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ABSTRACT Coagulase-negative staphylococci (CoNS) are a common etiology of se-
rious and recurrent infections in immunocompromised patients. Although most iso-
lates appear susceptible to vancomycin, a single strain might have a subpopulation
of resistant bacteria. This phenomenon is termed heteroresistance and may ad-
versely affect the response to treatment. A retrospective cohort study was per-
formed of pediatric patients with leukemia treated at St. Jude Children’s Research
Hospital who developed CoNS central line-associated bloodstream infection (CLABSI).
Available isolates were sequenced and tested for vancomycin heteroresistance by
population analysis profiling. Risk factors for heteroresistance and the association of
heteroresistance with treatment failure (death or relapse of infection) or poor clinical
response to vancomycin therapy (treatment failure or persistent bacteremia after
vancomycin initiation) were evaluated. For 65 participants with CoNS CLABSI, 62 ini-
tial isolates were evaluable, of which 24 (39%) were vancomycin heteroresistant. All
heteroresistant isolates were of Staphylococcus epidermidis and comprised multiple
sequence types. Participants with heteroresistant bacteria had more exposure to
vancomycin prophylaxis (P = 0.026) during the 60 days prior to infection. Of the 40
participants evaluable for clinical outcomes, heteroresistance increased the risk of
treatment failure (P = 0.012) and poor clinical response (P = 0.001). This effect per-
sisted after controlling for identified confounders. These data indicate that vancomy-
cin heteroresistance is common in CoNS isolates from CLABSIs in pediatric patients
with leukemia and is associated with poor clinical outcomes. Validation of these
findings in an independent cohort and evaluation of alternative antibiotic therapy in
patients with heteroresistant infections have the potential to improve care for seri-
ous CoNS infections.

KEYWORDS staphylococci, Staphylococcus epidermidis, child, heteroresistance,
leukemia, vancomycin

ancomycin is the definitive therapy for many serious Gram-positive infections;
however, although most such infections remain susceptible to vancomycin, ther-
apeutic failure is common. One potential explanation for the poor outcomes is hetero-
resistance, that is, the presence of a small subpopulation of resistant organisms
recalcitrant to antibiotic therapy. This phenomenon has been well-described in some
bacteria, including Enterobacteriaceae and Staphylococcus aureus (1, 2). Heteroresis-
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TABLE 1 Characteristics of evaluable participants (N = 62)9

Nonheteroresistant Heteroresistant All participants

Characteristic (n = 38) (n = 24) (N = 62)
Age in yrs, mean (SD) 10.6 (6.2) 7.5 (6.3) 9.4 (6.4)
Sex, no. (%)

Female 12 (31.6) 14 (58.3) 26 (41.9)

Male 26 (68.4) 10 (41.7) 36 (58.1)
CVC type, no. (%)

Tunneled CVC 14 (36.8) 16 (66.7) 30 (48.4)

Port 15 (39.5) 4(16.7) 19 (30.6)

PICC 2 (5.3) 0 (0) 2 (3.2)

Other 7 (18.4) 4 (16.7) 1 (17.7)
Leukemia type, no. (%)

ALL 26 (68.4) 13 (54.2) 39 (62.9)

AML 12 (31.6) 11 (45.8) 23 (37.1)

History of HCT 7 (18.4) 6 (25) 13 (21)
Race, no. (%)

White 28 (73.7) 16 (66.7) 44 (71)

Black 7 (18.4) 4 (16.7) 11 (17.7)

Other 3(7.9 4 (16.7) 7 (11.3)

asD, standard deviation; CVC, central venous catheter; PICC, peripherally inserted central catheter; ALL, acute
lymphoblastic leukemia; AML, acute myeloid leukemia; HCT, hematopoietic cell transplantation.

tance does appear to be associated with poor treatment outcomes in methicillin-
resistant S. aureus infections (1, 3); however, the clinical significance of heteroresistance
in coagulase-negative staphylococci (CoNS) is unknown (4-10).

