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Background: Dalbavancin, a semisynthetic lipoglycopeptide with exceptionally long half-life and Gram-positive
spectrum, is an attractive option for infections requiring prolonged therapy, including prosthetic joint infections
(PJIs).

Objectives: To investigate the prevalence of reduced susceptibility to dalbavancin in a strain collection of
Staphylococcus epidermidis from PJIs, and to investigate genomic variation in isolates with reduced susceptibil-
ity selected during growth under dalbavancin exposure.

Methods: MIC determination was performed on S. epidermidis isolates from a strain collection (n=64) and from
one patient with emerging resistance during treatment (n=4). These isolates were subsequently cultured on
dalbavancin-containing agar and evaluated at 48 h; MIC determination was repeated if phenotypical hetero-
geneity was detected during growth. Population analysis profile (PAP-AUC) was performed in isolates where
a >2-fold increase in MIC was detected, together with corresponding parental isolates (n=21). Finally, WGS
was performed.

Results: All strains grew at 48 h on agar containing 0.125 mg/L dalbavancin. PAP-AUC demonstrated significant
differences between parental and derived strains in four of the eight analysed groups. An amino acid change in
the walK gene coinciding with emergence of phenotypic resistance was detected in the patient isolates, where-
as no alterations were found in this region in the in vitro derived strains.

Conclusions: Exposure to dalbavancin may lead to reduced susceptibility to dalbavancin through either selec-
tion of pre-existing subpopulations, epigenetic changes or spontaneous mutations during antibiotic exposure.
Source control combined with adequate antibiotic concentrations may be important to prevent emerging re-
duced susceptibility during dalbavancin treatment.

Introduction

Dalbavancin is a semisynthetic intravenous lipoglycopeptide
antibiotic whose mode of action is similar to that of vancomycin;
it interferes with cell wall synthesis through inhibition of late
stages of the peptidoglycan synthesis by binding of the
p-Ala-p-Ala terminus of peptidoglycan precursors." It has several
properties that may be beneficial in the treatment of complex
implant-associated infections.? The antibacterial spectrum

covers common pathogens causing these infections, including
MDR Staphylococcus epidermidis.*The MICqq values are lower in
S. epidermidis for dalbavancin (0.06-0.12 mg/L) compared with
vancomycin (2-4 mg/L),>> with a minimum biofilm inhibitory
concentration (MBICgg) of 0.25-0.5 mg/L and a minimum biofilm
bactericidal concentration (MBBCqg) of 4 mg/L," both lower than
the corresponding values for vancomycin (MBICgg 4 mgl/L,
MBBCqo > 128 mg/L, respectively).® This is consistent with in vitro
data, whereby dalbavancin was significantly more effective at

© The Author(s) 2023. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://
creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the
original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

669


https://orcid.org/0000-0002-9213-9274
https://orcid.org/0000-0001-5939-2932
mailto:bo.soderquist@oru.se
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/jac/dkac434
https://academic.oup.com/

Al Janabi et al.

reducing cultivable S. epidermidis from biofilms compared with
vancomycin.® The pharmakokinetic properties with exceptionally
long half-life of dalbavancin (149-250 h)* together with clinically
relevant synovial and bone concentrations including intra-
osteoblastic activity”® and a favourable safety profile®'° render
dalbavancin an attractive option for prolonged outpatient anti-
biotic treatment of implant-associated orthopaedic infections
such as prosthetic joint infection (PJI) or fracture-related
infection.?

However, emergence of reduced susceptibility during dalbavan-
cin exposure has been described in vitro for Staphylococcus aur-
eus,’! as well as after prolonged treatment in the presence of
medical implants.’®** Although the mechanisms remain to be
fully understood, WGS demonstrated alterations in the WalKR two-
component regulatory system,'* consistent with previously pub-
lished data on both glycopeptide-intermediate S. aureus (GISA)
and heteroresistant strains (hGISA).*"'® Because glycopeptide
heteroresistance was detected in 77.9% of clinical S. epidermidis
PJT isolates in Sweden,” concern is warranted regarding whether
prolonged exposure to dalbavancin, with waning concentrations
over time, can promote mutations associated with heteroresis-
tance or select for pre-existing resistant subpopulations during
the course of treatment.'®'8

In this article, we present a case of an MDR S. epidermidis PJI
with emerging dalbavancin resistance during treatment.
Furthermore, we investigated the MIC distribution to dalbavancin
in a strain collection of S. epidermidis isolated from PJIs. If subpo-
pulations with reduced susceptibility were selected during
growth under dalbavancin exposure, these were compared
with parental strains using WGS to explore if genomic alterations
could be found and associated with reduced susceptibility to
dalbavancin.

