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This Journal section presents a real, challenging case involving a multidrug-
resistant organism. The case authors present the rationale for their therapeutic
strategy and discuss the impact of mechanisms of resistance on clinical outcome.
Expert clinicians then provide a commentary on the case.

ABSTRACT We report our clinical experience treating a 2-month-old infant with con-
genital diaphragmatic hernia who experienced prolonged bacteremia with Burkholderia
cepacia complex (Bcc) despite conventional antibiotic therapy and appropriate source
control measures. The infection resolved after initiation of ceftazidime-avibactam. Whole-
genome sequencing revealed that the isolate most closely resembled B. contaminans
and identified the mechanism of resistance that likely contributed to clinical cure with
this agent. Ceftazidime-avibactam should be considered salvage therapy for Bcc infec-
tions if other treatment options have been exhausted.
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The Burkholderia cepacia complex (Bcc) consists of Gram-negative non-glucose-
fermenting organisms frequently found in the environment (1). They are opportu-

nistic pathogens generally confined to patients with cystic fibrosis, chronic granulo-
matous disease, or indwelling hardware. With the recent national outbreak related to
contaminated oral liquid docusate sodium, the population at risk of infectious syn-
dromes from Bcc has expanded (2).

Infections due to Bcc can be challenging to manage, as Bcc is intrinsically resistant to a
number of commonly used antibiotics. Trimethoprim-sulfamethoxazole (TMP-SMX) and
ceftazidime are considered first-line options for Bcc infections (1). However, in vitro resis-
tance to TMP-SMX and ceftazidime in Bcc isolates has been reported at approximately 10
to 40% (1, 3) and 30 to 40% (1, 3, 4), respectively. Along with reduced susceptibilities to
first-line options, drug intolerance, particularly to TMP-SMX, can further limit therapeutic
options. We report our experience with the use of ceftazidime-avibactam for the treatment
of persistent Bcc bacteremia and the use of whole-genome sequencing (WGS) to explore
why this therapy may have been successful.

CASE PRESENTATION

A full-term female infant was born with a prenatally diagnosed congenital diaphrag-
matic hernia that was surgically repaired at 2 weeks of age. She gradually recovered in
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the pediatric intensive care unit and during this time remained infection free, off
antibiotic therapy. At 2 months of age, she developed fevers and hypotension, requir-
ing vasopressors (defined as day 1). Blood cultures were obtained, and cefepime and
vancomycin were empirically initiated. Twenty hours after culture obtainment, Gram-
negative rods were recovered and determined to the species level as Bcc, at which time
cefepime and vancomycin were discontinued and trimethoprim-sulfamethoxazole
(TMP-SMX) was prescribed (5 mg/kg of body weight/dose intravenously [i.v.] every 6 h).
By day 6, because of persistent bacteremia, ceftazidime (50 mg/kg/dose i.v. every 8 h)
was added to TMP-SMX. The ceftazidime MIC was 8 �g/ml (5) and remained at 8 �g/ml
(the Clinical and Laboratory Standards Institute [CLSI] breakpoint) for the duration of
bacteremia. All central lines were removed by day 9. Extensive full-body imaging was
repeated to evaluate for deep-seated sources of infection and endocarditis or endo-
vascular sources, but none were identified. By day 12, the same daily dose of ceftazi-
dime was continued, but it was administered as a continuous infusion. On day 16,
ceftazidime was changed to extended-infusion meropenem (40 mg/kg/dose i.v. infused
over 3 h given every 8 h), with the continuation of TMP-SMX. The meropenem MIC until
this time was 2 �g/ml and, within 2 days of initiation of meropenem therapy, increased
and persisted at 4 �g/ml. Because of persistent bacteremia, on day 32 of positive blood
cultures, her antibiotic regimen was changed to continuous-infusion ceftazidime-
avibactam (50 mg/kg/dose i.v. infused over 8 h given every 8 h). She had no further
positive blood cultures within 24 h of receiving this antibiotic. She received a total of
6 weeks of ceftazidime-avibactam for a presumed endovascular infection and achieved
clinical cure. She remains free of Bcc infections 10 months later.