CoNS are Gram-positive bacteria that colonize human skin and mucosa. They are a
frequent etiology of central line-associated bloodstream infection (CLABSI), especially
in immunocompromised patients (11-13). Although often thought of as benign, CoNS
CLABSI in vulnerable populations can cause prolonged hospitalization and serious
illness, including organ dysfunction and neurocognitive damage (14, 15). These bacteria
typically appear susceptible to vancomycin, and vancomycin is recommended as
first-line therapy; however, antibiotic treatment failure or relapse is common (16, 17).
The possibility that heteroresistance contributes to poor clinical response in CoNS
infections has not been evaluated. Clinical susceptibility testing, which uses an inocu-
lum of approximately 106 CFU/ml, typically cannot detect a resistant subpopulation at
a frequency of 107° or lower. Since the genetic basis for vancomycin heteroresistance
remains unknown, molecular testing is unavailable. Therefore, vancomycin heterore-
sistance might be present in CoNS causing bloodstream infections in immunocompro-
mised patients and might impair the clinical response to vancomycin therapy. We
undertook a retrospective study to evaluate the frequency, risk factors, and clinical
significance of vancomycin heteroresistance in CoNS CLABSI in pediatric patients
undergoing treatment for leukemia at St. Jude Children’s Research Hospital (St. Jude).

RESULTS

Incidence of heteroresistance. A total of 74 isolates from 65 study participants
were available; 7 participants had had 2 episodes of CoNS CLABSI and 1 had had 3
episodes. Two of the 65 participants were excluded because their isolates were not
identified as CoNS following sequencing, and 1 was excluded because the heterore-
sistance testing was unsuccessful due to poor in vitro growth. The characteristics of the
62 included participants are presented in Table 1. Analysis of the first isolates from all
participants revealed that 24 (39%) were classified as heteroresistant, suggesting that
heteroresistance is common in CoNS isolated from bloodstream infections in the
pediatric leukemia population (see Table S1 in the supplemental material).

Vancomycin exposure. We next tested whether vancomycin exposure before
infection increased the risk of a heteroresistant organism being recovered. In the
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FIG 1 Vancomycin exposure in the 60 days before infection for heteroresistant and nonheteroresistant
isolates (N = 62). Box plots show the differences between heteroresistant and nonheteroresistant
infections with respect to vancomycin exposure (P = 0.11) and prophylactic vancomycin exposure
(P = 0.026). The boxes represent the 25th to 75th percentiles, the whiskers extend up to 1.5 times the
box height, and the circles and stars represent outliers and extreme outliers, respectively.

60 days before infection, participants with heteroresistant CoNS had received more
days of vancomycin therapy (P =0.11) and more days of vancomycin prophylaxis
(P =0.026) than had participants without heteroresistant CoNS (Fig. 1). These data
suggest that prolonged exposure to intravenous vancomycin at the subtherapeutic
doses used for prophylaxis may contribute to the emergence or selection of hetero-
resistant bacterial populations.

Effect of heteroresistance on clinical outcomes. We evaluated the effect of
vancomycin heteroresistance on the clinical response to vancomycin treatment. Only
40 episodes were included in this analysis; the other 22 were excluded as being
possibly attributable to blood culture contamination (see exclusion criteria in Materials
and Methods). Seven (18%) of these 40 participants experienced treatment failure and
15 (38%) experienced poor clinical response. Of 6 participants with relapse of infection,
sequence typing was available for 3 pairs of isolates; in all cases, the sequence types
(STs) of the initial and subsequent isolates were identical. Participants with heterore-
sistant infections had higher cumulative incidences of treatment failure (P = 0.012) (Fig.
2a) and poor clinical response (P = 0.001) (Fig. 2b) compared to participants without
heteroresistant infections.

