE
pathogens [49].
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Colistin-Resistant Acinetobacter baumannii:
Beyond Carbapenem Resistance
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Anthony W. Pasculle,® Robert K. Ernst,2 and Yohei Doi'

'Division of Infectious Diseases, University of Pittsburgh School of Medicine, Pennsylvania; 2Department of Microbial Pathogenesis, School of Dentistry,
University of Maryland, Baltimore; and *Clinical Microbiology Laboratory, University of Pittsburgh Medical Center, Pennsylvania

(See the Editorial Commentary by Pogue, Cohen, and Marchaim on pages 1304-7.)

Background. With an increase in the use of colistin methansulfonate (CMS) to treat carbapenem-resistant
Acinetobacter baumannii infections, colistin resistance is emerging.

Methods. Patients with infection or colonization due to colistin-resistant A. baumannii were identified at a hospital
system in Pennsylvania. Clinical data were collected from electronic medical records. Susceptibility testing, pulsed-field
gel electrophoresis (PFGE), and multilocus sequence typing (MLST) were performed. To investigate the mechanism of
colistin resistance, lipid A was subjected to matrix-assisted laser desorption/ionization mass spectrometry.

Results. Twenty patients with colistin-resistant A. baumannii were identified. Ventilator-associated pneumonia
was the most common type of infection. Nineteen patients had received intravenous and/or inhaled CMS for treatment
of carbapenem-resistant, colistin-susceptible A. baumannii infection prior to identification of colistin-resistant isolates.
The 30-day all-cause mortality rate was 30%. The treatment regimen for colistin-resistant A. baumannii infection as-
sociated with the lowest mortality rate was a combination of CMS, a carbapenem, and ampicillin-sulbactam. The co-
listin-susceptible and -resistant isolates from the same patients were highly related by PFGE, but isolates from different
patients were not, suggesting evolution of resistance during CMS therapy. By MLST, all isolates belonged to the inter-
national clone II, the lineage that is epidemic worldwide. Phosphoethanolamine modification of lipid A was present in
all colistin-resistant A. baumannii isolates.

Conclusions. ~ Colistin-resistant A. baumannii occurred almost exclusively among patients who had received CMS
for treatment of carbapenem-resistant, colistin-susceptible A. baumannii infection. Lipid A modification by the addi-
tion of phosphoethanolamine accounted for colistin resistance. Susceptibility testing for colistin should be considered
for A. baumannii identified from CMS-experienced patients.

Keywords. Acinetobacter baumannii; carbapenem resistance; colistin resistance; molecular typing; lipid A.

Acinetobacter baumannii is a major hospital-associated
pathogen that causes a spectrum of diseases including
respiratory tract, bloodstream, urinary tract, surgical
site, and wound infections [1]. Acinetobacter bauman-
nii has a propensity to acquire resistance to multi-
ple classes of antimicrobial agents, and treatment of
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infection by highly resistant strains can be extremely
difficult [2, 3]. For this reason, the Infectious Diseases
Society of America has included A. baumannii among
the 6 antimicrobial-resistant pathogens responsible for
high morbidity and mortality in patients [4].

A rise in infections due to multidrug-resistant
(MDR) A. baumannii strains (resistant to at least 3 dif-
ferent classes of antimicrobial agents) has been reported
in the last 2 decades [3, 5]. Carbapenems have been con-
sidered to be appropriate agents to treat infections due
to MDR A. baumannii strains [6, 7]. However, a world-
wide surge in carbapenem resistance has been observed
recently, primarily driven by the spread of several inter-
national clones [8, 9]. In the United States, the rates of
carbapenem resistance among A. baumannii clinical
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strains range from 33% to 58% [10-12]. Therapy of carbape-
nem-resistant A. baumannii infection often requires the use
of colistin methansulfonate (CMS). CMS is given intravenously
as an inactive prodrug, which is converted in the blood to the
active drug colistin sulfate [13]. More recently, however, resis-
tance to colistin has been reported among A. baumannii clinical
strains [14-17]. Indeed, a surveillance study of US hospitals re-
vealed that 5.3% of all Acinetobacter strains were resistant to co-
listin [18]. Despite the potential magnitude of the problem, data
regarding the clinical, microbiological, and molecular charac-
teristics of colistin-resistant A. baumannii infections remain
scarce to date. The objectives of the present study were therefore
to (1) evaluate the clinical characteristics and outcomes of pa-
tients with infections due to colistin-resistant A. baumanii, (2)
determine the molecular epidemiology of the strains, and (3)
elucidate the mechanism underlying colistin resistance in A.
baumannii strains.

