J Antimicrob Chemother 2019; 74 Suppl 3: ii5-iii10
doi:10.1093/jac/dkz085

Journal of
Antimicrobial
Chemotherapy

In vivo pharmacodynamics of lefamulin, the first systemic
pleuromutilin for human use, in a neutropenic murine
thigh infection model

Wolfgang W. Wicha*, William A. Craig?t and David Andes?

!Nabriva Therapeutics GmbH, Vienna, Austria; ?University of Wisconsin School of Medicine and William S. Middleton Memorial Veterans

Hospital, Madison, WI, USA

*Corresponding author. Tel: +43 (0)1 740 93-0; E-mail: wolfgang.wicha@nabriva.com
tDeceased.

Objectives: To characterize the pharmacokinetics (PK) and pharmacodynamics (PD) of lefamulin in the neutro-
penic murine thigh infection model to ascertain (i) which PK/PD index best correlates with efficacy and (ii)
whether the magnitude of the index that drives efficacy varies for different pathogens.

Methods: We evaluated the in vivo PK/PD of lefamulin against five Streptococcus pneumoniae and five
Staphylococcus aureus strains using a neutropenic murine thigh infection model. The relationships between bac-
terial burden in the thigh of normal and neutropenic mice after 24 h of lefamulin treatment and various PK/PD in-
dices were determined.

Results: The kinetics of the three doses was linear by AUC. Rate of killing was maximal at concentrations near
the MIC; suppression of regrowth was dose dependent, with a post-antibiotic effect of 3.0-3.5 and 1.0-1.5h
against S. pneumoniae and S. aureus, respectively. The efficacy of lefamulin correlated most strongly with the
AUCy_,,4/MIC ratio; coefficient of determination was 79.9% for S. pneumoniae and 78.3% for S. aureus. The mag-
nitude of the 24 h AUC/MIC of total drug required ranged from 9.92 to 32.1 for S. pneumoniae and 40.2 to 82.5
for S. aureus, corresponding to free drug values (~20% free fraction) of 1.98-6.42 and 8.04-16.5, respectively.

Conclusions: Lefamulin, the first systemically available pleuromutilin in humans, exhibits time- and concentration-
dependent killing. The presence of white blood cells had only a slight effect in enhancing the activity of the drug,
indicating a leucocyte-independent effect. The identified driver of efficacy, the AUCo_,4/MIC ratio and the ratios

determined against various S. aureus and S. pneumoniae strains, will inform further non-clinical and clinical trials.

Introduction

To be effective, antimicrobial agents must penetrate the infected tis-
sue at adequate concentrations that are maintained at a sufficient
level and/or time course to achieve the desired antibacterial effect.
The MIC, which is measured in vitro, does not provide information on
the time course of antimicrobial activity in vivo, including effects that
persist after drug tissue concentrations fall below the MIC [i.e. the
in vivo post-antibiotic effect (PAE)]. Thus, optimal antimicrobial dos-
ing regimens must be determined by evaluating the interrelationship
between pharmacokinetics (PK) and pharmacodynamics (PD); i.e.
the rate of antibacterial activity, its dependence on concentration or
the time of exposure, and the presence or absence of a PAE. Studies
of murine infection models have been used to identify the PK and PD
measures that are associated with efficacy for many classes of
agents.’™ The results obtained from these studies in animal models
have been similar to those observed in humans.®

Lefamulin is an antimicrobial agent from the pleuromutilin class
that is in development for oral and intravenous administration in
patients. In vitro studies have shown that lefamulin has potent ac-
tivity against a variety of Gram-positive and Gram-negative bacteria
that cause skin and respiratory tract infections.”~** Previous in vitro
and in vivo studies have shown that lefamulin achieves high intra-
cellular concentrations, accumulates in the macrophages and pro-
vides good tissue and organ penetration.'>!* (See the article
in this Supplement entitled ‘Pharmacokinetics/pharmacodynamics
of lefamulin in a neutropenic murine pneumonia model with
Staphylococcus aureus and Streptococcus pneumoniae’ for details
on macrophage accumulation.'®) Lefamulin was previously eval-
uated in a Phase 2 study in patients with skin and skin structure
infections'>*® and was recently evaluated in two Phase 3 trials in
patients with community-acquired bacterial pneumonia.* '
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The goal of the present studies was to characterize the PK
and PD of lefamulin in the neutropenic murine thigh infection
model to ascertain (i) which PK or PD index best correlates with
the efficacy of lefamulin and (i) whether the magnitude of the
index that drives efficacy varied for different pathogens. These
studies should provide guidance for dosing regimen selection
for the successful administration of lefamulin for the treat-
ment of patients with infections caused by drug-resistant,
Gram-positive bacteria.