Materials and methods

Case presentation

An 89-year-old man underwent right-sided total hip arthroplasty for os-
teoarthrosis. As per Swedish guidelines,'® three doses of cloxacillin as
antibiotic prophylaxis were administered, and he was discharged 2
days after surgery. He was readmitted to hospital 13 days post-surgery
due to ongoing wound discharge; his C-reactive protein (CRP) level was
117 mg/L and haemoglobin count was 93 g/L. A sterile puncture through
uninfected skin yielded 5 mL of brown/red liquid suggestive of haema-
toma, cultures of which grew an MDR S. epidermidis (isolate P1) suscep-
tible to only linezolid, vancomycin and dalbavancin (Table 1).
Debridement, antibiotics and implant retention (DAIR), including ex-
change of mobile parts and five deep-tissue biopsies for microbiological
cultures, was performed on day 7 after readmission. S. epidermidis with
identical antibiotic susceptibility patterns to the strain isolated from the
haematoma grew in all five tissue cultures (isolate P2).

Intravenous vancomycin was started post-surgery, with measured
concentrations between 15 and 22 mg/L. Wound discharge continued
after DAIR, but because the patient suffered a transient ischaemic attack
during surgery, removal of the prosthesis was not performed due to high
surgical risk. Vacuum-assisted closure (VAC) dressings were applied, and
dalbavancin was started on day 10 after DAIR (1000 mg loading dose fol-
lowed by 500 mg weekly). Staples were removed 3 weeks after DAIR, but
wound closure was incomplete and VAC dressings were continued. On
day 28 after DAIR, a haematoma was evacuated, cultures of which
grew S. epidermidis (isolate P3) with a dalbavancin MIC 1.0 mg/L,

classifying it as resistant according to EUCAST breakpoints (accessed 12
November 2019). Finally, a superficial revision was performed on day
35 after DAIR (isolate P4). Dalbavancin was discontinued after five doses,
and the patient was started on long-term suppressive doxycycline ther-
apy. Four months later the wound was healed, and CRP was 3 mg/L. At
follow-up 18 months after DAIR the patient was pain-free and in good
general condition on suppressive doxycycline.

Bacterial isolates

In total, 68 S. epidermidis isolates were included: 4 from the patient and
64 from a strain collection comprising S. epidermidis isolated from PJIs
(hip or knee) between 2007 and 2018 in Region Orebro, Sweden. No clin-
ical data were available for the isolates from this strain collection. Species
were confirmed by MALDI-TOF MS. For isolates displaying phenotypical
heterogeneity during growth on dalbavancin-containing agar,
MALDI-TOF MS was repeated after subculturing to exclude contamin-
ation. All isolates were stored at —80°C in preservation medium (trypti-
case soy broth; BD Diagnostic Systems, Sparks, MD, USA) supplemented
with 0.3% yeast extract (BD Diagnostic Systems) and 29% horse serum
(SVA, Uppsala, Sweden) at the Department of Laboratory Medicine,
Clinical Microbiology, Orebro University Hospital, Sweden.

