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Abstract

Healthcare-associated carbapenem-resistant Acinetobacter baumannii (CRAB) infections are a
serious threat associated with global epidemic clones and a variety of carbapenemase gene classes.
In this study, we describe the molecular epidemiology, including whole-genome sequencing
analysis and antimicrobial susceptibility profiles of 92 selected, nonredundant CRAB collected
through public health efforts in the United States from 2013 to 2017. Among the 92 isolates,

the Oxford (OX) multilocus sequence typing scheme identified 30 sequence types (STs); the
majority of isolates (7= 59, 64%) represented STs belonging to the international clonal complex
92 (CC920x). Among these, ST2080x (/7= 21) and ST281px (/7= 20) were the most common. All
isolates carried an OXA-type carbapenemase gene, comprising 20 alleles. Ninety isolates (98%)
encoded an intrinsic OXA-51-like enzyme; 67 (73%) harbored an additional acquired b/apxa
gene, most commonly blagxa-23 (/7= 45; 49%).

Compared with isolates harboring only intrinsic oxacillinase genes, acquired b/apxa gene
presence was associated with higher prevalence of resistance and a higher median minimum
inhibitory concentration to the carbapenem imipenem (64 pg/mL vs. 8 pg/mL), and antibiotics
from other drug classes, including penicillin, aminoglycosides, cephalosporins, and polymyxins.
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These data illustrate the wide distribution of CC920x and high prevalence of acquired b/agxa
carbapenemase genes among CRAB in the United States.
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Introduction

Acinetobacter, an opportunistic healthcare-associated pathogen, inflicts significant morbidity
and mortality in the most vulnerable patient populations.}3 Acinetobacter infections often
occur in intensive care settings and can cause pneumonia, bacteremia, and urinary tract
infections. While carbapenems remain the drugs of choice for treating multidrug-resistant
Acinetobacter infections, carbapenem-resistant strains caused one-third of healthcare-
associated Acinetobacter infections in 2019.4 In 2019, the U.S. Centers for Disease Control
and Prevention (CDC) designated carbapenem-resistant Acinetobacteran urgent threat to
public health.>

Acinetobacter baumannii is generally considered the most medically significant
Acinetobacter spp. and carbapenem-resistant A. baumannii (CRAB) emergence is of major
concern. Carbapenem resistance in A. baumannii often occurs through upregulation of an
intrinsic blapxas1-like 9€NE OF by acquiring a gene encoding an OXA-type carbapenemase
(OXA-23-like, —24/40-like, and —58-like variants).6 Acquired OXA enzymes are some

of the most epidemiologically relevant as they are commonly carried on mobile genetic
elements that can spread horizontally between bacteria.” In addition to carbapenems, A.
baumannii strains often display broad antimicrobial resistance to other drug classes, leading
to significant treatment challenges.®

Resistance to carbapenems has increased globally in the last decade due to the successful
expansion of a few international epidemic lineages producing carbapenemase enzymes.
One of the most successful clonal lineages, international clone Il (1C 1), corresponds to
clonal complex 92 (CC92), according to the multilocus sequence typing (MLST) Oxford
scheme developed by Bartual et a/,° and to clonal complex 2 (CC2) comprising sequence
type 2 (ST2) of the alternative Pasteur MLST scheme.10 In the United States, CC920x
carbapenemase-producing strains are increasingly prevalent and implicated in driving the
epidemic spread of CRAB.11-13

Although overall rates of hospital-associated CRAB infections in the United States have
been declining since 2012, the prevalence of A. baumannii that produce carbapenemases,

a capacity that can be transferred to other organisms through mobile genetic elements,
appears to be increasing.® Despite this, the molecular epidemiology, including prevalence of
particular clonal types and carriage of specific carbapenemase genes by CRAB isolates in
the United States, is not well defined. In this study, we describe the molecular characteristics
and antibiotic susceptibility profiles for CRAB isolates collected through public health
efforts in the United States from 2013 to 2017.
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Materials and Methods

Isolates

From October 2013 to December 2017, nine Sentinel sites forwarded to CDC a convenience
sample of up to 32 Acinetobacter spp. isolates per quarter collected prospectively from
sterile body sites.14 Submitted isolates underwent species identification confirmation by
matrix-assisted laser desorption ionization-time-of-flight (MALDI-TOF) mass spectrometry
using a Biotyper 3.1 MALDI-TOF system (Bruker Daltonics, Billerica, MA) and
antimicrobial susceptibility testing (AST) according to guidelines from the Clinical and
Laboratory Standards Institute (CLSI).