Of the other variables evaluated, only vancomycin MIC and age of the participant
were considered to be potential confounders. Vancomycin MIC was significantly asso-
ciated with poor clinical response (P = 0.037) but not with treatment failure (P = 0.669).
Age group was also significantly associated with poor clinical response (P = 0.023),
but its apparent association with treatment failure was not statistically significant
(P = 0.054). Variables that were not associated with treatment failure or poor clinical
response were central venous catheter (CVC) type (P = 0.727 or P = 0.377, respectively),
leukemia type (P = 0.476 or P = 0.939, respectively), sex (P = 0.800 or P = 0.601, re-
spectively), and self-reported race (P = 0.802 or P = 0.964, respectively). Therefore,
vancomycin MIC and participant age were included in stratified analyses. These anal-
yses showed that poor clinical response and treatment failure remained associated with

November 2020 Volume 64 Issue 11 €00944-20

Antimicrobial Agents and Chemotherapy

aac.asm.org 3


https://aac.asm.org

Dao et al.

a Treatment Failure

1.0
= —I~ Heteroresistant
% 0.8 —I~ Non-heteroresistant
9]
b=
< 06
c
el
jud
8 0.4
) 1 P=0.012
-
o

0.2 PR

00 | -+

0 50 100 150 200
Time (days)

b Poor Clinical Response

1.0
©
fl_-,’ 0.8
O
&£
< 06 | —I Heteroresistant
_5 —I Non-heteroresistant
F=] 5
8_ 0.4
o P=0.001
—
a . +

0.2

0.0

0 50 100 150 200

Time (days)

FIG 2 (a) Cumulative incidence of treatment failure in patients with CoNS bloodstream infection (N = 40).
(b) Cumulative incidence of poor clinical response in patients with CoNS bloodstream infection (N = 40).

heteroresistance after controlling for vancomycin MIC (P = 0.008 and P = 0.021, respec-
tively) and for age group (P = 0.014 and P = 00.12, respectively). An additional sub-
group analysis restricted to S. epidermidis isolates also showed that heteroresistance
was significantly associated with treatment failure (P = 0.028) and poor clinical
response (P = 0.006).

Genetic characterization of bacterial isolates. Most isolates were identified as
S. epidermidis by sequencing (Table 2). All heteroresistant isolates were S. epidermidis
(P = 0.005), but they represented several sequence types. The most common sequence
type was ST2, a well-known hospital pathogen (18, 19), and all S. epidermidis isolates
were classified as members of genetic clusters (GCs) associated with hospital sources
(GC1, GC5, and GC6) (20, 21). Despite all heteroresistant isolates being identified as
S. epidermidis, there was no evidence of clonal outbreaks.

We next looked for mutations in genes known to confer vancomycin resistance in
S. epidermidis. Specifically, D471E and 1527M in rpoB cause cross-resistance to rifampin
and vancomycin, and V500F in walK causes cross-resistance to daptomycin and van-
comycin (18, 19). Various nonsynonymous mutations in rpoB were identified in 8
S. epidermidis strains, of which 3 were heteroresistant (Table S2). Only one strain of ST23
had the dual resistance alleles in rpoB (E471, M527); it was resistant to rifampin
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TABLE 2 Species and multilocus sequence type for all first included CoNS isolates
(N = 62)°

No. (%) nonheteroresistant No. (%) heteroresistant
Species/sequence type (n = 38) (n = 24)
Staphylococcus epidermidis 28 (53.8) 24 (46.2)
ST2 7 (58.3) 5(41.7)
ST5 3(33.3) 6 (66.7)
ST16 2 (100) 0 (0)
ST22 0 (0) 1 (100)
ST23 0 (0) 1 (100)
ST57 0 (0) 1 (100)
ST73 0 (0) 1 (100)
ST83 3 (60) 2 (40)
ST89 1 (100) 0 (0)
ST173 0 (0) 1 (100)
ST218 1 (50) 1 (50)
ST291 0 (0) 1 (100)
NT 11 (73.3) 4 (26.7)
Staphylococcus haemolyticus 4 (100) 0 (0)
ST1 1 (100) 0 (0)
ST3 1 (100) 0 (0)
NT 2 (100) 0 (0)
Staphylococcus hominis 6 (100) 0 (0)
ST18 2 (100) 0 (0)
NT 4 (100) 0 (0)
Total 38 (61.3) 24 (38.7)

asT, sequence type; %, percentage of species/sequence type; NT, nontypeable.