For antibiotic susceptibility testing, isolates were subcultured on
Mueller-Hinton II agar 3.8% w/v plates (BD Diagnostic Systems) at 36°
C. The MICs for dalbavancin and vancomycin were determined on 0.5
McFarland bacterial suspension in 0.85% (w/v) NaCl on Mueller-Hinton
IT agar plates with gradient strips (Liofilchem, Roseto degli Abruzzi,
Italy; and Etest, bioMérieux, Marcy U'Etoile, France, respectively) incubated
for 20 hat 35°C. The DAL0.125 method, a modification of the VAN4 meth-
0d,?® was developed to screen for S. epidermidis isolates with reduced
susceptibility to dalbavancin. Briefly, 10 uL of a 0.5 McFarland bacterial
suspension was pipetted on four agar plates containing different antibiot-
ic concentrations (0.064 mg/L, 0.125 mg/L, 0.25 mg/L and 0.5 mg/L).
Isolates were incubated at 35°C, and subsequently evaluated according
to a protocol of ‘no growth’, ‘growth’ and ‘confluent growth’ at 24 and
48 h. When phenotypical heterogeneity was detected during growth on
dalbavancin-containing agar (n=16), the species was confirmed to be
S. epidermidis with MALDI-TOF MS, and isolates were subcultured and re-
evaluated by MIC gradient strip test.

Population analysis profile (PAP)-AUC

Ten derived strains with a > 2-fold increase in MIC were observed from 7
of the 16 isolates displaying phenotypical heterogeneity. These derived
strains, together with original (parental) strains and the four patient iso-
lates, were further analysed by the PAP-AUC method modified after
Wootton et al.?! In brief, 10 pL of a 0.5 McFarland bacterial suspension
was plated onto eight BHI agar plates (Brain Heart Infusion Agar; BD
Diagnostics, Sparks, MD, USA) containing serial dilutions of dalbavancin
at 0.064 mg/L, 0.125mg/L, 0.25mg/L, 0.5mg/L, 1.0 mg/L, 1.5 mg/L
and 2.0 mg/L, as well as agar plates without dalbavancin. Plates were in-
cubated at 36°C for 48 h, and colonies were counted both manually and
with the Interscience Scan 4000 colony counter (Interscience,
Saint-Nom-la-Bretéche, France). All isolates were tested in triplicate.
Subsequently, the total number of colonies growing on each plate was
transformed to common logarithm cfu/mL through multiplying the
counted number by 100 and then taking the logarithm. The chosen max-
imum of counted colonies was 1000, equalling 10° cfu/mL. An average
with SDs of log; ocfu/mL was calculated for every concentration. These re-
sults were plotted on a graph representing each bacterial isolate, using
the parental strain as reference for the derived strains, and AUC was cal-
culated with the trapezoidal rule. Finally, isolates that grew on 2 mg/L
agar (n=8) were subcultured on Mueller-Hinton II agar 14 times, fol-
lowed by an additional MIC determination.
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Table 1. Antimicrobial susceptibility testing of four S. epidermidis strains
isolated over 42 days from an 89-year-old man with PJI performed by

disc diffusion tests, except where noted. Numbers within parentheses are
zone diameter for disc diffusion tests or MIC values for gradient tests or

broth dilutions

p2
Isolate P1 20 P3 P4
Day 13 Tissue 48 55
post-arthroplasty Sterile biopsy Evacuated Superficial
Sample type puncture  (DAIR)  haematoma revision
SNP (P1 is reference) 0 1 18 19
Cefoxitin R (6) R (6) R (6) R (6)
Erythromycin R (6) R (6) R (6) R (6)
Clindamycin R (6) R (6) R (6) R (6)
Gentamicin R (6) R (6) R (6) R (6)
Fusidic acid R (8) R(11) R (6) R (10)
Trimethoprim/ R (6) R (10) R (6) R (6)
sulfamethoxazole
Norfloxacin R (11) R (14) (6) R (6)
Rifampin R (6) R (13 R (6) R (10)
Linezolid S (29) S (32 S(32) S (36)
Tetracycline S (25)
Daptomycin S (1) S (1) S (1) R (2)
(gradient test)
Vancomycin S(2) S(2) R (4) R (4)
(gradient test)
Vancomycin (broth) R (8) R (8) R (8)
Teicoplanin (broth) R (8) S (4) R (8)
Dalbavancin S (0.064) S (0.064) R (1.0) R (0.5)
(gradient test)
Dalbavancin (broth) R (1.0)

R, resistant; S, susceptible; SNP, single nucleotide polymorphism.
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Genome sequencing and genomic analysis

