The Journal of Antibiotics (2017) 70, 98-101
© 2017 Japan Antibiotics Research Association Al rights reserved 0021-8820/17

www.nature.com/ja

NOTE

Impact of Staphylococcus aureus accessory gene
regulator (agr) system on linezolid efficacy by profiling
pharmacodynamics and RNAIIl expression
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Clinical ~failures of vancomycin against methicillin-resistant
Staphylococcus  aureus (MRSA) have challenged its role as the
therapeutic backbone for MRSA infections. The rise of strains with
reduced vancomycin susceptibility,! together with low penetration
rates to specific infection sites, > and significant nephrotoxicity risks*
further contribute to concern regarding the utility of vancomycin.’
Consequently, newer anti-staphylococcal agents, such as linezolid,
have drawn considerable attention as therapeutic alternatives. Line-
zolid exerts its mechanism of action by binding to the 23S ribosomal
RNA of the S. aureus 50S subunit and interfering with the formation
of the 70S initiation complex, thereby preventing translation of
proteins.® The relatively unique mechanism of action theoretically
harbors little potential for cross-resistance with existing agents used to
treat MRSA. In addition, linezolid exhibits potent activity against
MRSA and superior pharmacokinetic properties in comparison to
vancomycin”® with ~100% oral bioavailability and more extensive
distribution at therapeutic concentrations.

Reduced vancomycin susceptibility in MRSA strains has been
associated with a dysfunctional accessory gene regulator (agr)

operon,>!0

which comprises four polymorphic groups (I-IV) that
have a key role in regulating multiple virulence pathways through
quorum sensing mechanisms. In comparison to strains with regular
agr function, S. aureus strains dysfunctional in agr have been shown to
require approximately fourfold-higher doses of vancomycin.!?
In contrast, suppression of agr activity was recently demonstrated in
the presence of clinically achievable concentrations of linezolid
administered over 48 h.!! Bacteriostasis was achieved against four
MRSA strains (USA100, USA300, USA400 and ATCC 29213).
Although these results are promising, the relationship between the
agr operon and linezolid activity against S. aureus is unclear. Thus, the
aim of the present study was to define the pharmacodynamics of
linezolid against isogenic strains of agr-positive and agr-negative
S. aureus. A secondary objective was to define the temporal association
between linezolid exposure and agr function by profiling the primary
transcript, RNAIIL In vitro time-kill and hollow-fiber models were

employed, with the latter designed to simulate human linezolid
pharmacokinetics with clinical regimens.

Three agr-positive S. aureus strains harboring agr-groups 1, II and
IV (RN6390, RN6607 and RN4850, respectively), as well as isogenic
strains negative for agr-groups I, IT and IV (RN6911, RN9120 and
RN9121, respectively) were obtained from the Network on Antimi-
crobial Resistance in Staphylococcus aureus. Prior to each experiment,
solutions of linezolid were prepared from analytical grade powder
(Pfizer, Groton, CT, USA) to achieve concentrations that ranged from
0.5X to 64X the MIC in twofold multiples (linezolid MIC=1 mg1~!
for all strains, as determined by microdilution).!2 Cation-adjusted
Mueller-Hinton broth (caMHB; Difco, Detroit, MI, USA; 12.5 mg 17!
magnesium and 25mgl~! calcium), and tryptic soy agar with 5%
sheep’s blood were utilized for all experiments. The inclusion of
sheep’s blood in tryptic soy agar plates allowed for the visualization of
hemolysis by virulence factors under the control of the agr system and
was used to confirm the absence or presence of agr activity. After
achieving a starting inoculum of 10°CFU ml~!, time-killing experi-
ments were conducted over 48 h as described previously.!?

In addition, a hollow-fiber infection model (HFIM) was used to
investigate the agr-positive group II strain and the accompanying
isogenic agr-negative group II strain as previously described.!*
The agr-group II isolates were chosen for analysis in the HFIM
because of previous suggestions that agr group II may be associated
with resistance to other antimicrobials.” Briefly, a cellulosic cartridge
(FiberCell Systems, Frederick, MD, USA) incubating at 37 °C was
used to mimic a MRSA infection with a 10°CFU ml~! bacterial load.
Although bacteria were trapped in the extra-capillary space of
the cartridge, fresh caMHB and linezolid were diffused through the
porous fibers in a manner analogous to a circulatory system. Since the
area under the concentration-time curve (AUC/MIC) is the pharma-
cokinetic index most predictive of linezolid efficacy, the linezolid
infusion simulated the AUC achieved in the clinical regimen of
600 mg every 12 h (fAUC;_,4 124), assuming a protein binding level of
31% and a terminal half-life of 4.8 h (fCp. 10.4mg1~1).15 At 0, 24,
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48, 72, 96, 144, 192 and 240 h, samples were collected for viable
bacterial counts, population analysis profiles, and RNAIII profiling
(in the agr-positive strain). Population analysis profiles were
conducted by plating bacterial samples onto Mueller-Hinton agar
imbued with linezolid at 4, 8, and 16 mgl~!. Samples were also
centrifuged at 14 000 r.p.m. for 5 min then decanted; the supernatant
was frozen at —80°C and used for a quantitative real-time PCR
analysis as detailed previously.'!