MATERIALS AND METHODS

Patients and Bacterial Isolates

Patients colonized or infected with colistin-resistant A. bauman-
nii were identified at the University of Pittsburgh Medical Center
between 2007 and 2014. Colistin susceptibility testing was
performed at the request of the treating physician by broth
macrodilution. Colistin minimum inhibitory concentrations
(MICs) >2 ug/mL were considered resistant [19]. The colistin-
resistant isolates and earlier colistin-susceptible isolates from the
same patients were collected through the clinical microbiology
laboratory. The study was approved by the institutional review
board at the University of Pittsburgh (PRO13030021).

Clinical Data

Patient demographics, underlying medical conditions, types of
infection, antimicrobial agents given before and after isolation
of colistin-resistant A. baumannii isolates, intensive care unit
(ICU) admission, Acute Physiology and Chronic Health Evalu-
ation II (APACHE II) score at the time of identification of co-
listin-resistant A. baumannii, clinical outcomes at 30 days, and
recurrence of infection within 90 days were extracted from elec-
tronic medical records. The types of infection were defined ac-
cording to standardized definitions by the Centers for Disease
Control and Prevention/National Healthcare Safety Network
[20]. For pneumonia, the PNU2 (pneumonia with specific lab-
oratory findings) and PNU3 (pneumonia in immunocompro-
mised patients) categories were applied as appropriate. Patients
who did not receive specific treatment for A. baumannii were
considered colonized only. Clinical response to treatment was
classified as success for patients who had resolution of signs
and symptoms that defined the infection, and failure for patients
who had persistence or deterioration of symptoms and signs of

colistin-resistant A. baumannii infection. For pneumonia, im-
provement of hypoxemia, leukocytosis, fever, and reduction in se-
cretions was considered success. For bacteremia, resolution of
symptoms and clearance of blood cultures defined success. Hos-
pital records and the Social Security Death Index were assessed to
determine mortality at 30 days from the onset of colistin-resistant
A. baumannii infection. Death was attributed to infection when
the patient had persistent infection at the time of death.

Susceptibility Testing

MICs of colistin were confirmed by standard agar dilution
methods [21]. MICs of tigecycline and minocycline were deter-
mined by Etest (bioMérieux, Durham, North Carolina). MICs
of other antimicrobial agents were determined by broth micro-
dilution using Sensititre GNX3F plates (TREK Diagnostic
Systems, Oakwood Village, Ohio). Results were interpreted ac-
cording to the Clinical and Laboratory Standards Institute sus-
ceptibility breakpoints [19]. Tigecycline MICs were interpreted
using the breakpoints for Enterobacteriaceae defined by the US
Food and Drug Administration.

Pulsed-Field Gel Electrophoresis and Multilocus Sequence
Typing

Genetic relatedness of colistin-susceptible and -resistant isolates
from the same patients was determined by pulsed-field gel elec-
trophoresis (PFGE) using a CHEF DR III system (Bio-Rad,
Hercules, California) using the Apal restriction enzyme [22]
and interpreted according to the criteria proposed by Tenover
et al [23]. The genetic relatedness among the colistin-resistant
isolates from all patients was assessed by the unweighted-pair
group method using Bionumerics version 6.01 (Applied
Maths, Austin, Texas). To determine the clonal lineages, the se-
quence types (STs) of the colistin-resistant isolates were deter-
mined by multilocus sequence typing (MLST) [24].

Detection of Carbapenemase-Encoding Genes

Detection of the intrinsic blagxa_-s1.1ike carbapenemase gene was
performed by polymerase chain reaction (PCR) using primer
sets and conditions described previously [25]. A multiplex
PCR was conducted to detect the blagxa.»3, blaoxa-40, and
blaoxa_ss genes, the 3 major groups of acquired carbapenemase
genes [26].