The 21 isolates where PAP-AUC was performed were further analysed by
WGS. All parental isolates of a lineage were assembled using SPAdes,??
and single nucleotide polymorphisms (SNPs) were called by mapping reads
of subsequent isolates against this assembly using the Burrows-Wheeler
Aligner (BWA-MEM) as implemented in version 1.0.0 of NASP.?* The GATK
Unified Genotyper?* was used with filters set to remove SNPs with
<10-fold sequencing depth and 90% unambiguous variant calls after du-
plicated regions of the assemblies were excluded using NUCmer.?®

To identify differences in gene presence/absence, all genomes were
assembled using SPAdes,?? filtered for contigs with minimum coverage
of 10x and a minimum length of 200 bp, and annotated using Prokka.?®
The pan-genome among all isolates was then identified using Roary,?’
and raw sequencing reads were mapped back to the reference sequence
of each gene using KMA28 to control for spurious assembly discrepancies.

Statistics

The AUC for individual isolates in each test round was compared within
the group of parent and derived isolates for each strain using either an in-
dependent samples t-test, one-way analysis of variance (ANOVA) or one-
way non-parametric ANOVA (Kruskal-Wallis test) depending both on the
number of isolates in the group and on whether the assumption of homo-
geneity of variance was met. Version 17 of the SPSS software package
(SPSS Inc., Chicago, IL, USA) was used, and the statistical significance le-
vel was set at P<0.05.

Ethics

The research was conducted in accordance with the Declaration of
Helsinki, and written informed consent was obtained from the patient.

Results
Antibiotic susceptibility testing

MIC values in the strain collection of S. epidermidis isolated from
PJIs ranged from 0.006 to 0.125 mg/L for dalbavancin and from

Vancomycin

M Dalbavancin

Figure 1. Distribution of MIC values determined by gradient tests for both dalbavancin and vancomycin on 64 isolates from a strain collection of S.
epidermidis from knee and hip PJIs. EUCAST breakpoints (accessed 12 November 2019) (S): dalbavancin <0.125 mg/L, vancomycin <2 mg/L.
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Table 2. Results from DALO.125 screening for reduced susceptibility after
24 and 48 h of incubation for isolates of S. epidermidis from hip and knee
PJIs (n=64) tested on agar plates containing four different
concentrations of dalbavancin. The result for one isolate at 24 h was not
available

No growth Growth Confluent growth
24h 48h 24h 48h 24h 48 h
0.064 mg/L 0 0 3 1 60 63
0.125 mg/L 0 0 6 6 57 58
0.25 mg/L 4 4 17 9 42 51
0.5 mg/L 13 10 48 50 2 4

0.38 to 3 mg/L for vancomycin (Figure 1). Results for DAL0.125
screening for reduced susceptibility were evaluable for 63 iso-
lates after 24 h and for 64 isolates after 48 h (Table 2). Growth
at 24 h at a dalbavancin concentration of 0.125 mg/L was de-
tected for isolates with an initial MIC as low as 0.006 mg/L. At
48 h, the number of isolates with growth or confluent growth
had increased. Initial MIC values for isolates displaying confluent
growth at 48 h on agar containing dalbavancin 0.5 mg/L were
0.032 mg/L, 0.047 mg/L and 0.125mg/L, respectively. A re-
peated MIC determination on isolates displaying confluent
growth on dalbavancin 0.5 mg/L agar showed no significant dif-
ferences from initial MIC values.

In 16 isolates, phenotypic differences in colony morphology
were observed after subculturing on agar containing dalbavan-
cin. MALDI-TOF MS confirmed that these isolates were S. epider-
midis. On repeated MIC determination, seven of these parental
isolates generated 10 derived strains with >2-fold changes in
MICvalues (Table 3), implying an altered status from dalbavancin
susceptible to resistant according to EUCAST breakpoints
(<0.125 mg/L, accessed 12 November 2019). These, together
with the four patient isolates (one parental and three derived),
comprised a collection of 21 isolates (8 parental strains, 13 de-
rived isolates) on which PAP-AUC was performed.

In addition, MIC determination for daptomycin was performed
by gradient test on both the four isolates obtained from the pa-
tient (Table 1), and the 17 investigated isolates from the collec-
tion (Table S1, available as Supplementary data at JAC Online).