The case definition for CRAB was A. baumannii isolates resistant to meropenem,
doripenem, or imipenem based on current CLSI Standards. Of the 450 Acinetobacter

spp. submitted through Sentinel, 79 were confirmed as CRAB and were submitted for
whole genome sequencing (WGS). To bolster this convenience sample, the CDC laboratory
information management system was queried for nonredundant isolates submitted and
confirmed as CRAB during this same time frame, yielding an additional 13 isolates for
WGS. The collection described here comprised these 92 A. baumanniiisolates, from

sites representing five of seven U.S. Association of Public Health Laboratories geographic
regions (Supplementary Fig. S1).

Whole-genome sequencing and bioinformatics

WGS was completed using the lllumina MiSeq platform (San Diego, CA) as previously
described.1> WGS data were analyzed using our in-house bioinformatics pipeline
(QUAISAR-H; https://github.com/DHQP/QUAISAR _singu larity) to determine quality,
antimicrobial resistance genes, and MLST and confirm species identity. Antimicrobial
resistance genes had to meet 98% identity across 90% length to be considered. STs were
determined using PubMLST (https:/pubmist.org/), accessed on May 2, 2018.16 Applying
BURST plugin, STs were grouped into clonal complexes using the traditional standard of <1
allelic mismatch.1718 Whole-genome MLST (wgMLST) was assigned using Bio-Numerics
(version 7.2) and visualized using Microreact.1?

Antibiotic susceptibility testing

We performed reference broth microdilution AST on all isolates using in-house prepared
frozen panels according to CLSI guidance.20 Panels included amikacin, ampicillin—
sulbactam, cefepime, cefotaxime, ceftazidime, ceftriaxone, ciprofloxacin, colistin,
doripenem, gentamicin, imipenem, levofloxacin, meropenem, minocycline, piperacillin-
tazobactam, tetracycline, tobramycin, and trimethoprim-sulfamethoxazole. Results were
interpreted according to contemporary CLSI guidance.2! This surveillance protocol was
reviewed by the CDC institutional review board (IRB) and at all participating sites and was
deemed non-research or received IRB approval with a waiver of informed consent.

Microb Drug Resist. Author manuscript; available in PMC 2022 June 15.
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From October 2013 to December 2017, CDC received 292 isolates meeting the CRAB case
definition; among the 105 isolates that underwent WGS at CDC, 92 nonredundant isolates
(64 Sentinel; 28 reference testing) are characterized herein.

Among the 92 isolates, the Institut Pasteur (IP) MLST scheme identified 17 STs, including
4 novel STs; 59 (64%) isolates were classified as ST2,p. ST2;p isolates were more prevalent
by an order of magnitude over the next-most prevalent type, ST406,p (7=7, 7.6%)
(Supplementary Table S1). The Oxford (OX) scheme identified 31 STs, including 5 novel
STs. Among the 59 ST2p isolates, the Oxford scheme classified 12 STs with the most
prevalent being ST208px (7= 21, 36%) and ST281gx (7= 20, 34%). These 59 ST2|p
isolates are members of the IC Il lineage, which corresponds to CC2,p and CC92¢x.
Because the Oxford scheme provides higher resolution on the underlying diversity of these
isolates, in the remainder of the article we will follow the Oxford designations.

All five regions with isolate data available submitted CC92nx isolates with the majority
from the Northeast (7= 21; 36%) and Mid-Atlantic (n= 20; 34%) regions, followed by the
Mountain (7= 8; 14%), West (n = 6; 10%), and Midwest (7= 4; 7%) regions (Fig. 1). While
ST208px was identified in all regions, the majority of ST281px isolates (7= 15, 75%) were
submitted from the Mid-Atlantic region.