Analysis of Lipid A

Lipid A was extracted using an ammonium hydroxide/isobuty-
ric acid-based procedure [27]. Once extracted, 1 uL of the con-
centrate was spotted on a matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) plate followed by 1
pL of norharmane matrix (Sigma-Aldrich, St Louis, Missouri)
and then air-dried [16]. The samples were analyzed on a Bruker
AutoFlex mass spectrometer (Bruker Daltonics, Billerica, Mas-
sachusetts) in the negative-ion mode.
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RESULTS

Twenty unique patients with colistin-resistant A. baumannii
were identified. Nineteen of them had colistin-susceptible
A. baumannii isolates identified prior to the onset of colistin re-
sistance, and the susceptible isolates were available for further
analysis in 18 patients. The remaining patient presented directly
with infection due to colistin-resistant A. baumannii. Taken to-
gether, 38 isolates (18 pairs of colistin-resistant and -susceptible
isolates, and 2 colistin-resistant isolates without accompanying
susceptible isolates) were available for analysis.

Clinical Characteristics of Patients With Colistin-Resistant

A. baumannii Infections

The clinical features and outcomes of all patients are summa-
rized in Table 1. Overall, the patients were critically ill with a
median APACHE II score of 19.5 (range, 10-28), and all
patients but one were in an ICU at the time of isolation of co-
listin-resistant A. baumannii. The types of infection included
ventilator-associated pneumonia (VAP) (13 [65%]), bacteremia
(2 [10%]), mediastinitis (1 [5%]), and hospital-acquired pneumo-
nia (1 [5%]). The source of bacteremia was presumed to be VAP
in 2 patients. All 19 patients initially infected with colistin-
susceptible A. baumannii received therapy with intravenous
CMS, inhaled CMS, or both, prior to isolation of colistin-
resistant A. baumannii; 18 (95%) received therapy with intrave-
nous CMS for a median duration of 12.5 days (range, 2-76), and
16 (84%) received therapy with inhaled CMS for a media dura-
tion of 10.5 days (range, 5-84). The median interval between
the isolation of the colistin-susceptible A. baumannii isolate
and the colistin-resistant A. baumannii isolate was 20 days
(range, 4-99).

Of the 20 patients, 17 were treated for colistin-resistant A.
baumannii infections, whereas 3 patients were asymptomatic,
did not receive treatment against colistin-resistant A. bauman-
nii, and were thus classified as colonization. All 3 colonized
patients had received CMS for prior infections due to colistin-
susceptible A. baumannii. Specifically, the first patient complet-
ed treatment for VAP due to colistin-susceptible A. baumannii,
and at the time of colistin-resistant A. baumannii detection, the
patient demonstrated improved clinical and radiographic char-
acteristics. The second patient had a mucous plugging event
that improved with bronchoscopy, and otherwise lacked signs
of infection at the time of the culture. The last patient had co-
listin-resistant A. baumannii isolated from a sputum culture in
the absence of any signs or symptoms of infection. Among 17
patients who were treated for colistin-resistant A. baumannii in-
fections, 15 received various CMS-based combination regimens.
The most common regimen was a combination of CMS, a car-
bapenem, and ampicillin-sulbactam (n = 7). None of these 7 pa-
tients died within 30 days of the infection, compared with 6 of

10 (60%) patients who received other antimicrobial regimens
(P =.03 by Fisher exact test). All-cause mortality was 30% (6/
20) at 30 days. Of the 6 deaths, 4 were likely attributable to A.
baumannii infection. Two patients had a recurrence of infection
within 90 days. They were both treated with a combination of
CMS and a carbapenem at the time of recurrence; 1 patient sur-
vived and 1 died during the hospital stay.

Antimicrobial Susceptibility and Carbapenemase-Encoding
Genes

MICs of colistin-resistant A. baumannii isolates are shown
in Table 2. All isolates were nonsusceptible to piperacillin-
tazobactam, gentamicin, imipenem, meropenem, doripenem,
and ciprofloxacin, and most isolates were nonsusceptible to
trimethoprim-sulfamethoxazole (95%), tobramycin (85%),
amikacin (80%), and ampicillin-sulbactam (70%). Fifty percent
and 20% were nonsusceptible to minocycline and tigecycline,
respectively.