(MIC > 32) and heteroresistant to vancomycin. Two nonsynonymous mutations in walk
were identified in 2 heteroresistant S. epidermidis strains, but neither mutation had
been previously linked to resistance (Table S2). No nonsynonymous mutations occurred
in the walK gene’s cognate response regulator, walR. These results indicate that
mutations in rpoB and walK are not necessary for vancomycin heteroresistance in the
studied strains and also highlight a knowledge gap in our understanding of the genetic
basis for this phenotype in S. epidermidis.

DISCUSSION

In this study, vancomycin heteroresistance was common in CoNS isolates from
CLABSIs in children with leukemia. Data on the incidence of heteroresistance in CoNS
are limited, but the high rate found in this study is similar to that reported for various
CoNS species in various disease contexts in previous studies (4-10, 22).

Clonal spread of heteroresistant CoNS has been described previously, especially in
neonatal intensive care units (9, 23). However, in this study, there was no single genetic
marker for heteroresistance and a wide range of sequence types was involved. This
suggests that the phenomenon of heteroresistance likely emerged on multiple occa-
sions and by different mechanisms. Gene amplification may be a key genetic mecha-
nism of heteroresistance in Gram-negative bacteria (24). However, heteroresistance to
vancomycin may differ from heteroresistance to other antibiotics; because Gram-
positive organisms commonly have high MICs within the susceptible range (the result
of “MIC creep”) (25), heteroresistance might emerge from minor changes in these
near-resistant subpopulations, rather than from the dramatic increases in MIC seen in
Gram-negative species.

The study had some important limitations. The retrospective nature of the data
collection means that some information might have been missed or misclassified or
some confounding variables excluded. Additional variables, such as CVC removal and
concomitant antibiotic therapy, were not included in the analysis, but were not
expected to vary by heteroresistance status. The finding of poorer clinical outcomes in
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patients with heteroresistant infections might also be attributable to host factors,
linkage disequilibrium, or another factor that affects heteroresistance testing. Because
the method of detecting heteroresistance is not standardized, alternative laboratory
approaches might yield different results and interpretations. Using a sensitive but
nonstandard definition of poor clinical response improved our ability to evaluate the
effect of heteroresistance on clinical outcomes, but the clinical relevance of these
outcomes is uncertain. A major challenge to incorporating heteroresistance measure-
ment into clinical practice and diagnosis is the absence of a widely accepted clinical test
for the heteroresistance phenotype. In cases of infection for which rapid diagnosis and
susceptibility testing are paramount, the time- and resource-intensive methodology
used in this study is likely to be impractical. To maximize our ability to detect a
difference between outcomes for heteroresistant and susceptible organisms, and to
allow stratified analyses to control for potential confounders, we used both a standard
definition of treatment failure and a more sensitive measure of poor clinical response
to initial therapy. Although this approach identified a larger number of episodes in
which clinical resolution of bacteremia did not occur immediately after initiation of
vancomycin, the classification is nonstandard, and as more information becomes
available, multivariable analyses using standard definitions of treatment failure will
become important to confirm these findings.

The study also had several strengths that support our findings. We were able to
connect information obtained from laboratory experiments to clinical data for a large
cohort of patients with CoNS bloodstream infection, which enabled us to demonstrate
the differences in clinical outcomes associated with heteroresistance. The 180-day
duration of follow-up was appropriate because relapse of CLABSI after that time is
uncommon (26, 27). Inclusion of isolates collected during the same time period and
from the same population helped to exclude confounding by secular or cohort effects.

Similarly to other mechanisms of resistance, prior exposure to antibiotics increased
the risk of heteroresistance for this study population (28, 29). Intriguingly, exposure to
intravenous vancomycin administered as prophylaxis appeared to be more strongly
associated with risk of heteroresistance than were other intravenous exposures. Sub-
therapeutic antibiotic levels over an extended period may provide strong selective
pressure by encouraging the emergence of heteroresistance or helping to maintain the
transient heteroresistance that emerges as a result of unstable gene amplifications or
mutations (30). The immunocompromised state of the study participants might also
have contributed to the evolution of heteroresistance by reducing the rate of clearance
of heteroresistant bacteria (31). Concerns about contributing to the rise of antibiotic
resistance have limited the implementation of glycopeptide prophylaxis (32, 33). A
previous study found that vancomycin prophylaxis increased the risk of vancomycin-
resistant enterococcal (VRE) infections (33); therefore, the finding that vancomycin
prophylaxis also appears to contribute to heteroresistance in CoNS is important.