Daily blood cultures were obtained from the infant and incubated on the BD Bactec
FX blood culture system (Becton, Dickinson, Sparks, MD, USA). Positive blood cultures
were Gram stained and inoculated onto tryptic soy agar with 5% sheep’s blood and
MacConkey agar for recovery of Gram-negative organisms. Isolates were identified by
matrix-assisted laser desorption–ionization time of flight mass spectrometry (MALDI-
TOF MS; Bruker Daltonics Inc., Billerica, MA). Antimicrobial susceptibility testing (AST)
was performed using the BD Phoenix automated instrument. Antibiotics recommended
for testing against Bcc by the CLSI were evaluated (5). The organism was highly
susceptible to ceftazidime-avibactam, with a zone of inhibition of 33 mm (susceptibility
is defined as a zone diameter of �18 mm, with the Pseudomonas aeruginosa Food and
Drug Administration zone diameter breakpoints applied). Additionally, using the
ceftazidime-avibactam Etest (bioMérieux), the ceftazidime-avibactam MIC was 2 �g/ml.
WGS was used to understand the mechanism of resistance that contributed to suc-
cessful treatment with ceftazidime-avibactam.

CHALLENGE QUESTION

What is the underlying mechanism of resistance that may explain the lack of clinical
improvement with ceftazidime and clinical success with ceftazidime-avibactam?

A. The production of a KPC-3 carbapenemase.
B. The production of an NDM-1 metallo-�-lactamase.
C. The loss of OprD porin expression.
D. The production of a Pen-like �-lactamase.
E. Upregulation of MexAB-OprM efflux pumps.

TREATMENT AND OUTCOME

WGS was performed using both Illumina MiSeq (Illumina, San Diego, California)
and Oxford Nanopore MinION (Oxford, England) sequencing technologies on the
isolate obtained on day 32. Genomic DNA was extracted from pure cultures using
the DNeasy PowerBiofilm kit (Qiagen, Hilden, Germany). A sequencing library was
prepared from 1 ng of DNA using the Nextera XT kit. The Illumina library was
sequenced on the MiSeq using v2 Micro 2 � 150-bp-read-length reagents and
generated roughly 5 million paired-end reads. These reads were used to correct the
error-prone Nanopore assembly using the Pilon v1.22 software package in conjunc-
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tion with the short-read aligner Bowtie2 v2.2.6. The mean coverage was approxi-
mately 125. The Illumina data were also independently assembled using SPAdes
Genome Assembler v3.10.1.

A nanopore sequencing library was prepared using 5 �g of genomic DNA with the
one-dimensional ligation kit (SQK-LSK108) from Oxford Nanopore Technologies. The
isolate was sequenced on an R9.4 flow cell (FLO-MIN106) with a MinION MkIb se-
quencer. The MinKNOW acquisition software was used to collect raw data, and Albacore
v1.2.6 was used to base-call. The run generated around 11.4 million reads, with a
median read length of 4.8 kb, and was assembled using Canu v1.6. The resulting
assembly closed the genome, which contained no ambiguous nucleotides or contig
orientations. Genomes were annotated using Prokka 7 and were deposited in NCBI
(accession no. PQVP00000000). A custom Bcc database was created from Bcc annotated
isolates found in GenBank. A dendrogram was generated by comparing the clinical Bcc
isolate to sequences in the custom database, and our patient’s isolate most closely
resembled B. contaminans (Fig. 1).

A blapen-like sequence was located on the chromosome and identified in both the
Illumina and Nanopore assemblies using an alignment search (BLAST). The blapen-like

gene from the patient isolate was closely related to the blapen-like gene from B.
contaminans (96% identity). The blapen-like gene appears to be highly varied among Bcc
species, ranging from 79% to 96% identity (Fig. 2). Additional findings included a
chromosomal blaAmpC gene (identical to sequences present in B. contaminans) and a
class D �-lactamase. The Comprehensive Antibiotic Resistance Database (CARD) was

FIG 1 Dendrogram comparing the patient’s Burkholderia cepacia complex isolate to other Burkholderia species
within the Burkholderia cepacia complex. The isolate is most closely related to B. contaminans.
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searched for other resistance genes using the Resistance Gene Identifier (RGI). Addi-
tionally, ResFinder, CARD, ARG-ANNOT, NCBI BARRGD, NCBI �-lactams, EcOH, Plasmid-
Finder, and VFDB were queried using the ABRicate software package. Of note, the
modified carbapenem inactivation method was performed on the isolate, and it was
negative for carbapenemase production.