Among the colistin-susceptible A. baumannii isolates, all
were nonsusceptible to meropenem and doripenem, and all ex-
cept 1 were nonsusceptible to imipenem (Supplementary
Table). They were nominally more resistant to ampicillin-
sulbactam (94.4% nonsusceptible) and tigecycline (50% non-
susceptible) compared with the colistin-resistant isolates.
Apart from these agents, no differences were observed in the
MICs between the colistin-susceptible and -resistant isolates.
All 38 A. baumannii isolates (20 colistin-resistant and 18 colis-
tin-susceptible) were positive for blagxa s ke the intrinsic car-
bapenemase gene in A. baumannii. Additionally, all 38 isolates
were positive for blaoxa »3 by multiplex PCR, accounting for
the carbapenem resistance. None of the isolates was positive
for the blagxa 40 and blagxa ss genes.

Molecular Typing

PFGE was performed on all 38 isolates. Within the 18 pairs of
colistin-susceptible and -resistant isolates from the same pa-
tients, 12 pairs shared indistinguishable restriction profiles (0
band difference), 4 pairs were within a 3-band difference (con-
sidered closely related), and 2 pairs had 5- and 6-band differ-
ences (considered possibly related). Using a cutoff of 80%
similarity, the 20 colistin-resistant isolates were grouped into
9 clusters (Figure 1). In contrast with the high level of related-
ness observed between the susceptible and resistant isolates
from the same patients, there was considerable interpatient var-
iability of the restriction profiles.

By MLST, 16, 3, and 1 isolates belonged to ST92, ST282, and
ST451, respectively. All these STs belong to clonal complex 92
(CC92; CC2 by the alternative MLST protocol proposed by
Diancourt et al [28]), which corresponds to part of the interna-
tional clone II and is commonly observed among carbapenem-
resistant A. baumannii in hospitals worldwide [29].

Colistin-Resistant A. baumannii ¢ CID 2015:60 (1 May) e 1297

G10T ‘61 1sn3ny uo A1e1qr uopuo| 339[[0D) [erredwy] je /310°sfeurnolpioyxo pro//:dyy woiy papeojumoq


http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/civ048/-/DC1
http://cid.oxfordjournals.org/lookup/suppl/doi:10.1093/cid/civ048/-/DC1
http://cid.oxfordjournals.org/

[e 10 Tysam)) o (Aey 1) 09:S10T AID ® 86CT

Table 1. Characteristics and Outcomes of Patients With Colistin-Resistant Acinetobacter baumannii
Prior Prior Treatment of Death
Underlying Type of APACHE Il Intravenous Inhaled  Colistin-Resistant ~ Clinical 30-d Attributable to 90d
Patient Age Sex Diseases Culture Site Infection  ICU Score CMS, d® CMS, d® Infection Response  Mortality Infection Recurrence
1 55 F  Lung transplant  Sputum VAP Yes 21 16 16 CMS, TIG, AMS  Failure Yes Yes
2 63 M Heart transplant Mediastinal Mediastinitis Yes 25 8 None CMS, TIG Failure Yes Yes
fluid
3] 43 M Lung transplant BAL VAP Yes 19 76 84 AMS, TIG, RIF Failure Yes No® A
4 53 M Renal transplant Sputum VAP Yes 20 5 None CMS, DOR, AMS Success No No
5 84 F Dementia, Tracheal VAP Yes 20 14 14 CMS, DOR Success No Yes
recurrent aspirate
pneumonia
6 76 F CVA BAL VAP Yes 28 15 9 AMS Failure Yes NoP®
7 36 M Morbid obesity, BAL VAP Yes 25 10 11 CMS, DOR Failure No
liver cirrhosis
8 68 M Lung transplant  Sputum Colonization  Yes 22 4 7 None C No No
9 61 M Heartandlung  Sputum HAP No 15 5 9 CMS, DOR, AMS Success No Yes
transplant
10 52 F Liver transplant BAL VAP Yes 20 I 10 CMS, DOR, AMS Success No No
11 62 M Lung transplant  Bronchial VAP Yes 12 14 14 CMS, DOR, AMS Success No No
wash
12 71 M Lung transplant  Bronchial VAP Yes 17 None 9 CMS (inhaled Success No No
wash only), DOR
13 62 F Mental BAL VAP Yes 13 28 28 CMS, DOR Failure Yes Yes
retardation,
Parkinson’s
disease
14 66 F CVA BAL VAP Yes 20 32 15 CMS, DOR Failure Yes Yes -
15 63 M CVA BAL Colonization  Yes 15 2 None None No No
16 77 M Lung transplant  Sputum Colonization  Yes 17 7 7 None S No No
17 63 F Lung transplant BAL VAP Yes 10 30 6 CMS, DOR, AMS Success No No
18 25 F  Toxic epidermal Pleural fluid VAP Yes 19 21 21 CMS, MEM Success No No
necrolysis
19 73 Lung transplant  Blood Bacteremia  Yes 19 None® None® CMS, DOR, AMS Success No No
20 57 COPD, tonsillar  Blood Bacteremia  Yes 27 7 5 CMS, DOR, AMS Success No No