For time-killing experiments, an integrated pharmacokinetic-
pharmacodynamic analysis was used to account for the entire
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time-course of the experiments. For each linezolid concentration,
the area under the CFU (AUCFU) curve was calculated and
normalized by the AUCFU of the growth control. Taking the log of
the normalized AUCFU yielded the log ratio area as shown in
equation (1). Plotting the log ratio area for each linezolid
concentration resulted in a sigmoidal curve that was fit with the
Hill-type function in equation (2) (SYSTAT version 13.00.05, Systat
Software Inc., Chicago, IL, USA). In equation (2), E represents the
bacterial killing effect of linezolid, E is the effect in the absence of
drug, E, . is the maximal drug effect, the EC5 is the concentration of
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Figure 1 Time-kill profiles describing the change in bacterial density over 48 h of agr-positive (a, d, g) and -negative (b, e, h) MRSA strains belonging to agr
groups | (a—c), Il (d-f) and IV (g-i). Each time-kill profile illustrates results for growth control (black), and exposure to linezolid concentrations of 0.5x MIC
(red), 1.0xMIC (light green), 2.0xMIC (light blue), 4.0xMIC (pink), 8.0xMIC (brown), 16 xMIC (dark green), 32xMIC (gold) and 64 x MIC (dark blue).
Pharmacodynamic relationships modeled according to Hill-type functions are presented in c, f and i, for groups I, Il and 1V, respectively (parameter estimates
listed on the left for agr-positive strains and on the right for agr-negative strains). A full color version of this figure is available at The Journal of Antibiotics

journal online.
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linezolid the produces 50% of the maximal effect, C is the concentra-
tion of linezolid, and H is the sigmoidicity constant. Finally, an
additional analysis was conducted in which the log ratio change
(log;oCFU ml~! reduction by 48 h) was calculated for each linezolid
concentration and a paired f-test with two tails was used to assess
differences between agr-positive and agr-negative strains (R Version
3.1.2).10

(1)

AUCFU,
Log ratio area = log 10< drug )

AUC FUcontrol

H
=gy Ll @)
(ECs0)"+(C)
Time-killing profiles describing the effect of linezolid on the bacterial
density (logoCFU ml~1) of paired agr-positive (Figures 1a, d and g)
versus-negative (Figures 1b, e and h) MRSA strains of agr-groups I, II
and IV, are presented in Figure 1. In S. aureus strains containing agr
groups I, IT and IV, agr functionality did not alter the performance of
linezolid. By 48 h, linezolid achieved a 3.10, 2.67 and 3.32 maximal
log;oCFU ml~! reduction (groups I, II and IV, respectively) against
strains with a functional agr system, whereas the isogenic agr
knockouts experienced a comparable 2.99, 2.19 and 2.93 maximal
log;¢CFU ml ™! reduction. Similarly, a paired t-test evaluating the log
ratio change at 48 h for each linezolid concentration did not reveal a
significant difference between agr-positive and agr-negative strains
(P=0.81, 0.07 and 0.41 for agr groups I, IT and IV, respectively).

To further evaluate how agr functionality impacts linezolid
pharmacodynamics, a Hill-type function was used to integrate all
the data obtained in CFU plots (Figure 1). Overall, the Hill-type
function fit the data well with R? values exceeding 0.98 for each model.
Parameter estimates from the Hill plots indicated that the maximal
activity of linezolid was not altered by agr functionality: E,, values for
agr-positive strains mirrored those of agr-negative strains (Eax
agr-positive vs -negative=3.59 vs 3.49, 3.45 vs 3.37, and 3.21 vs
3.41, agr groups I, IT and IV, respectively). Moreover, differences in
ECs values for agr-positive and negative strains were <0.35mgl~!
for all the agr groups investigated.