Sequencing analysis identified 20 b/agxa carbapenemase alleles among the 92 isolates
(Table 1). All blagxa alleles detected had =99% identity across the full length of the gene.
We identified at least one intrinsic OXA-51-like enzyme in 90 isolates (98%), including 1
isolate that harbored two intrinsic variants. Among the 90 OXA-51-like-positive isolates, 15
different OXA-51-like variants were identified, with the most prevalent being OXA-82 (n=
28, 31%), followed by OXA-66 (22, 24%). Among the 25 isolates carrying only an intrinsic
OXA variant, the most common variants were OXA-82 (9, 36%) and OXA-71 (9, 36%). All
the OXA-71-encoding isolates were collected in the Northeast region.

Sixty-seven (73%) isolates harbored at least one acquired blapxa gene; one isolate harbored
two acquired OXA-type carbapenemase variants. We identified five unique acquired OXA-
type enzyme variants; the most common was OXA-23 (n= 45, 49%). Among the 65
isolates identified as harboring both intrinsic and acquired b/apxa genes, the most common
combination was b/agxa.g2 and blagx a-23 (1= 19, 29%).

One isolate encoded three OXA-type enzymes, including the intrinsic OXA-223 variant, and
the acquired OXA-23 and OXA-237 variants. No isolate was found to encode class A (KPC)
or class B (IMP, NDM, VIM) carbapenem-hydrolyzing p-lactamases previously associated
with CRAB.22:23 Among the 59 CC920y isolates, nearly half harbored the OXA-23 variant
(n=29; 49%). OXA-23-positive CC92py isolates were submitted from all regions, with

the greatest number from the Northeast (7= 12) followed by the Mid-Atlantic (n7=9),
Mountain (n= 3), West (n= 3), and Midwest regions (7= 2). ST281px was the most
common ST harboring the OXA-23 variant (7= 13, 29%), with most (n= 8) coming from
the Mid-Atlantic region.
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All 92 isolates (100%) met the definition for multidrug-resistant (MDR; nonsusceptible to
>1 drug in =3 drug classes), 81 (88%) were extensively drug-resistant (XDR; nonsusceptible
to =1 drug in all but <2 drug classes), and 3 isolates (3%) were pan drug-resistant
(nonsusceptible to all drugs tested, including colistin) (Fig. 2).24

AST results are presented in Table 2 with the minimum inhibitory concentration (MIC)
frequency distributions presented in Supplementary Fig. S2. Most isolates displayed
resistance to the carbapenems meropenem (n7= 92, 100%), doripenem (1= 91, 99%), or
imipenem (1= 86, 93%); 86 (93%) were resistant to all 3 drugs. In addition, a majority of
isolates displayed resistance to at least one drug of each drug class, except for the polymyxin
colistin for which only a minority were resistant (7= 19, 21%). The mobilized colistin
resistance (/mcr) gene was not identified in any isolates tested.

Carbapenem resistance differed among isolates carrying an acquired OXA-type
carbapenemase compared with those without (Table 2 and Supplementary Fig. S2); all

67 isolates harboring an acquired b/apx a carbapenemase gene were resistant to all 3
carbapenem drugs tested compared with 19 (76%) of the 25 isolates harboring only intrinsic
blagx a genes. The imipenem MICsgg and MICqq varied according to whether isolates
harbored an acquired OXA-type carbapenemase or not (64 pg/mL vs. 8 pg/mL and >64
ug/mL vs. 64 ug/mL, respectively). Among resistant isolates, the median imipenem MIC
was 64 and 16 ug/mL for isolates with and without an acquired OXA-type carbapenemase,
respectively. Among isolates harboring an acquired OXA-type carbapenemase, the median
imipenem MIC was 16 ug/mL for isolates encoding blagxa-235 Of blaox a-237, Whereas the
median MIC for the three other acquired b/apx a alleles was 64 ug/mL.