carcinoma

Abbreviations: AMS, ampicillin-sulbactam; APACHE II, Acute Physiology and Chronic Health Evaluation II; BAL, bronchoalveolar lavage specimen; CMS, colistin methansulfonate; COPD, chronic obstructive pulmonary
disease; CVA, cerebrovascular accident; DOR, doripenem; F, female; HAP, hospital-acquired pneumonia; ICU, intensive care unit; M, male; MEM, meropenem; RIF, rifampin; TIG, tigecycline; VAP, ventilator-associated
pneumonia.

@ Days of therapy between isolation of colistin-susceptible and colistin-resistant isolates.
© Subsequent aspiration event and bowel ischemia were deemed to be the causes of their deaths, respectively.
¢ The patient did not have a prior colistin-susceptible isolate, so did not receive CMS before the onset of bacteremia with the colistin-resistant isolate.
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Table 2. Antimicrobial Susceptibility and Molecular Types of Colistin-Resistant Acinetobacter baumannii Isolates

MIC, pg/mL
Sequence OXA TMP-
Patient Type Carbapenemase CST AMS PTZ AMK GEN TOB CIP SMX IPM MEM DOR MIN TIG pEtN®
1 92 51-like, 23 >256 16/8 >64/4 >32 >8 >8 >2  >4/76 >8 >8 >4 6 3 +
2 92 51-like, 23 >256 8/4 >64/4 >32 >8 >8 >2  >4/76 4 8 >4 2 15 +
g 92 51-like, 23 >256 16/8 >64/4 >32 >8 >8 >2 >4/76 >8 >8 >4 12 4 +
4 92 51-like, 23 4 16/8 >64/4 >32 >8 >8 >2  >4/76 >8 >8 >4 12 3 +
5 92 51-like, 23 128 16/8 >64/4 >32 >8 >8 >2  >4/76 >8 >8 >4 8 2 +
6 282 51-like, 23 128 <4/2 >64/4 <4 >8 <1 >2 >4/76 4 8 >4 15 2 +
7 92 51-like, 23 64 32/16 >64/4 >32 >8 >8 >2 >4/76 >8 >8 >4 15 025 +
8 92 51-like, 23 >256 16/8 >64/4 >32 >8 >8 >2  >4/76 8 >8 >4 2 15 +
9 92 51-like, 23 >256 16/8 >64/4 >32 >8 >8 >2 >4/76 >8 >8 >4 8 4 +
10 92 51-like, 23 >256 16/8 >64/4 >32 >8 >8 >2  >4/76 8 8 >4 6 2 +
1M1 92 51-like, 23 32 16/8 >64/4 >32 >8 >8 >2 >4/76 >8 8 >4 075 1 +
12 92 51-like, 23 256 16/8 >64/4 >32 >8 >8 >2 >4/76 >8 >8 >4 0.25 0.25 +
13 92 51-like, 23 >256 8/4 64/4 >32 >8 >8 >2  >4/76 8 8 4 8 2 +
14 282 51-like, 23 32 8/4 >64/4 <4 >8 <1 >2 >4/76 >8 >8 >4 15 2 +
15 92 51-like, 23 16 32/16 >64/4 >32 >8 >8 >2 >4/76 >8 >8 >4 8 2 +
16 92 51-like, 23 4 16/8 >64/4 >32 >8 >8 >2  >4/76 >8 >8 >4 6 2 +
17 92 51-like, 23 64 <4/2 64/4 >32 >8 >8 >2 >4/76 >8 8 >4 1 15 +
18 282 51-like, 23 16 8/4 >64/4 <4 >8 <1 >2 >4/76 >8 8 >4 15 2 +
19 92 51-like, 23 16 16/8 >64/4 16 8 8 >2 <05/95 >8 >8 >4 2 2 +
20 451 51-like, 23 >256 64/32 >64/4 >32 >8 >8 >2  >4/76 8 >8 >4 6 15 +