PAP-AUC

All 21 isolates displayed growth of colonies on all agar plates con-
taining dalbavancin up to a concentration of 1.5 mg/L. At a con-
centration of 2 mg/L, nine isolates were inhibited so that no
growth was seen. The remaining 10 were also tested on agar
plates with a dalbavancin concentration of 4 mg/L, which inhib-
ited an additional eight isolates whereas growth was still de-
tected in two. In general, parental isolates displayed fewer
colonies on the dalbavancin-containing agar plates compared
with the derived strains. Four isolates (L1, L4, L6 and P1;
Figure 2b, ¢, g and h) showed significant differences, with lower
AUCs for parental isolates compared with derived strains.

For the eight isolates that grew on plates containing 2 mg/L of
dalbavancin during PAP-AUC, renewed MIC determination was

Table 3. Results from MIC determination of dalbavancin by gradient test
on 16 isolates of S. epidermidis from PJIs from knee and hip arthroplasties
displaying phenotypic differences in colony morphology after
subculturing on agar containing dalbavancin

Parental Derived Derived Derived Derived
strain MIC isolate A isolate B isolate C isolate D
(mg/L) MIC (mg/L)  MIC(mg/L)  MIC (mg/L)  MIC (mg/L)
0.012 0.016 0.023 — —
0.023 0.032 0.032 0.032 —
0.032 0.064 0.023 0.38¢ —
0.032 0.032 0.5¢ — —
0.032 0.75° 0.25° 0.094 —
0.032 0.047 0.023 — —
0.047 0.38° 0.032 — —
0.047 0.19° 0.38° — —
0.047 0.032 0.38° 0.094 —
0.047 1.5¢ 0.38° 0.032 —
0.047 0.064 0.023 — —
0.047 0.064 0.094 0.047 —
0.047 0.047 0.064 0.032 0.032
0.047 0.032 0.094 0.094 —
0.047 0.032 0.047 0.047 —
0.064 0.047 0.25° 0.094 —

“Denotes alterations with a > 2-fold increase in MIC.

performed, both after PAP-AUC and after an additional 14 subcul-
tures on agar plates without dalbavancin (Table 4). This revealed
decreased MIC values for six of the eight isolates after
subculturing.

WGS and genomic analysis

Genomic comparison of the patient isolates (P1-4) revealed sev-
eral SNPs in the core genome (Table S2). It is worth noting that
one SNP in the walK gene causing an amino acid change from
tyrosine to alanine was present at position 272; mutations in
this gene have previously been linked to reduced dalbavancin
susceptibility.***® Analysis of the accessory genome furthermore
revealed the acquisition of the erythromycin resistance gene
ermC in conjunction with the replication protein repL in the three
subsequent patient isolates (P2-4), as well as a 30 404 bp region
in the final two patient isolates (P3-4). This element carries sev-
eral genes (Table S3) including blaZ and blaR1, which are known
to confer resistance to B-lactams, and genes involved in biofilm
formation. These latter genes include epsH, which has been
speculated to be involved in production of the exopolysaccharide
component of the extracellular matrix during biofilm forma-
tion.>3! The presence of the tyrosine recombinase xerC further
suggests that this may be a phage-like mobile genetic element.
However, searching the public databases did not result in any ob-
vious hits besides other S. epidermidis genomes.

Despite these genomic changes in the patientisolates, we saw
no changes in isolates from the strain collection where PAP-AUC
was performed. Pairwise comparison of derived isolates with
their parental S. epidermidis from the strain collection only
showed absence of ermC in isolate L3_d, and no SNPs.
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Figure 2. PAP performed on Staphylococcus epidermidis isolated from prosthetic joint infections. (a-g) Isolates from the strain collection that devel-
oped an increased MIC value during subculturing on dalbavancin-containing agar. (h) Clinical isolates from the patient isolated at different dates dur-
ing the clinical course (see Table 1). Each graph represents the change of growth of total colonies (log;ocfu/mL) at different antibiotic concentrations
(mg/L) of dalbavancin. In every part of the figure, the first isolate listed in the legend is the parent strain whereas the others represent the derived
isolates. Error bars indicate SD. The P value for the difference between the groups is presented at the bottom left.
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Table 4. MIC determination of eight S. epidermidis isolates that displayed
growth on agar plates containing 2 mg/L of dalbavancin. Analysis
performed after the PAP-AUC and repeated after being subcultured 14
times on agar plates without any antibiotic

