
ORIGINAL ARTICLE

Development of an Adult Physiologically Based
Pharmacokinetic Model of Solithromycin in Plasma
and Epithelial Lining Fluid

Sara N. Salerno1, Andrea Edginton2, Michael Cohen-Wolkowiez3,4, Christoph P. Hornik1,3,4, Kevin M. Watt3,4,
Brian D. Jamieson5 and Daniel Gonzalez1*

Solithromycin is a fluoroketolide antibiotic under investigation for community-acquired bacterial pneumonia (CABP). We
developed a whole-body physiologically based pharmacokinetic (PBPK) model for solithromycin in adults using PK-Sim and
MoBi version 6.2, which incorporated time-dependent CYP3A4 auto-inhibition. The model was developed and evaluated using
plasma and epithelial lining fluid (ELF) concentration data from 100 healthy subjects and 22 patients with CABP (1,966
plasma, 30 ELF samples). We performed population simulations and calculated the number of observations falling outside the
90% prediction interval. For the oral regimen (800 mg on day 1 and 400 mg daily on days 2–5) that was evaluated in phase III
studies, 11% and 23% of observations from healthy adults fell outside the 90% prediction interval for plasma and ELF,
respectively. This regimen should be effective because �97% of simulated adults achieved area under the concentration vs.
time curve (AUC) to minimum inhibitory concentration ratios associated with a log10 colony forming unit reduction in ELF.
CPT Pharmacometrics Syst. Pharmacol. (2017) 6, 814–822; doi:10.1002/psp4.12252; published online 25 October 2017.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE

TOPIC?
� Solithromycin is a new fluoroketolide antibiotic in

development for CABP with activity against macrolide-

resistant pathogens.
WHAT QUESTION DID THIS STUDY ADDRESS?
� The study sought to develop a whole-body PBPK

model for solithromycin that incorporated time-

dependent inhibition for CYP3A4 and dose-dependent

absorption.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
� The oral dosing regimen evaluated in phase III clini-
cal trials should be effective because �97% of simu-
lated adults achieved AUC to minimum inhibitory
concentration ratios associated with a log10 colony
forming unit reduction in ELF.
HOW MIGHT THIS CHANGE DRUG DISCOVERY,
DEVELOPMENT, AND/OR THERAPEUTICS?
� This PBPK model can be applied to predict solithro-
mycin exposure in children and other special popula-
tions and it serves as a framework for other drugs with
time-dependent inhibition and ELF data.

Community-acquired bacterial pneumonia (CABP) causes

significant morbidity and mortality, and resistance to patho-

gens causing CABP is a worldwide problem.1,2 Nationally,

macrolide-resistant Streptococcus pneumoniae has

increased from 23% in 1999 to 34% in 2012.2 Therefore,

there is an urgent need to develop new antibiotics for the

treatment of CABP. Solithromycin is a fluoroketolide antibi-

otic with oral (capsule and suspension) and i.v. formulations

under investigation for the treatment of CABP and uncom-

plicated urogenital gonorrhea. It is a bactericidal antibiotic

that has activity against macrolide-resistant bacteria due to

interactions with three distinct sites on the bacterial ribo-

some.3 Solithromycin was efficacious and noninferior to

moxifloxacin in two adult phase III CABP studies.4,5 The

first study compared oral solithromycin (800 mg on day 1

followed by 400 mg daily on days 2–5) with 400 mg oral

moxifloxacin,4 and the second study compared switching

from i.v. to oral solithromycin (400 mg i.v. to 800 mg oral on

the first day followed by 400 mg p.o. daily) vs. i.v. to oral

administration of moxifloxacin (400 mg).5

Solithromycin is metabolized primarily by cytochrome
P450 3A4 (CYP3A4), and its metabolites are primarily
excreted through the biliary/fecal route of elimination. Soli-
thromycin undergoes mechanism-based (time-dependent)

inhibition of CYP3A4, so it inhibits its own metabolism and
accumulation can occur. In a dose escalation study in
healthy subjects administered capsules daily for 7 days, the
area under the solithromycin plasma concentration vs. time
curve from 0–24 hours (AUC0–24) was higher on day 7