Colistin MICs were obtained with the agar dilution method, and minocycline and tigecycline MICs were obtained with Etest. The other MICs were obtained with the
broth microdilution method. MICs in susceptible ranges according to the Clinical and Laboratory Standards Institute breakpoints are shown in bold.

Abbreviations: AMK, amikacin; AMS, ampicillin-sulbactam; CIP, ciprofloxacin; CST, colistin; DOR, doripenem; GEN, gentamicin; IPM, imipenem; MEM,
meropenem; MIC, minimum inhibitory concentrations; MIN, minocycline; OXA, oxacillinase; pEtN, phosphoethanolamine; PTZ, piperacillin-tazobactam; TIG,

tigecycline; TMP-SMX, trimethoprim-sulfamethoxazole; TOB, tobramycin.
@ Absent in the lipid A of all corresponding colistin-susceptible isolates.

Lipid A Profiles of Colistin-Resistant and -Susceptible Isolates
To determine the presence or absence of this lipid A modifica-
tion, MALDI-TOF mass spectrometry was performed on all 38
isolates (20 colistin-resistant and 18 colistin-susceptible). The
lipid A from colistin-resistant isolates typically showed 2
major [M-H]™ ions at a mass-to-charge ratio (m/z) of 1910
and 2034 (Figure 2). The most prominent ion at m/z 1910 cor-
responds to a bisphosphorylated hepta-acylated lipid A. The ion
at m/z 2034 corresponds to the hepta-acylated lipid A (m/z
1910) modified with phosphoethanolamine addition. The ion
at m/z 1910 was present in all 38 isolates. The ion at m/z
2034 was present in all 20 colistin-resistant isolates, but in
none of the colistin-susceptible isolates (Table 2).

DISCUSSION

Colistin, or its prodrug CMS, is a key therapeutic option for
treatment of carbapenem-resistant A. baumannii, alone or in
combination with other agents such as tigecycline, ampicillin-
sulbactam, rifampin, and carbapenems [8]. Nevertheless,

increased exposure has led to the emergence of colistin resis-
tance, further limiting the therapeutic options against this path-
ogen [18]. Our study involved 20 unique patients with infection
or colonization due to colistin-resistant A. baumannii. To our
knowledge, this study represents the largest series describing de-
tailed clinical and molecular characteristics of colistin-resistant
A. baumannii. Our data highlight an emerging clinical problem
that may be underappreciated by centers not routinely perform-
ing colistin susceptibility testing against A. baumanni.

A distinguishing factor associated with isolation of colistin-
resistant A. baumannii among patients at our center was
prior drug exposure. Indeed, all patients except 1 received
CMS therapy (intravenous and/or inhaled) prior to the identi-
fication of a colistin-resistant isolate. This finding is consistent
with a recent report of colistin-resistant A. baumannii from the
US military health system [14] and is supported by the genetic
relatedness of colistin-susceptible and -resistant isolates by
PFGE. Moreover, only 2 pairs of patients (in 2007 and 2010, re-
spectively) resided in the same ICU for overlapping periods of
time in our study. There were no identifiable transmission
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Figure 1. Pulsed-field gel electrophoresis dendrogram of colistin-resistant Acinetobacter baumannii isolates from 20 patients. The isolates were grouped

into 9 clusters with a cutoff of 80%, demonstrating substantial diversity.

opportunities among the remaining 16 patients. Taken together,
we hypothesize that colistin resistance predominantly emerges
under selective pressure during CMS therapy in individual pa-
tients, rather than through patient-to-patient transmission in
the hospital. Identification of prior CMS exposure should be
considered in selecting appropriate therapy for patients with
A. baumannii infection. Overall, 30% of patients died by 30
days; however, mortality rates were lower among patients re-
ceiving a 3-drug combination of CMS, a carbapenem, and am-
picillin-sulbactam compared with other regimens. These data
support recent in vitro data that demonstrated rapid bactericidal
activity of the combination by time-kill analysis against colistin-
resistant A. baumannii [30]. Thus, in treating patients with
prior exposure to CMS, colistin susceptibility testing should
be considered to best guide effective therapy. In addition, future

studies should focus on how to best utilize CMS to minimize the
risk of developing resistance.