Initial MIC MIC after PAP-AUC  MIC after 14 subcultures

(mg/L) (mg/L) (mg/lL)
L1 0.047 1 1
L2d a 0.38 1.5 1
L3 0.032 0.5 0.5
L4d a 0.19 0.75 0.125
L5d a 0.38 0.25 0.094
P1 0.064 0.094 0.064
P3 1 1 0.5
P4 0.5 1 0.38
Discussion

We here present a case with emerging dalbavancin resistance in S.
epidermidis during PJI treatment, resulting in treatment failure and
consequently long-term suppressive antibiotic therapy. Further
analysis of S. epidermidis isolates from a PJI strain collection de-
monstrated that despite being fully susceptible according to
EUCAST breakpoints, all 64 tested strains demonstrated growth
at 48 h on agar containing dalbavancin up to 0.125 mg/ L, and
54 still grew at a concentration of 0.5 mg/L. Because the long half-
life of dalbavancin has been presented as a risk factor for develop-
ment of reduced antibiotic susceptibility by prolonging the mutant
selection window, %3 these data are of concern.
Pharmacokinetic/pharmacodynamic data suggest that two
1500 mg doses 1 week apart result in adequate bone and
synovial fluid concentrations above the staphylococcal MIC
of 0.125mg/L for 6-8 weeks, and that the simulated AUC
would be similar to that of a 1000 mg loading dose followed
by four 500 mg weekly doses.® However, because the MBICqg
and MBBCqg reported for dalbavancin are considerably higher
than the MICqo,® there might be a risk of introducing an
evolutionarily selective pressure on staphylococci in orthopaedic
biofilm-associated infections such as PJIs. A similar scenario
could occur in abscesses during the last few days before admin-
istration of the next dose in a weekly dosing strategy, because
animal data have shown that staphylococcal regrowth in tissue
fluid commenced 4-5 days after one dose.?? Because the inocu-
lum size matters both in the selection of subpopulations with re-
duced susceptibility and in the stepwise accumulation of
mutations proposed in staphylococcal glycopeptide heteroresis-
tance,'*3? adequate source control is important in preventing
the emergence of reduced susceptibility during long-term dalba-
vancin treatment. In the present case, it is possible that the
rivaroxaban-associated haematoma provided beneficial bacter-
ial growth conditions leading to the presence of a large inoculum
during treatment with vancomycin and dalbavancin, thus facili-
tating the evolution of dalbavancin resistance. Because the
underlying genetic alterations in reduced susceptibility to dalba-
vancin are similar to those reported in other staphylococci with
reduced glycopeptide susceptibility,'* the risk posed by antibiotic
pressure may be comparable for glycopeptides and

lipoglycopeptides. Still, the MIC values for dalbavancin are signifi-
cantly lower than those for vancomycin, and 61% (39/64) of iso-
lates in this study showed a vancomycin MIC of >2 mg/L whereas
only 2% (1/64) showed a dalbavancin MIC of >0.125. Therapeutic
drug monitoring is not currently used in clinical routine for dalba-
vancin in the way it is for vancomycin. However, in an open label
randomized clinical trial,>* a dosing regimen of 1000 mg dalba-
vancin followed by 500 mg on day 8 led to a mean concentration
of 21.2 mg/L, but an interindividual variation with a range of 7.6-
40.1 mg/L at day 12 after the second dose. Thus, determining
serum concentrations during dalbavancin treatment could lead
to improved and individualized dosages and dose intervals in or-
der to reduce the mutant selection window.

True vanA-mediated glycopeptide resistance is rare among
S. epidermidis, whereas reduced susceptibility due to alterations
in cell wall metabolism is more common.*> Heteroresistance
comprises a mixed range of susceptibility in what appear to be
isogenic bacterial cultures.*® However, MIC determination is in-
sufficient for the detection of heteroresistance in S. epidermidis.*®
Further analysis with PAP-AUC (Figure 2a-h) demonstrated sig-
nificant alterations between the fully susceptible patient strains
(P1, P2) and those isolated during treatment failure (P3, P4).
This pattern was also seen in three of the in vitro generated
groups (L2, L4 and L6), whereas no significant alterations could
be detected in the remaining groups.