Materials and methods
Ethics

The murine infection model studies were approved by the Animal Research
Committee of the University of Wisconsin and the William S. Middleton
Memorial Veterans Hospital, and were carried out in adherence with the
laws and animal care guidelines of the USA.

Drug PK

Single-dose PK studies were conducted in thigh-infected ICR Swiss mice
using a non-compartmental model. Neutropenia was induced chem-
ically (see Murine infection model section below). Animals received sin-
gle subcutaneous doses of 10, 40 and 160mg/kg lefamulin; linear
interpolation was used for PK of the in-between dose levels. For each
dose, blood samples were obtained at 0.5, 1, 3, 6,9 and 12 h after dosing
by cardiac puncture (n=3 per dose and timepoint). Samples were centri-
fuged, and serum was stored at -70°C. Lefamulin free base concentra-
tions in mouse serum were measured by an unpublished fit-for-purpose
method (data on file, Nabriva Therapeutics GmbH) based on protein pre-
cipitation followed by dilution with water and LC-MS/MS detection. The
lower limit of quantification (LLOQ) was 5.00 ng/mL, and the upper limit
of quantification was 5000ng/mL. The accuracy of quality control sam-
ples was between 75.9% and 113.8% (internal limit: +30%), with a pre-
cision of <4.8% (internal limit: <30%). The R? was between 0.995 and
1.000 (internal limit: >0.99). PK data were analysed using the sparse
sampling non-compartmental method (Phoenix WinNonlin 6, Certera,
Princeton, NJ, USA) based on nominal timepoints. AUC values were
determined using the linear trapezoidal method. The level of plasma
protein binding was determined by LC-MS/MS after equilibrium dialysis
of pooled seraat 0.12,0.53 and 3.25 mg/L.

Susceptibility studies

The study organisms and their lefamulin MICs are listed in Table 1. The sus-
ceptibilities to lefamulin of five S. pneumoniae strains and five S. aureus strains
were evaluated using standard microdilution techniques from the CLSL*®

Murine infection model

The infection model studies used specific-pathogen-free, female ICR/Swiss
mice weighing 23-27g (Harlan Sprague Dawley, Madison, WI, USA).
Neutropenia was induced chemically using two intraperitoneal injections of
cyclophosphamide (Mead Johnson Pharmaceuticals, Evansville, IN, USA): one
injection of 150 mg/kg 4 days before infection and one injection of 100 mg/kg
on the day before infection, as described previously.>* The neutropenic
murine thigh infection model was used for all experiments. S. aureus and
S. pneumoniae strains with MICs ranging from 0.06 to 0.12 mg/L were used
as infectious agents. Groups of two mice (four thighs per dosing regimen)
were infected with 100 uL (containing ~10°-10° cfu of the infectious organ-
ism) by injection into one or both thighs 2 h before lefamulin was adminis-
tered subcutaneously. The animals were sacrificed 24h after the first
administration, and thighs were removed aseptically and homogenized in a

Table 1. MICs of lefamulin for study organisms

Organism MIC (mg/L) Resistance summary
S. aureus ATCC 25923 0.12 MSSA

S. aureus ATCC Smith 0.06 MSSA

S. aureus ATCC 33591 0.06 MRSA

S. aureus UW 307109 0.12 HA-MRSA

S. aureus WIS-1 0.06 HA-MRSA

S. pneumoniae ATCC 10813 0.12 PSSP

S. pneumoniae CDC 145 0.06 PRSP, MR

S. pneumoniae CDC 1020 0.12 PRSP, MR

S. pneumoniae CDC 1293 0.12 PRSP, MR

S. pneumoniae CDC 1329 0.06 PRSP, MR

HA, hospital-acquired; MR, macrolide resistant; PSSP, penicillin-

susceptible S. pneumoniae; PRSP, penicillin-resistant S. pneumoniae.

saline solution. To evaluate cfu, aliquots of 10-fold serial dilutions were plated
(10pL) on blood agar plates and incubated at 37°C for 20h; LLOQ was
100cfu. The common logarithms of cfu/thigh values were used for all
calculations.