blapen-like genes, major resistance determinants in Bcc, encode inducible, inhibitor-
resistant chromosomal class A carbapenemases, rendering Bcc nonsusceptible to a
number of �-lactams (6). This enzyme structurally resembles Klebsiella pneumoniae
carbapenemases (i.e., KPCs) (4, 7) but functions more like an SHV-type extended-
spectrum �-lactamase (3). Avibactam forms a reversible acyl-enzyme complex with
class A and class C �-lactamases and certain class D �-lactamases, all of which were
produced by this infant’s isolate (8). In vitro results have shown that the addition of
avibactam to ceftazidime can restore susceptibility to strains for which ceftazidime MICs
are elevated, rendering these isolates susceptible to ceftazidime-avibactam. In a col-
lection of 50 Bcc isolates from cystic fibrosis patients, 68% of isolates were susceptible
to ceftazidime (3). The addition of avibactam to ceftazidime restored activity against all
tested isolates (3). In another collection of 49 ceftazidime-resistant Bcc isolates, 63%
were susceptible to ceftazidime-avibactam (9). Furthermore, the combination of
ceftazidime-avibactam was shown to significantly improve the outcomes of Galleria
mellonella larvae infected with a Bcc strain for which ceftazidime MICs were 32 �g/ml
compared to outcomes after treatment with ceftazidime alone (3).

The potential for ceftazidime-avibactam to be a treatment option for recalcitrant
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FIG 2 Dendrogram and alignment of the mutational profile of the pen-like gene from the patient isolate
to the pen-like genes found in other Burkholderia cepacia complex species. The percentages of identity
of the blapen-like genes between species ranged from �79 to 96%, with the patient isolate’s gene most
closely resembling the blapen-like gene from B. contaminans (96% identity).
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Bcc infections is of particular importance, as Bcc has the ability to evade the
activities of multiple classes of antibiotics. Distorted dihydrofolate reductase and
DNA gyrase targets can limit the effectiveness of trimethoprim-sulfamethoxazole
and levofloxacin, respectively (10). Unique lipopolysaccharides with reduced net
negative charges limit the binding of polymyxins, and Bcc organisms are considered
intrinsically resistant to these agents (11). Furthermore, a number of �-lactamases,
porin mutations, and efflux pumps intrinsic to Bcc limit the activities of other
commonly prescribed antibiotics (10). The incremental benefits of avibactam to
ceftazidime are varied across the Burkholderia species (12). Although not the case
with this patient’s isolate, some Bcc genomes harbor metallo-�-lactamase genes
which are not inactivated by avibactam (www.burkholderia.com). If treatment with
ceftazidime-avibactam is being considered for Bcc infections, prior susceptibility testing
is recommended to confirm activity.

It is not entirely clear why other agents that were reported as susceptible in vitro did
not successfully eradicate Bcc from the bloodstream of this patient. There are few to no
data indicating that the in vitro activities of commonly used antibiotics for Bcc infec-
tions translate into clinical success. Reasons for the inactivity of TMP-SMX are unclear.
One possible explanation for the failure of ceftazidime and meropenem in this patient’s
case was that the MICs were simply too high to reach adequate target attainment for
effective killing. For the isolate from the infant, the ceftazidime MIC was 8 �g/ml and
the meropenem MIC was 4 �g/ml, which are the current CLSI susceptibility breakpoints
for Bcc (5). In contrast, the breakpoints for Enterobacteriaceae against ceftazidime and
meropenem are 4 �g/ml and 1 �g/ml, respectively. Using these breakpoints, this
patient’s isolate would have been nonsusceptible to these agents. The breakpoints of
Bcc and other nonfermenters have not been lowered to harmonize with the Entero-
bacteriaceae breakpoints because there has been a paucity of data to allow for a
data-driven review of the breakpoints.

In summary, avibactam appears to be a potent inhibitor of Pen-like �-lactamases
that can be produced by Bcc (the correct answer to the challenge question is “D”).
Although this case represents a single clinical experience, when combined with avail-
able experimental data, it suggests that ceftazidime-avibactam should be considered
potential salvage therapy for Bcc infections if other treatment options have been
exhausted.