The dissemination of carbapenem-resistant A. baumannii in
hospitals worldwide is now understood as a highly clonal process,
with the international clone II being the most prevalent clone
[31]. Within the international clone II, CC92, as defined by the
original MLST protocol [24], has been shown to have global dis-
tribution [32]. We previously documented the predominance of
CC92 among carbapenem-resistant A. baumannii isolates identi-
fied in US hospitals [33]. All the colistin-resistant A. baumannii
isolates in our study belonged to CC92. This makes our findings
on the development of colistin resistance relevant to locales where
carbapenem-resistant CC92 isolates are widespread.

Finally, lipid A analysis provided insights into the mecha-
nism of colistin resistance. Colistin is a cationic amphiphilic
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Figure 2. Comparison of matrix-assisted laser desorption/ionization—time of flight analysis of lipid A isolated from colistin-susceptible and -resistant
Acinetobacter baumannii isolates from patient 2. Lipid A isolated from colistin-resistant strains produced an ion peak at a mass-to-charge ratio (m/z) of 2034
on mass spectrometry (bold arrow) that corresponds to modified lipid A with the addition of a phosphoethanolamine group. Thin arrows reveal ion at m/z
1910 that corresponds to the bisphosphorylated hepta-acylated lipid A of A. baumannii.

antimicrobial agent that interacts with the lipid A component of
outer membrane lipopolysaccharide (LPS), resulting in its
disruption and thereby causing cell death [34]. Modification
of lipopolysaccharide outer membrane by addition of phos-
phoethanolamine to the hepta-acylated lipid A structure has
been suggested as a major mechanism of colistin resistance in
A. baumannii [16, 35, 36]. We observed this modification in
all colistin-resistant A. baumannii isolates, but none of the cor-
responding colistin-susceptible isolates. Our data strengthen the
contention that resistance to colistin is strongly associated with
lipid A modification by phosphoethanolamine [14, 16]. Colistin
resistance among A. baumannii may also be attributed to the
complete loss of LPS [37]; however, we were able to identify
the lipid A species intrinsic to A. baumannii (bisphosphory-
lated hepta-acylated lipid A) in all colistin-resistant isolates.
Nevertheless, colistin MICs ranged from 4 pg/mL to >256 pg/
mL, suggesting that resistance is likely multifactorial, and
other factors cannot be excluded on the basis of our study.

Our data come from a single center in the United States, so
the findings may not be generalizable to other institutions. Co-
listin susceptibility was not routinely tested on all A. baumannii
isolates; thus, it is possible that some colistin-resistant A. bau-
mannii cases were not identified. In addition, the lack of a com-
parison group with colistin-susceptible A. baumannii cases
precludes our ability to make definitive conclusions on clinical
outcomes. In terms of microbiological investigations, all isolates
belonged to the international clone II and produced OXA-23
carbapenemase, which is a common combination observed
among carbapenem-resistant A. baumannii worldwide [31].
Also, our investigation of colistin resistance mechanism was
limited to lipid A profiles, which accounted for colistin resis-
tance categorically, but not the levels of resistance.

In conclusion, colistin-resistant A. baumannii occurred al-
most exclusively among patients who had received CMS therapy
for carbapenem-resistant, colistin-susceptible A. baumannii in-
fection. Treatment with a combination of CMS, a carbapenem,
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and ampicillin-sulbactam was associated with lower mortality
in comparison to other treatment regimens in this study. How-
ever, the numbers of cases were small, and this signal requires
confirmation in a larger study. All isolates belonged to the glob-
ally epidemic international clone II, and lipid A modification
was the mechanism underlying colistin resistance in all isolates.
Susceptibility testing for colistin should be considered for
A. baumannii identified from CMS-experienced patients.
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