compared to day 1 with mean accumulation indexes of
3.02, 5.22, and 7.76 following 200 mg, 400 mg, and
600 mg, respectively.6 Solithromycin is also a substrate of
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P-glycoprotein (P-gp), and the mean binding to human
plasma, serum albumin, and a1-acid glycoprotein measured
by equilibrium dialysis was 78%, 50%, and 7%, respec-
tively. A population pharmacokinetic (PK) model was devel-
oped using adult solithromycin data that included a
capacity-limited first-pass effect to describe the observed
increased bioavailability with dose.7 The change in bioavail-
ability with dose is hypothesized to be due to inhibition of
P-gp efflux on the intestinal epithelial cells and/or inhibition
of first-pass metabolism by CYP3A4 in the intestines and
liver. In addition, the delay in the onset of clearance inhibi-
tion indicated by the i.v. data was accounted for in the pop-
ulation PK model via an effect compartment.7

Solithromycin distributes extensively into the lungs, and

has demonstrated efficacy in adults with CABP. In 30

healthy adult subjects who received 400 mg (capsules)

daily for 5 days, the mean ratios of epithelial lining fluid

(ELF) and alveolar macrophages (AMs) to plasma concen-

trations ranged from 8.8–14.0 and 132–345, respectively.8

In a neutropenic murine-lung infection model, the ELF and

unbound plasma AUC0–24 to minimum inhibitory concentra-

tion ratios (AUC0–24/MIC) were associated with efficacy.

AUC0–24/MIC ratios in ELF and unbound plasma of 1.26

and 1.65 were associated with bacterial stasis and 15.1

and 6.31 with a 1-log10 colony forming unit reduction,

respectively.9 The objective of this study was to develop a

physiologically based pharmacokinetic (PBPK) model

leveraging solithromycin clinical trial data and available in

vitro data for parameter optimization to accurately predict

time-dependent CYP3A4 inhibition and concentrations in

ELF, and then to simulate exposure following administration

of an oral dosing regimen evaluated in phase III trials.

METHODS
Clinical trial data
The clinical trial data used for model optimization and

evaluation included 100 healthy subjects from phase I stud-

ies and 22 patients with CABP from a phase II study

(Supplementary Table S1).6,8,10 The i.v. regimens included

400 mg daily for 7 days and a single dose of 800 mg

(sponsor data (Cempra, Chapel Hill, NC) on file). Multiple
dose oral regimens included 200 mg, 400 mg, and 600 mg
capsules daily for 7 days6; 800 mg capsules on day 1 fol-
lowed by 400 mg capsules daily on days 2–5 (sponsor data
(Cempra) on file); and 400 mg daily for 5 days.8 All clinical
studies were conducted in accordance with the ethical
standards of the institutional and/or national research com-
mittee and with the Helsinki Declaration. Solithromycin con-
centrations measured in 1,966 plasma samples and 30
ELF samples were used for this analysis. There were 100
samples below the limit of quantification (BLQ 5 10 ng/mL),
which, for the purpose of parameter optimization, the first
BLQ in a trailing series was set to the lower limit of quantifi-
cation divided by 2 (i.e., 5 ng/mL) with subsequent BLQs
ignored.

Initial model development
We developed a whole-body PBPK model for solithromycin
in adults using the software PK-Sim and MoBi (version 6.2;
Bayer Technology Services, Leverkusen, Germany). The
PBPK model for solithromycin was constructed using in
vitro data and physicochemical properties (Table 1). A
mean individual was used in initial model development
based on study CE01–121: a 44.7-year-old black American
man with a weight of 85.6 kg and a height of 180.9 cm.
The processes that define solithromycin disposition were
incorporated within the initial model, including glomerular fil-
tration, CYP3A4 metabolism, time-dependent inhibition
(TDI), P-gp transport, and enterohepatic recycling. The rel-
ative organ contributions of P-gp and CYP3A4 were taken
from the built-in database query, thereby allowing one set
of kinetic parameters to be used in all organs.11 Further
parameterizations of these processes are described below.