COMMENTARY

Although ubiquitous in the environment, Burkholderia cepacia complex (Bcc) organ-
isms remain a relatively uncommon cause of human disease compared to other
Gram-negative pathogens. However, when infections do occur, they are typically impli-
cated in health care-related exposures or infections in immunocompromised hosts, specif-
ically patients with cystic fibrosis, and often cause significant morbidity and mortality. A
major reason for this is due to their intrinsic level of antibiotic resistance to a variety of
agents. In the above-described challenging clinical case, Tamma et al. highlight the
difficulties in treating these infections, as they present the first case report of successful
therapy of Bcc bacteremia with ceftazidime-avibactam.

In this case, the patient, a presumably immunocompetent full-term infant, devel-
oped Bcc bacteremia approximately 1.5 months after a diaphragmatic hernia repair.
The patient had minimal antibiotic exposure earlier in her hospital course, and potential
niduses of infection were removed. Susceptibility testing revealed somewhat high
(though technically susceptible) MICs of ceftazidime and meropenem for the isolate per
CLSI breakpoints (5). However, the bacteremia persisted (�30 days) despite various
therapeutic attempts with combinations of trimethoprim-sulfamethoxazole (TMP-SMX),
ceftazidime, and meropenem. Ultimately, she was started on ceftazidime-avibactam,
resulting in rapid clearance of the pathogen from the blood. While the majority of
studies done on Bcc isolates and their susceptibilities involve non-blood specimens in
patients with cystic fibrosis who have had significant antibiotic exposure, Bcc strains
have been shown to often be intrinsically resistant to aminoglycosides, first- and
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second-generation cephalosporins, polymyxins, and traditional antipseudomonal
�-lactams, including piperacillin and ticarcillin (13, 14). As such, recommended first-line
therapy includes ceftazidime, TMP-SMX, minocycline, chloramphenicol, and mero-
penem or a combination of two or more of these agents in light of increasing resistance
(15). Given the increasing reports of resistance to TMP-SMX and ceftazidime, as well as
the promising activities of newer agents, specifically ceftazidime-avibactam, as was
demonstrated in this case, it is perhaps time to rethink which drugs should be used for
treatment of Bcc infections.

One of the most common resistance mechanisms seen in Burkholderia species is
production of �-lactamases, including PenA and PenI, class A �-lactamases that use a
serine as the nucleophile and hydrolyze �-lactams, ultimately resulting in �-lactam
hydrolysis (7). These particular enzymes are located chromosomally and are usually
inducible. Recent studies have shown that avibactam, a non-�-lactam �-lactamase
inhibitor, is able to inhibit class A, class C, and class D �-lactamases (5, 16). While various
Bcc isolates may harbor multiple mechanisms of resistance, with the presence of
�-lactamases being one, avibactam has been shown to allow for restoration of effective
ceftazidime activity in vitro in isolates that were otherwise ceftazidime resistant (1, 9,
10). Whole-genome sequencing of the patient’s isolate in this case confirmed the
presence of class A, C, and D �-lactamases and the absence of metallo-�-lactamases,
further supporting the likelihood that ceftazidime-avibactam would effectively resolve
her bacteremia.

As the authors point out, while it is unclear as to why TMP-SMX was not successful
in sterilizing the patient’s blood, the MICs of meropenem (increasing up to 4 �g/ml
during the hospital course) and ceftazidime (8 �g/ml), while sensitive, were right on the
edge of the established CLSI breakpoints and in the setting of inducible resistance, may
explain the clinical failure of these first-line agents.

Challenges to utilizing ceftazidime-avibactam as first-line therapy remain and in-
clude the possibility that Bcc strains can contain metallo-�-lactamases (which, if
present, would render ceftazidime-avibactam ineffective), the drug combination’s lim-
ited availability, its high cost, and the fact that susceptibility testing for ceftazidime-
avibactam is not widely available at present. Despite these potential limitations, this
first reported case of successful treatment of persistent Bcc bacteremia treated with
ceftazidime-avibactam by Tamma and colleagues suggests that ceftazidime-avibactam
should be considered for early use, particularly if first-line therapies prove ineffective or
susceptibility testing indicates isolates with borderline MIC values.
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