In vivo PAEs

At 2 h after infection with either S. pneumoniae (ATCC 10813) or S. aureus
(ATCC 25923), mice were treated with single subcutaneous doses of lefa-
mulin (10, 20 or 40mg/kg). Groups of two treated mice (four thighs) and
saline-treated control mice were sacrificed at the timepoints of 0, 2, 4, 6, 9,
12 and 24 h. The thighs were removed at each timepoint and were proc-
essed immediately for cfu determination. PAE was calculated using dose-
specified parameters by the following equation: PAE = T-C, where Cis the
time for the growth of 1 log; o cfu/thigh in control animals, and T is the time
for the growth of 1log,qcfu/thigh in treated animals after total and free-
drug levels in plasma had fallen below the MIC.?°

PD parameter determination

For each dosage regimen studied, the PK/PD index that correlates best with
efficacy was evaluated by relating the number of bacteria in the thigh at
the end of 24 h of therapy with (i) Cmex/MIC ratio, (ii) 24 h AUC/MIC ratio,
and (i) Temic; %T-mic was calculated using dose-specified parameters.
Neutropenic mice were infected, as described above, with penicillin-
susceptible S. pneumoniae ATCC 10813 or methicillin-susceptible S. aureus
ATCC 25923. Total daily doses of lefamulin between 5 and 160 mg/kg were
fractionated into one, two, four or eight doses to vary the PK/PD indices and
limit the interdependence among parameters with dose escalation. Drug
doses were administered subcutaneously in 0.2 mL volumes. The mice
were sacrificed after 24 h of therapy, and the thighs were removed and
processed for cfu determination. Saline-treated control mice were sacri-
ficed just before treatment as early control and after 24 h.

PK/PD target determination

To determine the 24h fAUC/MIC required for a static effect, we studied
the activity of twice-daily (q12h) dosing regimens of lefamulin against
five S. aureus or S. pneumoniae strains with MICs ranging from 0.06 to
0.12 mg/L. The total daily dose of lefamulin varied from 5 to 320 mg/kg sub-
cutaneously q12h. Thus, in infected mice, 10mg/kg was the lowest dose
tested; linearity was assumed below 10 mg/kg. The mice (two mice/four thighs
per dosing regimen) were sacrificed after 24 h of therapy, and the thighs were
removed and processed for cfu determination. Saline-treated control mice
were sacrificed just before treatment as early control and after 24 h.
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Data analysis

The correlations between efficacy and the PK/PD indices (Crax/MIC ratio,
AUCq_24/MIC ratio and T-wyc) were determined by non-linear least-squares
multivariate regression for each dosage regimen and PK/PD index studied.
The coefficient of determination (R?) was used to estimate the variance that
could be due to regression for each PK/PD index. Free-drug concentrations
were used to calculate the magnitude of the various indices. The dose-
response results of these studies were analysed using the sigmoid dose-ef-
fect model. The model is derived from the Hill equation, E = (Epax X DV)/
(ED’;‘O + D), where E is the effect or, in this case, the log change in the number
of cfu per thigh between treated mice and untreated control mice after the
24 h period of study; Emnex is the maximum effect; D is the total dose adminis-
tered over 24 h; EDs is the dose required to achieve 50% of Eqy; and Nis the
slope of the dose-effect curve. The indices Eqnax, EDso and N were calculated
by non-linear least-squares regression. SigmaStat was used for data analysis,
and both upper and lower bounds were included.

Results
Drug PK

The serum concentration-time curves after single subcutaneous
doses of 10, 40 and 160 mg/kg lefamulin are shown in Figure 1. In
general, the 160 mg/kg dose of lefamulin was well tolerated by the
mice. The 10 and 40 mg/kg doses of lefamulin administered sub-
cutaneously were likewise well tolerated by all the animals. Linear
regression showed that the kinetics of the three doses was linear by
AUC. PK parameters calculated using a non-compartmental ap-
proach are listed in Table 2. The plasma concentration of lefamulin
ranged from 0.02 to 4.2 mg/L: 80% of the drug was bound to protein
in the plasma, staying constant over concentrations of 1-10 mg/L.

In vivo time-kill and PAEs

The effects of single doses of 10, 20 and 40 mg/kg of lefamulin on
the in vivo killing and regrowth of S. pneumoniae ATCC 10813 and
S. aureus ATCC 25923 are shown in Figure 2. For both organisms,
the rate of killing was maximal at the lowest dose studied; how-
ever, the duration of regrowth suppression was dose dependent.
Regrowth of S. pneumoniae began 4 h after administration of the
10 mg/kg dose and 6 h after administration of the 40 mg/kg dose.
Regrowth of S. aureus began 2 h after administration of the 10 mg/
kg dose and 4h after administration of the 40 mg/kg dose. For
both organisms, regrowth after the 20 mg/kg dose was intermedi-
ate between that of the other two doses. These results demon-
strate that the in vivo PAE of lefamulin against S. pneumoniae was
~3.0-3.5hand against S. aureus was ~1.0-1.5 h.