Modeling CYP3A4 metabolism and TDI
The kinetic parameters for TDI are the maximal inactivation
rate constant (Kinact) and the intrinsic inhibition constant
(KI), which describes the concentration at which the inacti-
vation rate is half-maximal. To model TDI in PK-Sim, we
selected irreversible inhibition/mechanism-based inactiva-
tion, and added Kinact and KI parameters for CYP3A4. The
Kinact and KI were determined by measuring the formation

Table 1 Solithromycin parameters used for the physiologically based pharmacokinetic model

Parameter Initial value Final value Source

Molecular weight (g/mol) 845.01 845.01 Sponsor data on file

Log P 4.25 3.75 Parameter optimization

pKa 9.44 9.44 Sponsor data on file

Compound type Diprotic base Diprotic base Sponsor data on file

fu 0.22 0.22 Sponsor data on file

Intestinal permeability (transcellular)

(1025 cm/min)

0.61 2.42 Parameter optimization

Vmax P-gp (mmol/L/min) N/A 2.08 Parameter optimization

Km P-gp (lM) N/A 0.95 Parameter optimization

Km CYP3A4 (lM) 58 58 Vieira et al.19

Vmax CYP3A4 (mmol/L/min) N/A 450 Parameter optimization

KI CYP3A4 (lM) 0.045 0.045 Sponsor data on file

kinact CYP3A4 (min21) 0.022 0.022 Sponsor data on file

fu, unbound fraction; KI, intrinsic inhibition constant; Kinact, maximal inactivation rate constant; Km, Michaelis-Menten constant; Log P, logarithmic of drug perme-

ability; N/A, not available; P-gp, p-glycoprotein; pKa, negative logarithmic of the acid dissociation constant; Vmax, maximal rate of metabolism.
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of 10-hydroxymidazolam in human liver microsomes incu-

bated with nicotinamide adenine dinucleotide phosphate
(NADPH), solithromycin, and midazolam (sponsor data

(Cempra) on file).
The model for mechanism-based inactivation can be

described below where EI is the new complex formed by

the enzyme and inhibitor, EI’ is a reactive species that

forms a covalent complex (Einact) with the enzyme, and K1,
K-1, K2, K3, and K4 are the rate constants for formation and

degradation of the EI complex, formation of the EI’ com-
plex, release of the enzyme with formation of product, and

formation of the Einact complex, respectively:

The equations for Kinact and KI are shown in Eqs. 1 and

2. The implementation for enzyme turnover (dEcat(T)/dt) is
described in Eq. 3, where Kdeg is the degradation constant,

E0 is the initial enzyme concentration, T is time, I is the

inhibitor concentration, and Ecat is the catalytic enzyme
activity.

kinact5
K2�K4

K21K31K4
(1)

KI5
K211K2

K1

� �
� K31K4

K21K31K4

� �
(2)

dEcatðTÞ
dT

5Kdeg�E02 Kdeg1
Kinact�I Tð Þ
KI1I Tð Þ

� �
�EcatðTÞ (3)

We used the software default degradation half-lives for

CYP3A4 in the liver and intestines, which were 37 hours
and 23 hours corresponding to a Kdeg of 0.019 hour21 and

0.03 hour21, respectively. These default values are similar
to estimates reported in the literature from studies in the

rat, Caco-2 cells, human hepatocyte, and liver slices: 14–

44 hours and 12–33 hours for the degradation half-life in
the liver and intestines, respectively.12–18 The relative organ

contributions to CYP3A4-mediated clearance were taken
from the built-in database query using the reverse transcrip-

tion polymerase chain expression levels for CYP3A4, as
previously described.11 Because there was no in vitro or

published data available for solithromycin, dose-dependent

saturation was modeled using the CYP3A4 Michaelis-
Menten constant (Km) for telithromycin, a third-generation

macrolide of the ketolide class, obtained from a previously
published PBPK model19 while optimizing CYP3A4 maximal

rate of metabolism (Vmax) for solithromycin.