Modeling of heteroresistance in mammalian models has suggested that it can
contribute to antibiotic treatment failure in patients with S. aureus, Enterobacter species,
or Klebsiella species infections (3, 34, 35). Moreover, vancomycin heteroresistance in
S. aureus infections appeared to contribute to treatment failure in multiple studies (36,
37). However, little information is available about the effect of heteroresistance on
outcomes in CoNS infections. One case-control study that included CoNS and S. aureus
found increased mortality in patients with heteroresistant infections (10), and a recent
case report described a neonate with a heteroresistant Staphylococcus capitis infection
that responded poorly to treatment with vancomycin (38). To our knowledge, the
present cohort study was the first to have shown that the clinical response to vanco-
mycin is demonstrably worse in infections caused by heteroresistant CoNS.

Conclusions. Heteroresistance is common in isolates of S. epidermidis from blood-
stream infections in children with cancer; it may also occur in other species, but it was
not detected in this study. Systemic vancomycin exposure, especially at the subthera-
peutic levels used for prophylaxis, is associated with subsequent heteroresistance.
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Heteroresistance appears to increase the risk of poor clinical outcomes, including poor
initial response to treatment and recurrence of the infection after the completion of
therapy. If these findings are validated in subsequent studies, development of a clinical
test for heteroresistance and development of alternative treatment strategies for
heteroresistant staphylococci could improve treatment outcomes for vulnerable pa-
tients.

MATERIALS AND METHODS

Clinical data. This was a retrospective cohort study comprising all patients who developed CoNS
CLABSI during treatment for leukemia at St. Jude between 1 January 2010, and 28 March 2016. The study
was approved by the St. Jude institutional review board (approval XPD16-036). Participants were
identified from the electronic medical record, and data on demographics, malignancy, vancomycin
exposure, and infection outcomes were abstracted from the electronic medical record. Episodes were
excluded if the isolate was not available for testing, was not identified as CoNS on sequencing, or was
not successfully tested for heteroresistance.

Bacterial isolates. CoNS isolates were obtained from the clinical microbiology laboratory, where
they were stored in glycerol at —80°C for quality assurance purposes until tested. A prototypical
vancomycin-heteroresistant S. aureus strain (Mu3) was obtained from ATCC (Manassas, VA) for use as a
positive control. All isolates were classified as susceptible to vancomycin by conventional testing (with
Vitek 2 [bioMérieux, Inc.]; MIC range, <0.5 to 2 ug/ml) (39).

Evaluation of vancomycin heteroresistance. Population analysis profiling (PAP) was used to
identify vancomycin heteroresistance in clinical isolates. PAP was performed in accordance with standard
published techniques for detecting heterogeneous vancomycin-intermediate S. aureus (hVISA) (40, 41).
Each isolate was grown in 10 ml of tryptic soy broth (BD Sciences, catalog no. 211825) overnight at 37°C.
Of the 74 available clinical isolates, 30 were analyzed in 2016 and 44 were analyzed in 2017. The latter
set of isolates required the addition of 0.2% yeast extract (BD Biosciences, catalog no. 212750) for growth.
Overnight stationary-phase cultures were serially diluted 1:100 in 1X phosphate-buffered saline (PBS) to
give dilutions ranging from 10-2 to 10~8, and 100 ul of each dilution was spread on brain heart infusion
(BHI) agar plates (made from Bacto brain heart infusion and Bacto agar from BD Biosciences) containing
0, 1, 2, 4, 6, or 8 ug/ml of vancomycin (vancomycin hydrochloride; Sigma-Aldrich, St. Louis, MO). Each
strain at each dilution was inoculated onto duplicate plates for each antibiotic concentration. After a 48-h
incubation at 37°C, colonies were enumerated to estimate the bacterial survival, expressed as CFU per
milliliter (CFU/ml), at each vancomycin concentration. The average number of colonies on duplicate
plates was used to calculate the CFU/ml for each vancomycin concentration; CFU/ml was plotted as a
function of vancomycin concentration, and the area under the curve (AUC) was calculated using
GraphPad Prism 7. The AUC for each clinical isolate was then compared by a simple ratio to the average
AUC for heteroresistant reference strain Mu3, obtained using the identical technique, and if the AUC ratio
was 0.9 or greater, the isolate was classified as heteroresistant (40). PAP values for each isolate are shown
in Table S1 and Fig. S1 and 2 in the supplemental material.