The median MIC for the other two carbapenems, doripenem, and meropenem (>8 ug/mL)
remained the same regardless of enzyme variant. However, the MIC of 95% of these isolates
exceeded the maximum concentration tested (8 pg/mL) and the standard method for these
drugs?® lacks the dynamic range necessary to reveal a difference if one exists. Isolates
harboring an acquired b/agxa gene had a higher resistance prevalence and median MIC

than those with only an intrinsic b/agxa to aminoglycosides (amikacin, gentamicin, and
tobramycin), cefepime, ampicillin/sulbactam, and colistin. Conversely, resistance prevalence
was higher among isolates harboring only intrinsic than those with acquired OXA-type
carbapenemase for tetracycline, minocycline, cefotaxime, and ceftazidime; median MIC was
higher for tetracycline (>32 pug/mL vs. 32 pg/mL).

Given the highly clonal nature of CRAB, we wanted to determine the clonal relatedness
of these isolates and evaluate genetic commonalities. BURST analysis of the Oxford STs
identified 4 clonal complexes, including CC920x and 19 singleton isolates. We applied
wgMLST to determine the population structure and gain additional information on the
genetic diversity than is provided by traditional MLST (Fig. 2). The isolates separate
into two subsets with the CC920x isolates clustered together (yellow circles) and the
non-CC920x isolates in the other.
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Discussion

The epidemic spread of successful A. baumanniilineages was recognized over 20 years
ago.2°> Our MLST and whole-genome analyses underscore the role of CC920x in driving
this epidemic spread of A. baumannii, including CRAB in the United States. Over 60% of
the isolates included in this report belonged to CC92px and were found in all U.S. regions
with data available. Previous epidemiology of CRAB similarly demonstrated preponderance
of CC92px CRAB in the United States.11:13 However, aside from ST2080x, we did not
detect any of the CC92qx STs previously identified in the United States. More data are
needed to determine if these differences in ST distribution are due to sampling or true shifts
in CRAB epidemiology.

The Oxford and IP MLST schemes are based on seven genes each, three of which are shared
between the schemes.?10 In our analysis, the Oxford scheme had more discriminatory power
and further distinguished 12 STs within the 59 ST2;p isolates, including 5 isolates belonging
to ST3480x and ST1578¢x classified as singletons outside of CC92.

Phylogenetic classification by wgMLST supported the Oxford scheme distinctions and
illustrated that ST281nx and ST208qx isolates cluster according to their respective Oxford
ST designation, residing on separate branches of the ST2p clade. The presence of singletons
within the CC92 clade is indicative of the continued diversification of this epidemic lineage.
While both MLST schemes have their unique limitations,26:27 they complement each other
in grouping (IP) and subdividing (OX) the isolates. Reporting STs from both schemes will
facilitate making connections with historical isolates where only one MLST scheme was
reported.26.28

The two most common STs in our study each displayed unique epidemiology. ST2080x
was spread across all five geographic regions and associated with several OXA variants.
ST208px is common worldwide and previous studies have likewise found a variety of
associated OXAs.13.29:30 Conversely, in this study, ST2810x was largely restricted to the
Mid-Atlantic region and all isolates harbored the same intrinsic OXA-82 variant, with

or without OXA-23. Of concern, antimicrobial testing indicated that ST281gx comprised
over 1/3rd of the colistin-resistant isolates in the collection. These data suggest that local
transmission (/.e., endemic) of this clone may be occurring, perhaps through patient transfers
among healthcare facilities as has been previously implicated.1331 We also detected STs not
previously reported in the United States, including ST1950x belonging to CC920y, which
has previously been reported only in Asia.32:33

Taken together, these data suggest both importations and transmissions contribute to

the preponderance of CC92px in this collection. The molecular mechanisms of how
CC920px has become predominant in clinical settings remain unknown. However, our results
complement other studies demonstrating CC92x:s diverse resistome, which may have
contributed the overall success of CC92px in clinical settings where antibiotic pressures are
prevalent,34-36

In our A. baumannii collection, nearly 3/4 of isolates harbored an acquired blagxa
carbapenemase gene with the majority (67%) of these carrying an OXA-23 variant. OXA-23