Incorporating P-gp transport
Bidirectional permeability studies in Caco-2 cells demon-
strated that solithromycin is a substrate for P-gp transport

because bidirectional permeability was higher in the baso-
lateral to apical direction compared to the apical to basolat-

eral direction. The highest observed efflux ratio was �8.28,

which decreased close to unity in the presence of inhibitors

(10 lM PSC833 and 60 lM verapamil), indicating that soli-

thromycin is a substrate of P-gp. Furthermore, the observed

efflux ratios decreased with increasing doses of solithromy-

cin (8.28, 6.65, and 2.48 at 0.3, 1, and 10 lM of solithromy-

cin, respectively) indicating saturable kinetics. However,

because these studies only evaluated three concentrations

of solithromycin at four time points, the Km and Vmax for P-gp

transport could not be determined (sponsor data (Cempra)

on file). Thus, P-gp Km and Vmax were parameterized through

optimization and these values were applied to each organ

expressing P-gp. The relative expression levels for P-gp in

each organ were taken from the built-in database query

using the reverse transcription polymerase chain reaction rel-

ative values, as previously described.11 Because P-gp efflu-

xes to bile, gallbladder emptying was enabled, thus allowing

solithromycin to undergo enterohepatic recirculation.
Solithromycin is expected to be secreted into the urine

through tubular secretion via P-gp because this transporter

is highly expressed in the kidneys.11 The mean cumulative

amount of solithromycin equivalent dose excreted in urine

was �88.9 mg equivalents (11.4% of the dose) after 24

hours and 106 mg equivalents (13.6% of the dose) after 48

hours (sponsor data (Cempra) on file). Because renal

plasma clearance is greater than what can be contributed

from glomerular filtration alone, maximal glomerular filtra-

tion was assumed (glomerular filtration rate * fraction

unbound in plasma (fu,p)). The predicted vs. observed frac-

tion excreted unchanged in urine was compared as one

way to assess the appropriateness of P-gp Km and Vmax

optimization.

Absorption modeling
We used the built-in database query in PK-Sim to allow a

single set of kinetic parameters (Km/Vmax and KI/Kinact for

CYP3A4) to be used in each organ expressing the protein

thereby allowing for gut and liver metabolism. Absorption

was modeled with a Weibull distribution, and optimization of

the observed oral data was performed to obtain a dissolu-

tion time of 30 minutes and a dissolution shape of 1. The

Weibull function can describe almost any type of dissolution

curve and it is particularly advantageous when the mecha-

nism of release underlying dissolution is unknown.20 Intesti-

nal transcellular permeability is estimated in PK-Sim. The

appropriateness of the estimated value was assessed dur-

ing the optimization procedure.

Parameter optimization
Initially, using i.v. data only, CYP3A4 Vmax and P-gp Km and

Vmax were optimized using observed data from clinical tri-

als. These initial values were then used as starting values

for a more comprehensive optimization using both the i.v.

and oral data where CYP3A4 Vmax, P-gp Km and Vmax, and

intestinal permeability were optimized. Based on this opti-

mization, it was evident that the model simulations underes-

timated the observed oral data from clinical trials,

particularly around the time of the maximum concentration

(Cmax). Modification of intestinal permeability could not

account for this underestimation in Cmax. As such, the final

optimization focused on CYP3A4 Vmax, P-gp Km and Vmax,
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lipophilicity, and intestinal permeability. Distribution volume,

a major contributor of Cmax, is dependent on tissue:plasma

partition coefficients and lipophilicity using the Berezhkov-

skiy algorithm.21 The mean individual was used for all opti-
mization and a Monte Carlo algorithm. The final parameter

estimates are shown in Table 1. A local sensitivity analysis

was also performed to determine which input parameters
had the most impact on the simulated output (Supplemen-

tary Information S1).

Simulations and model validation
We performed simulations for 100 simulated subjects using

a black American population with demographics from study

CE01–102 for healthy subjects and study CE01–200 for
patients with CABP (Supplementary Table S1). Population

variability for CYP3A4 content, CYP3A4 half-life in the liver

and intestines, and P-gp content was introduced using a
normal distribution with coefficients of variation of 95%,22

60%,23,24 24%,15 and 65%,25 respectively. We also added

variability for fu,p using a normal distribution with a coeffi-

cient of variation of 25% to capture the variability in protein
binding observed following a phase I study (sponsor data

(Cempra) on file). To evaluate the model, we calculated the

number of observations from clinical trials falling outside
the 90% prediction interval.