In addition to the time-killing experiments, a HFIM was used to
simulate a linezolid regimen of 600 mg every 12 h against an agr group
II positive strain and its accompanying isogenic agr knockout
(Figure 2). After 240 h of linezolid exposure, 4.99 log;oCFU ml~!
(logipAUCFU=8.62 log;(CFU*hml~1) of agr-positive S. aureus
remained in the simulated infection site, whereas 4.41 log;(CFU ml~!
(log;g)AUCFU=8.03 log;(CFU*hml~!) of the agr knockout

Log,,CFU/mL
S
Log,,CFU/mL

—@— Total Population
< 4 xMIC Resistant Subpopulation
——d&-—- 8 x MIC Resistant Subpopulation

—@— Total Population
€ 4 xMIC Resistant Subpopulation
~—#—- 8 x MIC Resistant Subpopulation

8
7
6'/‘\”““\.
5
4
3
2

remained. Not only were the CFU plots similar between the agr
functional strain and its accompanying agr knockout, but linezolid
also completely suppressed the emergence of resistant subpopulations
in both experiments. Furthermore, an RNAIII expression analysis of
the agr-positive HFIM experiment found that RNAIII transcription
transiently increased and plateaued between 24 and 72 h, followed by a
general decrease in RNAIII expression that reached a nadir at 144 h
(Figure 2, c). The transient increase in RNAIII transcription in the
current study contrasts with a previous investigation that found
RNAIII transcription continuously decreased in USA 300 during
linezolid exposure.11 However, the relative increase in RNAIII
expression from baseline was relatively small (<4 x baseline) in the
present investigation relative to the increase in RNAIII expression
previously observed when USA 300 multiplied in the absence of
linezolid exposure (>10X baseline). Similarly, relative RNAIII
expression also transiently increased >10x baseline when USA 300
was exposed to 2g of vancomyin ql2h in a previous HFIM
experiment.!”

In the present study, we sought to characterize the impact of
agr-dysfunction on linezolid pharmacodynamics. Time-killing studies
evaluating S. aureus with a group I, II or IV agr system suggest agr
dysfunction did not significantly alter the activity of linezolid.
Although the attenuation of linezolid’s activity approached significance
for the agr group II knockout strain (P=0.07), an HFIM analysis
demonstrated that agr group II dysfunction did not alter the
performance of linezolid in a simulated 10 day infection. The HFIM
also showed that administration of linezolid did not result in the
emergence of resistant subpopulations regardless of agr functionality.
However, the HFIM only profiled resistance over 10 days and utilized
population analysis profiles with linezolid concentrations of 4, 8, and
16 mgl~!. It is possible that prolonged exposure may result in
the amplification of linezolid resistance that may not be detected by
the 10 day population analysis profile analysis.

Determination of antimicrobial activity primarily
consideration of the extent of bacterial killing achieved upon drug
exposure; however, the antimicrobial influence on the expression of
virulence factors which affect the pathogenesis of infection may also be
integral in the overall assessment of efficacy. This is particularly true
for S. aureus, which is notorious for producing a wide spectrum of
toxins in a growth-dependent manner, coordinated through quorum
sensing processes under the overall control of the agr regulatory
locus.!® In the present investigation, the temporal RNAIII profile
displayed in Figure 2¢ indicates that the reduction in RNAIII induced
by traditional linezolid regimens against the agr group II strains was

entails

r.

Relative Expressicn
of RNAII Compared to Oh

1 —-— 16 x MIC Resistant Subpopulation 1 —-%-— 16 x MIC Resistant Subpopulation
0 09 0.1
0 24 48 72 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240
Time (h) Time (h) Time (h)

Figure 2 Hollow-fiber infection results illustrating the change in bacterial burden over 240 h for simulated linezolid regimens of 600 mg every 12 h against
group Il agr-positive (a) and agr-negative (b) S. aureus. The temporal profile of the primary transcript of agr, RNA 1ll, by real-time PCR following exposure to
the simulated linezolid regimens is also shown (c). A full color version of this figure is available at The Journal of Antibiotics journal online.
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delayed, with a modest difference noted by 240 h in comparison with
baseline. Linezolid may therefore help control virulence and play a
pivotal role in severe toxin-mediated disease caused by certain
MRSA strains.

Taken together, these data suggest that linezolid effectively over-
comes agr-dysfunction and may play a primary role in toxin-mediated
disease, offering a valuable therapeutic alternative for the treatment of
MRSA strains resistant to vancomycin. Linezolid’s ability to suppress
the emergence of resistance and its favorable pharmacokinetic profile
make the agent ideal in situations where vancomycin resistance is
likely to develop due to low cell-wall penetrability, heterogeneous
resistance, or for infections that entail a high bacterial density
(for example, bilobar MRSA pneumonia). However, a significant
limitation of the current study is the use of three out of four agr types,
and it is possible that agr group III S. aureus strains may respond
differently to linezolid exposure. Further in vivo investigations that
quantify linezolid’s impact on toxin release and the subsequent impact
on immune-mediated bacterial clearance are needed to fully elucidate
linezolid’s utility in the treatment of MRSA infections.
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