Microb Drug Resist. Author manuscript; available in PMC 2022 June 15.
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is the most common acquired oxacillinase across the globe3” and in our dataset. We found
that OXA-235 and —237 were rare in this data set and only identified in the Western United
States. Reports of these acquired OXA-type carbapenemases are rare, including isolates
reported in Canada,3° one isolate reported in Mexico,38 and two reports in the United

States; an outbreak of CRAB harboring OXA-237 was previously reported in Oregon (2012—
2014)31.39 and in a single isolate collected in California.38

Three regions reported a total of seven isolates encoding an OXA-72 enzyme, an
OXA-24/40-like variant. Although less common than OXA-23, CRAB harboring OXA-72
has been reported from countries in eastern Asia, Latin America, and southern Europe.#0-46
Before this work, there has only been one report of OXA-72 in the United States.*’

While acquired OXA-type carbapenemases merit height-ened attention, our data suggest that
CRAB lacking acquired OXA carbapenemase genes are also of significant concern. The
presence of carbapenem resistance without an acquired OXA-type carbapenemase suggests
resistance mediated through upregulation of an intrinsic b/agxa gene; this occurred in

a minority of isolates in our collection. Among isolates with only intrinsic OXA-type
enzyme variants, AST results demonstrated that the meropenem and doripenem MICs were
comparable to those of isolates carrying acquired OXA-type carbapenemases. Given the
limited range of standard dilutions for these carbapenems, further studies at higher drug
concentrations will be necessary to determine if any true MIC differences exist between
isolates producing acquired or intrinsic OXA variants.

Finally, although the standard analysis executed here identified two isolates that appeared to
be missing the intrinsic OXA enzyme, the root cause of this is likely that the genes were
split across multiple contigs and could have posed a challenge for detection by the standard
workflow.

A. baumannii is particularly challenging healthcare-associated pathogen because of its
ability to develop resistance to most available antimicrobial agents.8 The prevalence of
MDR and XDR among CRAB isolates in this collection merit special mention as these
isolates remain susceptible only to older, more toxic drugs like colistin. Patients harboring
MDR Acinetobacterare more likely to receive inappropriate empiric therapy, which has
been shown, in turn, to be associated with increased mortality.#® Thus, the spread of

these highly resistant, successful clones is concerning and underscores the importance of
antibiotic stewardship to preserve the remaining options for serious CRAB infections.

There were limitations to this analysis. Cefiderocol, a drug shown to be effective against
XDR A. baumannii®® was not yet available when this study was conducted and the
sensitivity of these CRAB isolates to this drug is not known. The isolates described in

this study were selected and may not represent the overall epidemiology of CRAB in the
United States. In addition, data on the volume of isolates being reported by each site were
not available, limiting our ability to make conclusions about differences in prevalence or
calculate rates. Finally, these isolates were collected through clinical laboratories, some for
surveillance, and lacked accompanying demographic and clinical information necessary to
comprehensively understand patient outcomes and the clinical significance of these strains.

Microb Drug Resist. Author manuscript; available in PMC 2022 June 15.
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In summary, this is the first study using WGS data to elucidate the molecular epidemiology
of highly resistant CRAB in the United States. Our findings underscore the successful
dissemination of CC920yx clones in the United States, particularly those harboring the
acquired blapxa.23 P-lactamase gene. Taken together, these data emphasize the propensity
for this organism to acquire antibiotic resistance and the importance of further public health
detection and containment activities.
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FIG. 1.
Oxford MLST for CRAB isolates by geographic region. ST belonging to CC92px are in

blue. Non-CC92px STs in gray. STs reported as the proportion of total isolates from that
region. Total number of isolates for each region indicated in parentheses. “Other” category
comprises STs with <3 total isolates and are listed, by CC, to the right of the graph.

CC92, clonal complex 92; CRAB, carbapenem-resistant Acinetobacter baumannii, MLST,
multilocus sequence typing; ST, sequence type.
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OXA, and drug resistance patterns are indicated by colored blocks. MDR, multidrug-
resistant; PDR, pan drug-resistant; XDR, extensively drug-resistant.
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