In addition, the predictive accuracy of the PBPK model

was evaluated by comparing the clearance between the

observed data and the simulated PBPK model on day 1

and at steady state following multiple daily dosing. The PK
parameters were derived using noncompartmental analysis

in Phoenix WinNonlin (version 7.0; Certara, St Louis, MO)

for the observed data and for each individual from the sim-
ulated population data. Clearance following i.v. administra-

tion or apparent clearance after oral administration was

calculated as dose/AUC0–24 using the linear log trapezoidal

rule. The relative accuracy for clearance was calculated as
a ratio of mean predicted values over mean observed val-

ues with a ratio for SD, as described previously26–28:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD ðobservedÞ

mean ðobservedÞ

� �2

1
SD ðpredictedÞ

mean ðpredictedÞ

� �2
s

x
mean ðpredictedÞ
mean ðobservedÞ

We sought to evaluate whether CYP3A4 first-pass metabo-

lism or P-gp efflux played a larger role in the model-derived

bioavailability estimates for the 200–800 mg oral dosing

regimens. We compared the bioavailability when CYP3A4

metabolism with TDI was included in the model without P-

gp transport to estimates obtained when P-gp transport

was included in the model without CYP3A4 metabolism

with TDI.

Modeling the ELF compartment
In PK-Sim, for the small molecule model, there are four

subcompartments within each tissue: blood cells, plasma,

interstitial, and intracellular. The blood cells and plasma

are both connected to arterial and venous blood and the

interstitial compartment is connected to both plasma and

the intracellular compartment. For the lungs, concentra-

tions in these compartments using the default settings that

assume passive distribution between compartments were

less than that observed in ELF fluid from the clinical trial

data. Because the mechanism for higher solithromycin

concentrations into ELF is unknown, we created an ELF

compartment in MoBi as an observer, which allows us to

calculate ELF concentrations as a function of plasma con-

centrations without interfering with the mass balance equa-

tions. The concentrations in ELF were calculated using the

equation: plasma concentration*fu,p*ELF_ratio, where

ELF_ratio is defined as the ratio of solithromycin concen-

trations in ELF to plasma concentrations. The mean

ELF_ratio was determined to be 15 based on the observed

concentration data in ELF and plasma from clinical trials,

which was within the range (2.4–28.6) observed in clinical

trials at steady state for the 400 mg daily dose in healthy

volunteers.8

Figure 1 Changes in clearance (a) and area under the solithromycin plasma concentration vs. time curve (AUC) from 0–24 hours
(b) by days of solithromycin treatment. CL/F is the clearance following oral administration. The solid line is the average and the shaded
band is the 95% confidence interval for 100 simulated healthy adult subjects for each dose.
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Assessment of target attainment rates in plasma and

ELF
We calculated AUC0–24/MIC ratios for ELF and unbound

plasma concentrations (using a protein binding of 78%) for

the following MIC values: 0.015, 0.03, 0.06, 0.125, 0.25,

0.5, and 1 mg/mL. We calculated target attainment rates

by calculating the number of simulated subjects with an

AUC0–24/MIC ratio of 1.26 and 1.65 for bacterial stasis and

15.1 and 6.31 for a 1-log10 colony forming unit reduction, in

ELF and unbound plasma, respectively.9

RESULTS
Model evaluation
After optimization, the PBPK model was able to describe

the observed clinical trial data, including TDI and saturation

of the CYP3A4 elimination pathway. Clearance decreased

with increasing dose and time, and, consequently, AUC0–24

increased with increasing doses and time (Figure 1). The

clearance for the simulations and observations from clinical

trials are shown in Table 2. In addition, the simulated bio-

availability increased with dose, which is likely due primarily

to CYP3A4 first-pass metabolism because the bioavailabil-

ity ranged from 27%–28% if only P-gp transport was

included in the model, but increased with dose from 60%–

100% if only CYP3A4 metabolism with TDI was included in

the model for the 200–800 mg oral doses. The bioavailabil-
ity from the PBPK simulations correspond with typical val-
ues of bioavailability predicted using a Hill-type model in a
previously performed population PK analysis: 50% vs. 40%
for the PBPK model vs. the population PK model, respec-
tively, for the 200 mg dose, 70% vs. 67% for the 400 mg
dose, 78% vs. 76% for the 600 mg dose, and 72% vs. 80%
for the 800 mg dose on day 1 (sponsor data (Cempra) on
file).