Genomic sequencing. Each clinical isolate was inoculated in TSB and grown overnight at 37°C for
DNA extraction. The entire overnight culture of each isolate was pelleted at 6,000 rpm for 10 min, and the
pellets were resuspended in TSM solution (50 mM Tris [pH 7.5], 0.5 M sucrose, 10 mM MgCl,) before
the addition of lysostaphin at 2 mg/ml. The mixture was then incubated at 37°C for 10 min. Once the
bacterial cells had lysed, DNA was extracted using a Wizard genomic DNA purification kit (Promega,
Madison, WI) in accordance with the manufacturer’s instructions. DNA libraries for next-generation
sequencing were prepared using a Nextera DNA Flex library kit (Illumina, San Diego, CA) and sequenced
on an lllumina Hi-Seq 2000 sequencing system.

Sequencing and typing. Sequence reads for 74 clinical strains and Mu3 were adapter trimmed
(minimum length of 15bp) and then quality trimmed (minimum base quality of 12) by using BBMap
(https://jgi.doe.gov/data-and-tools/bbtools/bb-tools-user-guide/bbmap-guide/). Sequences were assem-
bled de novo by using SPAdes v3.11.1. Sequence types (STs) from species-specific multilocus sequence
typing (MLST) schemes were extracted from the assemblies by using mist v2.8 (https://github.com/
tseemann/milst). For Staphylococcus epidermidis strains with typeable STs, genetic clusters were assigned
according to the method of Tolo et al. (20). Sequences were aligned by the use of the Burrows-Wheeler
Alignment tool bwa v0.7.17, using S. epidermidis DAR1907 (GenBank accession no. CP013943.1) as a
reference strain. Sequences were subjected to coordinate sorting by using Picard v1.141 and realigned
around short insertion-deletion polymorphisms (indels) with Genome Analysis Toolkit (GATK) v2.8-1.
Variants were called by GATK and filtered for a minimum base quality of 30 and the presence of the
variant in all strains. The functional effects of the variants were determined using SnpEff v4.

Statistical analysis. The first available episode for each participant was used to evaluate associations
between preceding vancomycin exposure and heteroresistance. Preceding vancomycin exposure was
calculated as the number of days in the preceding 60 days on which intravenous vancomycin was
administered. The Mann-Whitney U test was used to evaluate the significance of differences between
groups. An unadjusted P value of less than 0.05 was considered to indicate statistical significance.

To evaluate associations between heteroresistance and clinical outcomes, the first episode for each
participant was again selected, but episodes that were probably the result of contaminants, defined as
episodes with single positive blood cultures and at least 1 simultaneously collected negative blood
culture, were excluded. Treatment failure was defined as death during the CLABSI episode or recurrence
of BSI with the same organism within 180 days; poor clinical response was defined as persistent positive
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blood cultures collected at least 1 day after the initiation of vancomycin or treatment failure as defined
above. Poor clinical response was designed to be a more sensitive measure of decreased initial response
to vancomycin therapy, as death and recurrence are relatively uncommon in this cohort.

The log rank test was used to compare data representing the cumulative incidence of each clinical

outcome with heteroresistant and nonheteroresistant bacteria. Cases were censored at unrelated death,
completion of cancer therapy, permanent discharge from the institution, 180 days after onset of BSI, or
completion of the study period. Potential confounders were each evaluated for their association with
outcome and were included in stratified survival analyses, pooled over all strata, if the P value was 0.1
or less. Statistical analyses were performed with SPSS (IBM SPSS Statistics for Windows, Version 26.0: IBM
Corporation, Armonk, NY).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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