Correlation of PK and PD indices

Correlation was assessed by visual inspection and then determin-
ation of R? for the observed relationship between the number of
bacteriain the thigh at the end of 24 h of therapy and PK/PD indices
for S. pneumoniae (Figure 3a) and S. aureus (Figure 3b). The effi-
cacy of lefamulin correlated best with the AUCq_,.4/MIC ratio, fol-
lowed by the T-omic. The R? value for the AUCq_»4/MIC ratio was
79.9% for S. pneumoniae and 78.3% for S. aureus. The R? value for
the T-mic was 68.1% for S. pneumoniae and 77.5% for S. aureus.
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Figure 1. Serum concentrations of lefamulin in thigh-infected neutro-
penic mice following subcutaneous dosing. Error bars represent SD.

Table 2. PK parameters of lefamulin after subcutaneous administration

Dose (mg/kg) Trnax (D) Crnax (Ma/L) AUCo 24 Half-life (h)
10 0.5 0.563+0.010 0.823 1.55
40 0.5 3.136+0.400 5.55 1.84
160 0.5 4,02540.225 18.8 2.87

PK/PD target determination

The dose-response curves for lefamulin against the various strains
of S. pneumoniae and S. aureus are shown in Figure 4(a and b), re-
spectively. In general, the shape of the dose-response curves was
similar for all strains. However, the location of the dose-response
curve was related to the MIC of the organism, showing a good
in vitro/in vivo correlation. The static dose, maximum bactericidal ef-
fect and the 24 h AUC/MIC required for the static effect are shownin
Table 3. The mean static and 1 log kill doses were 8.97 and 16.8 mg/
kg q12h, respectively, for S. pneumoniae and 25.1 and 52.0 mg/kg
q12h for S. aureus. The magnitude of the AUCq_,,/MIC ratio required
for static dose ranged from 9.92 to 82.5, corresponding to free-drug
fAUCy_»4/MIC static effect ratios ranging from 1.98 to 16.5 (Table 3).

Impact of neutrophils

No appreciable difference in activity of lefamulin against S. pneu-
moniae was observed between neutropenic and normal mice
(Figure 5). The static dose was 22.5 mg/kg gq12h for normal mice
and 21.0mg/kg gl12h for neutropenic mice. The corresponding
AUCq_54/MIC ratios were 41.2 and 37.5.

Discussion

In our studies, we evaluated the in vivo PK and PD of lefamulin, the
first systemically available pleuromutilin for human use. Lefamulin
had potent activity against various S. pneumoniae and S. aureus
strains tested. For antimicrobials of a new class, the evaluation of
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Figure 2. Effect of single doses of lefamulin (0, 10, 20 and 40 mg/kg) on the time course of antimicrobial activity with S. pneumoniae ATCC 10813 (a)

and S. aureus ATCC 25923 (b) in the thighs of neutropenic mice. Each point represents the mean value from three mice. Error bars represent SD.

(a)
10 - - -
R2=57.9 RZ=79.9 R2=68.1
s 139
E 8 - -4 - -
5
c OX ?
Rl e T s s s e s e i s s I A W, L N S —
< - - . - -
S
o 4 -+ + -
S {{ T
2 1 1 L L 1L 1 1 L 1
0.1 1 10 1 10 0 20 40 60
Crnax/MIC 24 h AUC/MIC Tomic
(b)
RZ=59.4 R2=783 R2=77.5
<
o~
5
S 6 k] T TN SN —_—F e ] NN
2 u
:3 ﬂg
g 4T o) T o T O y
B o o o O o o
2 L 1 L 1 Il L 1 L 1
0.1 1 10 1 10 0 20 40 60
Crnax!MIC 24 h AUC/MIC Tomic

Figure 3. Relationship of different pharmacokinetic and pharmacodynamic indices to the antimicrobial activity of lefamulin against S. pneumoniae

ATCC 10813 (a) and S. aureus ATCC 25923 (b) in the thighs of neutropenic mice. Error bars represent SD. The horizontal dashed line represents the
early control cfu per thigh before the start of treatment.
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Figure 4. Dose-response relationships for q12h subcutaneous dosing of lefamulin against various strains of S. pneumoniae (SP) (a) and S. aureus (SA)
(b) in the thighs of neutropenic mice. Error bars represent SD. SA, S. aureus; SP, S. pneumoniae.