We compared renal excretion of solithromycin between
the simulated data and data obtained from a mass balance
study performed in 8 healthy adult male subjects receiving
a single 800 mg dose of (�100 mCi) of [14C]-solithromycin
administered i.v. After incorporating P-gp transport into the
model, the fraction excreted unchanged in urine was 15%
and 16% for the 800 mg dose after 24 and 48 hours,
respectively, providing confirmation that the optimized Km/
Vmax values for P-gp are reasonable; at least with respect
to urinary excretion.

The plasma concentrations for solithromycin were highly
variable in healthy adult subjects from clinical trials. For the
i.v. data, 27% and 17% of observations were outside the
90% prediction window for the 400 mg daily and 800 mg
single dose simulations, respectively (Figure 2). For the
oral regimens, 5%, 20%, and 15% of observations fell out-
side the 90% prediction window for the 200 mg daily,

Table 2 Comparison of clearance values for solithromycin between the observed data and simulated PBPK model

CL/F or CL on day 1, L/h CL/F or CL after multiple doses, L/h

Observed data PBPK model Observed data PBPK model

Dosing regimen Mean SD Mean SD Ratio Mean SD Mean SD Ratio

200 mg p.o. daily 267 140 271 174 0.84 102 60 86 77 0.90

400 mg p.o. daily 103 141 218 152 3.23 96 198 57 54 1.34

600 mg p.o. daily 131 178 177 131 2.10 35 11 44 41 1.22

800 mg p.o. day 1,

400 mg p.o. days 2–5

61 54 146 106 2.78 32 13 53 49 1.67

400 mg i.v. daily 70 17 56 16 0.30 34 13 33 17 0.62

800 mg i.v. day 1 42 8 50 15 0.42 N/A N/A N/A N/A N/A

The ratio was calculated as the ratio of mean predicted values over mean observed values with a ratio for the SD described previously.26–28

CL, clearance; CL/F, clearance following oral administration; N/A, not applicable; PBPK, physiologically based pharmacokinetic model.

Figure 2 Population simulations for solithromycin plasma concentrations following 400 i.v. daily dosing (a) and an 800 mg i.v. single
dose (b). The shaded area is the 5–95% range in concentrations from 100 simulated healthy adult subjects. The dots are the individual
observations from clinical trials with each color reflecting concentrations for one individual, which differed between studies.
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400 mg daily, and 600 mg daily simulations, respectively

(Figure 3). For the oral regimen that demonstrated efficacy

in phase III studies, 800 mg on day 1 followed by 400 mg

once daily, there were 11% and 26% of observations from

healthy adult subjects and patients with CABP, respectively,

outside the 90% prediction interval (Figure 4). There were

23% of observations outside the 90% prediction interval

for the ELF simulations (Figure 5). The prediction to obser-

vation ratios for clearance were calculated, and 17% and

100% of the estimates for the dosing regimens were within

a 0.5–2.0 ratio window on day 1 and at steady state (day 5
or 7), respectively (Table 2).

Sensitivity analysis
Sensitivity analysis demonstrated that of all physicochemical
parameters evaluated, lipophilicity and solubility reference
pH had the largest impact on the simulated AUC0–24 and
Cmax (Supplementary Table S2). All other parameters did
not result in a �10% increase or decrease in AUC0–24 and
Cmax when the parameter was increased 10% (Supplemen-
tary Information S1 and Supplementary Table S2).

Target attainment rates in plasma and ELF
For the 800 mg on day 1 followed by 400 mg on days 2–5
oral regimen, 100% of simulated adults achieved unbound
AUC0–24/MIC ratios associated with net-bacterial stasis in
plasma for MICs between 0.015 and 0.125 mg/mL, and
97%, 88%, and 67% achieved unbound AUC0–24/MIC ratios
associated with net-bacterial stasis in plasma for MICs of
0.25, 0.5, and 1.0 mg/mL, respectively. The percentage of
simulated healthy adults who achieved unbound AUC0–24/
MIC ratios associated with a 1-log10 colony forming unit
reduction in plasma were 100% for MICs between 0.015
and 0.06 mg/mL, and 89%, 67%, 37%, and 11% for MICs
of 0.125, 0.25, 0.5, and 1.0 mg/mL, respectively. In ELF, all
simulated adults achieved AUC0–24/MIC ratios associated
with net bacterial stasis, and �97% achieved AUC0–24/MIC
ratios associated with a 1-log10 colony forming unit reduc-
tion for all MICs evaluated.