The development of heteroresistance is not linked to only one
mechanism, but rather is a stepwise process. Among the most
commonly described alterations are non-synonymous mutations
in the genes encoding the WalKR two-component system that
contribute to alterations in cell wall metabolism,***>® although
several other genes may also be involved.?” Analyses of the gen-
omic data for the patient isolates revealed a novel mutation in
walK that, in combination with the detection of other genetic var-
iations across the genomes, was linked to increased resistance.
We also observed other genetic variability between these closely
related isolates, similar to a recent study in heterogeneity in S.
epidermidis PJIs.*® These differences include a likely acquisition
of other resistance markers that could indicate the selection
pressure under which these isolates thrived.

However, no genetic differences were observed among the in
vitro collection, indicating that the regulatory, epigenetic or
extracellular mechanisms of persister cells*® could be involved
in the observed reduced susceptibility. Consequently, subcultur-
ing strains 14 times post-exposure led to a decrease in MICvalues
for six of eight isolates, even though most isolates still had higher
MIC than before PAP-AUC. This could be explained by adaptive re-
sistance, a phenomenon initiated by external stress (e.g. environ-
mental factors such as antibiotic exposure) but reversed when
the trigger factor was removed, thus making the bacteria return
to a more susceptible phenotype.*® The mechanisms behind this
adaptive resistance are believed to include intricate molecular
processes, but also epigenetic changes because genetic changes
would neither appear, nor reverse, at such a quick pace.
Epigenetic mechanisms of the bacterial genome differ from the
systems that have been studied in eukaryotes, because the bac-
terial DNA is not packed in histones. The mechanisms set in place
for epigenetic changes in bacteria are associated with modifica-
tions of their DNA and RNA, such as methylation of the DNA. This
is a defence mechanism that enables bacterial endonucleases to
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recognize foreign unmethylated DNA and to degrade it.*!

Because epigenetic processes are dynamic and dependent on
environmental factors, this could be a plausible explanation for
the reduced susceptibility to dalbavancin among isolates where
no genetic alterations were detected.

Because previous studies*?*® of S. aureus have demonstrated
cross-resistance between glycopeptides and daptomycin, and
the molecular basis for the genomic evolution has been re-
ported,** we included MIC determination for daptomycin of the
S. epidermidis isolates investigated in the present study. When
comparing parental isolates and derived isolates no significant
alteration of the MIC values, i.e. <1-fold difference in MIC, were
found, with one exception, L4.

There are several limitations of the present study. We used a
gradient test method rather than broth dilution method for the
MIC determination. Gradient tests have been reported to over-
estimate MIC values for glycopeptides,*® though a recent study
found no large discrepancies.*® However, the isolates obtained
from the patient reported in the present study displayed 1-
2-fold lower MICvalues for vancomycin when determined by gra-
dient test compared with the broth microdilution method. Still, all
analyses in this study were performed by the same method.
Another limitation was that only a subset of the strain collection
was analysed by PAP-AUC and WGS. Because these methods are
laborious, the strategy was to select strains with a >2-fold in-
crease in MIC after subculturing on dalbavancin-containing med-
ia for further analysis. Furthermore, Illumina sequencing does not
allow for detecting epigenetic changes in derived strains; this
would have required sequencing and extensive analyses of
data from other next-generation sequencing platforms. Still,
the demonstration of emergence of resistance to dalbavancin
in vivo in a patient as well as the development of S. epidermidis
subpopulations with reduced susceptibility in vitro is regarded
as a strength.

In conclusion, dalbavancin exposure both in vitro and in vivo
can lead to reduced antibiotic susceptibility in S. epidermidis.
The mechanisms behind this might include selection of pre-
existing heteroresistant subpopulations or persister cells, epigen-
etic changes or spontaneous mutations in regions involved in cell
wall synthesis during antibiotic pressure. Considering the long
half-life of dalbavancin in combination with specific challenges
in the treatment of PJIs, adequate source control in combination
with assurance of adequate serum concentrations may be re-
quired to reduce the risk of emergence of reduced dalbavancin
susceptibility during treatment.
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