Table 3. Static dose, maximum killing and 24 h AUC/MIC ratio required for a static effect of lefamulin (q12h) against 10 organisms

Total 24 h AUC/MIC 24 h fAUC/MIC® 1 log kil 24 h fAUC/MICP Maximal
Organism/ MmIc® Static dose derived derived dose derived from killing
strain (mg/L) Comments  (mg/kg/12 h) from staticdose  from staticdose ~ (mg/kg/12 h) 1logkilldose  (logsocfu/thigh)
S. pneumoniae
ATCC10813 0.12 PSSP 18.6 321 6.42 34.7 15.12 -2.86
CDC 145 0.06 PRSP, MR 5.45 15.0 3 7.98 4.38 -2.62
CDC1020  0.12 PRSP, MR 7.23 9.92 1.984 11.9 3.48 -3.69
CDC1293 0.12 PRSP, MR 8.34 11.4 2.28 19.8 7.00 -2.56
CDC1329 0.06 PRSP, MR 5.25 14.4 2.88 9.59 5.26 -2.43
mean (range) 8.97(5.25-18.6) 16.6(9.92-32.11) 3.31(1.98-6.42) 16.8(7.98-34.7) 7.04(3.48-15.12) -2.83
S. aureus
ATCC25923 0.12  MSSA 319 67.4 13.48 56.0 21.8 -1.98
ATCC33591 0.06 MRSA 2222 81.9 16.38 42.9 38.0 -1.53
ATCCSmith 0.06  MSSA 13.2 40.2 8.04 446 38.8 -1.84
WIS-1 0.06 HA-MRSA 223 82.5 16.5 52.1 42.2 -1.22
UW 307109 0.12 HA-MRSA 36.1 79.8 15.96 64.3 234 -2.13
mean (range) 25.1(13.2-36.1)  70.4 (40.2-82.5)  14.07 (8.04-16.50) 52.0 (42.9-64.3) 32.8 (21.8-42.2) -1.74

HA, hospital-acquired; MR, macrolide resistant; PSSP, penicillin-susceptible S. pneumoniae; PRSP, penicillin-resistant S. pneumoniae.

AMICs were determined in Mueller-Hinton broth (MHB) by standard CLSI microdilution techniques. MHB was supplemented with 3% lysed horse blood
for MIC determinations with S. pneumoniae. MICs were determined twice in triplicate; mean values are shown.

PA value of 20% unbound lefamulin was used for calculations of 24 h fAUC/MIC, corresponding to the value of in vitro plasma protein binding assay at 3 mg/L.

the relationship between PK and PD is crucial for the development
of efficacious dose regimens.! We evaluated the PK and PD of lefa-
mulin in a murine model that has been used for dose evaluations
of other agents.”” The results showed that lefamulin exhibited
time-dependent killing with modest in vivo PAEs. The rate of killing
was not enhanced by higher lefamulin concentrations; however,
dose-dependent regrowth was observed, particularly at the high-
est dose studied (40 mg/kg).

The free-drug AUCq_,4/MIC ratio was the most important index
driving efficacy, followed by the percentage of time that free-drug
concentrations exceeded the MIC. This result is consistent with

other neutropenic thigh S. aureus infection models, where AUC/MIC
was the best predictor of efficacy.® The magnitude of the 24 h AUC/
MIC of total drug required for bacteriostasis ranged from 9.92 to
32.1 for S. pneumoniae strains and 40.2 to 82.5 for S. aureus. This
would correspond to free-drug values (~20% free fraction) ranging
from 1.98 to 6.42 and 8.04 to 16.5 for S. pneumoniae and S. aureus,
respectively, which is somewhat lower than the 24 h AUC/MIC val-
ues obtained with fluoroquinolones, tetracyclines, clindamycin and
macrolides for similar organisms.™® The presence of white blood
cells had no appreciable effect in enhancing the activity of the drug
in the thighs. Based on five different isolates of each S. pneumoniae
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Figure 5. Dose-response relationships for ql2h dosing of lefamulin
against S. pneumoniae ATCC 10813 in the thighs of normal and neutro-
penic mice. Error bars represent SD.

and S. aureus strain in the thigh infection model, a bacteriostatic
total 24 h AUC/MIC ratio of ~70 should be targeted for efficacy.
Consequently, the target 24 h fAUC/MIC ratio is 14 (8-16.5), taking
into account a 20% free fraction of lefamulin in mouse plasma.
These non-clinical fAUC/MIC targets should be bridged with PK data
from humans to predict doses and regimens resulting in a free-
drug AUC/MIC ratio of 14 (8-16.5) that would be adequate to treat
most patients when population variations are considered.
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