DISCUSSION

PBPK modeling is a powerful tool during drug development
that can predict human drug concentrations based on pre-
clinical data, estimate exposure in a target organ, and pre-
dict concentrations in patients with various ethnicities, ages,
and disease states. A major advantage of PBPK modeling
is that the dynamic flux of enzyme synthesis and degrada-
tion can be modeled to predict concentrations of parent
and metabolite at any given time. PBPK modeling can also
model TDI, defined as an increased potency of inhibition
during in vitro incubation or during an in vivo dosing inter-
val.29 We optimized a whole-body PBPK model for adults,
which incorporated time-dependent CYP3A4 auto-inhibition
for solithromycin, a new fluoroketolide antibiotic in develop-
ment for the treatment of CABP. This PBPK model can
serve as a case study for other drugs in development that
undergo TDI, accumulate in the lungs, and/or that have
ample clinical trial data but limited in vitro data readily avail-
able. In addition, this adult model will provide a mechanistic
structure from which to extrapolate solithromycin PK to dif-
ferent cohorts, such as children, where there is knowledge
of the maturational processes responsible for solithromycin
disposition and access to those parameters is accessible
with PBPK modeling. Future research will include scaling
this adult model to children to predict pediatric dosing.

Similar to other macrolide and ketolide antibiotics (teli-
thromycin, clarithromycin, and erythromycin),19,30–32 solithro-
mycin undergoes mechanism-based inhibition of CYP3A4.
Mechanism-based inhibition is a specific type of TDI in which

Figure 3 Population simulations for solithromycin plasma con-
centrations following 200 mg oral daily dosing (a), 400 mg oral
daily dosing (b), and 600 mg oral daily dosing (c). The shaded
area is the 5–95% range in concentrations from 100 simulated
healthy adult subjects. The dots are the individual observations
from clinical trials with each color reflecting concentrations for
one individual, which differed between studies.
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the enzyme is permanently inactivated by an inhibitory reac-
tive metabolite thereby requiring enzyme synthesis for recov-
ery.29 Our PBPK model for solithromycin accurately captured
TDI with AUC increasing as a function of dose and time. Non-
linear PK for solithromycin was observed in clinical trials and
the simulated values of AUC0–24 and clearance were compa-
rable to the observed values obtained from clinical trials.6,8

However, the model predictions were more accurate at steady
state (days 5 or 7) compared to day 1, as measured by the
values outside the 0.5–2.0 ratio window for the prediction to
observation ratios for clearance, which incorporated the ratio
for SD (Table 2). In particular, for the 400 mg, 600 mg, and
800 mg p.o. doses, the model is underpredicting AUC0–24 and
overpredicting apparent clearance on day 1. This might be
because the KI and Kinact were set at experimental values,
which influences the values of the optimized parameters and
may not allow P-gp or CYP3A4 catalytic efficiency (Vmax/Km

ratios) to be globally accurate for all clinical data. Optimization
of KI and Kinact are not possible given their lack of identifiabil-
ity when P-gp or CYP3A4 parameters are unknown.

The PBPK model accurately captured dose-dependent

bioavailability, which can be due to inhibition of P-gp efflux

and/or inhibition of first-pass CYP3A4 metabolism in the

gut and liver. The simulated mean absolute bioavailability

for the 400 mg dose was 70% compared to the mean

(range) of 62% (46–80%) for 5 subjects who received

400 mg i.v. and by mouth (capsules) of solithromycin (spon-

sor data (Cempra) on file). Previous studies evaluating the

bioavailability of clarithromycin and telithromycin in rats

demonstrated that the limited oral bioavailability is primarily

due to low intestinal availability rather than first-pass

metabolism in the liver.33,34 In addition, grapefruit juice, a

selective intestinal CYP3A4 inhibitor, did not significantly

affect the oral absorption of clarithromycin or telithromy-

cin.35,36 These findings indicate that P-gp efflux in the intes-

tinal epithelial cells plays a larger role than first-pass

metabolism for the limited intestinal permeability.34 How-

ever, the dose-dependent bioavailability for solithromycin in

this model seems to be primarily due to CYP3A4 first-pass

metabolism because changes in bioavailability with dose

were more pronounced for CYP3A4 metabolism with TDI

compared to P-gp transport alone.
The observed concentrations of solithromycin in ELF

were greater than the predicted default lung plasma or

interstitial fluid because no additional knowledge on the

mechanisms responsible for lung accumulation were incor-

porated initially into the model. Several hypotheses have

been proposed to explain these observed phenomena of

higher ELF concentrations relative to plasma concentra-

tions for macrolide antibiotics. Because these compounds

are basic, they may accumulate in the acidic compartments

of phagocytes within AM cells.8 Supporting this assumption,

a previously published PBPK model used sensitivity analy-

sis to show that decreasing the pH in ELF may account for

the underprediction of basic macrolide drugs in ELF.37 The

presence of drug transporters, such as P-gp, in the lung

epithelial cells has also been postulated to cause increased

distribution of macrolides into intrapulmonary fluid.38,39

Finally, lysis of AM cells in the collected bronchoalveolar

lavage fluid, and other technical errors in the measurement

Figure 4 Population simulations for plasma concentrations for the 800 mg on day 1 followed by 400 mg orally daily regimen for the
phase I population in healthy adults (a) and the phase II population in patients with community-acquired bacterial pneumonia (b). The
shaded area is the 5–95% range in concentrations from 100 simulated subjects. The dots are the individual observations from clinical
trials with each color reflecting concentrations for one individual, which differed between studies.

Figure 5 Population simulations for epithelial lining fluid solithro-
mycin concentrations following 400 mg oral daily dosing. The
shaded area is the 5–95% range in concentrations from 100 simu-
lated healthy adult subjects. The dots are the individual observa-
tions from clinical trials with each color reflecting concentrations
for one individual.
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of ELF, could also explain the higher concentrations in ELF

relative to plasma.38–40 Because the exact mechanism is

currently unknown, we used an empiric approach by

leveraging prior information from a phase I study8 to calcu-

late the ratio of ELF to plasma concentrations and incorpo-

rated it into the model. This method makes the least

assumptions and is, thus, the most parsimonious model.

Using this method, the variability in ELF concentrations was

driven by the variability in both plasma concentrations and

fu,p. It seemed, based on the 23% of observations outside

of the 90% prediction interval, that variability was slightly

underpredicted and may be the result of additional variabil-

ity in the process of ELF accumulation that could not be

mechanistically accounted for.
High target attainments for simulated ELF concentrations

suggests that the oral dosing regimen evaluated in clinical

trials (800 mg on day 1, followed by 400 mg on days 2–5)

is appropriate for the treatment of CABP. Similar findings

were observed for a previously developed population-based

PK model: net bacterial stasis and a 1-log10 colony forming

unit reduction of �99.9% and 90.9%, respectively, for MIC

values between 0.125 and 1 mg/mL.41 Although PBPK and

population-based PK modeling approaches are different,

similar PK/PD relationships observed between the two

models increases the confidence of our results.
This study had some important limitations. Important

parameters that defined active transport and excretion were

fixed to the extent possible and optimized when necessary.

For example, CYP3A4 Km was fixed to a value for another

ketolide and may not be the value for solithromycin. This

was performed to ensure that the parameters that were

optimized were indeed identifiable and, thus, some model

misparameterization very likely occurred as a result. Fur-

thermore, model development utilized a parameter identifi-

cation approach, using the observed data for both development

and further validation. Finally, we used ratios of ELF to

plasma concentrations from observed data to simulate the

ELF concentrations because the exact mechanisms for

higher concentrations into ELF are currently unknown.

Further studies need to be performed to elucidate the

mechanism for the high intrapulmonary concentrations of

macrolides.
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