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ARTICLE

A Novel PBPK Modeling Approach to Assess Cytochrome 
P450 Mediated Drug-Drug Interaction Potential of the 
Cytotoxic Prodrug Evofosfamide

Christian Lüpfert1, Martin Dyroff2, Oliver von Richter1, Dieter Gallemann1, Samer El Bawab1, Hugues Dolgos1, Don Jung3, Stefan 
Hecht1 and Andreas Johne1,*

Evofosfamide is a cytotoxic small-molecule prodrug preferentially activated under hypoxic conditions. The cytotoxicity of 
evofosfamide impacted the generation of in vitro drug-drug interaction (DDI) data, especially in vitro induction results. 
Therefore, a novel physiologically based pharmacokinetic (PBPK) approach was used, which involved available in vitro and 
clinical data of evofosfamide and combined it with induction data from the prototypical cytochrome P450 (CYP)3A inducer 
rifampicin. The area under the concentration-time curve (AUC) ratios of midazolam were above 0.80, indicating that induction 
of CYP3A by evofosfamide administered weekly is unlikely to occur in humans. Moreover, static and PBPK modeling showed 
no clinically relevant inhibition via CYP2B6, CYP2D6, and CYP3A4. In conclusion, PBPK models were used to supplement in 
vitro information of a cytotoxic compound. This approach may set a precedent for future studies of cytotoxic drugs, poten-
tially reducing the need for clinical DDI studies and providing more confidence in the clinical use of approved cytotoxic 
compounds for which DDI information is sparse.
CPT Pharmacometrics Syst. Pharmacol. (2018) 7, 829–837; doi:10.1002/psp4.12360; published online on 31 October 2018.

Evofosfamide ([1-methyl-2-nitro-1H-imidazole-5-yl] methyl  
N, N’-bis [2-bromoethyl] diamidophosphate, previously 
known as TH-302) is a small-molecule drug preferentially 
activated under hypoxic conditions. This leads to the for-
mation of bromo-isophosphoramide mustard, a potent 
cytotoxic DNA-alkylating agent that causes DNA cross-
linking resulting in the inhibition of DNA replication and 
transcription, cell-cycle arrest, and cell death in hypoxic 
tumor areas.1 Hypoxia is a prevalent feature of cancer and 
is associated with tumor invasiveness and poor prog-
nosis, whereas it is rarely observed in normal tissues.2,3 

Although evofosfamide did not meet its primary efficacy 
end point in two recent phase III trials in soft tissue sar-
coma4 and pancreatic adenocarcinoma,5 further devel-
opment of the drug in more select treatment settings is 
ongoing.

In oncology, pharmacokinetic drug-drug interactions 
(DDIs), which occur when one drug affects (inhibits or in-
duces) the metabolism of one or more co-administered 
drugs, are under-researched.6 Polypharmacy leading to an 
increased potential for DDI is highly relevant for patients 
with cancer who are normally treated with multiple drugs, 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
✔  Evofosfamide is a cytotoxic small-molecule prodrug in 
development. PBPK and static modeling are established 
tools to estimate the DDI potential of new molecules 
based on in vitro data.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  Cytotoxicity limited the generation of in vitro induction 
results. This study aimed to develop a PBPK approach by 
which the induction potential could still be addressed.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  A novel PBPK approach was used, which involved 
available in vitro and clinical data of evofosfamide and 
combined it with induction data from the prototypical 
strong CYP3A inducer rifampicin. The approach was suc-
cessful in indicating that induction of CYP3A by evofosfa-
mide administered weekly is unlikely to occur in humans. 
Potential DDI liabilities as inhibitor were also excluded.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, 
DEVELOPMENT, AND/OR THERAPEUTICS?
✔  This approach may set a precedent for induction evalu-
ations of other cytotoxic drugs.
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both against the malignant disease and in the management 
of concomitant conditions.7–9 Hence, knowledge about 
DDI is critical for reducing adverse drug reactions that may 
cause delays or even failure of therapeutics in drug develop-
ment.10–12 As a result, the US Food and Drug Administration 
and the European Medicines Agency agencies have up-
dated their guidelines,6,13–16 which require the DDI potential 
to be investigated early during the development of new mo-
lecular entities.

Cytochrome P450 (CYP) isozymes are implicated in many 
clinically relevant DDIs as they are involved in the metabo-
lism of ~60% of marketed small molecule drugs. Reversible 
and irreversible inhibition17–19 and induction of CYPs20 can 
have serious clinical consequences, such as a reduction in 
the therapeutic margin of co-administered drugs or respec-
tive loss of efficacy.

Cytotoxicity especially influences the in vitro assessment 
of the induction potential on CYPs. The prolonged exposure 
of human hepatocyte cultures to the cytotoxic drug, which is 
necessary to evaluate its impact on gene transcription and 
protein expression, limits the concentration range in which it 
can be used in these cell-based systems. In contrast, assess-
ment of the inhibition potential involves use of human liver 
microsomes or recombinant enzyme preparations, which are 
not dependent on cellular viability.

Numerous mathematical models have been developed 
to predict clinical DDI from in vitro data.21–24 The simplest 
model is one in which a static score of degree of induction 
is calculated from the average plasma concentration of an 
inducer using in vitro half-maximal effective concentration 
and maximum effect (Emax) estimates.25–27 The potential for 
induction-based DDIs is then predicted based upon the ex-
tent of clearance associated with each induced enzyme. In 
contrast, dynamic models consider differences in the levels 
of enzyme activity and, thus, clearance of a drug as a result 
of increased enzyme synthesis in an inducer-concentration 
dependent manner.28–30

For cytotoxic drugs, there are often substantial knowl-
edge gaps regarding their DDI potential. This is unfortu-
nate, because this information is particularly important 
for drugs with a narrow therapeutic range. DDI studies for 
cytotoxic anticancer drugs are typically conducted in pa-
tients with cancer because traditional chemotherapies are 
too toxic to be studied in healthy volunteers and, thus, 
face many challenges, such as restrictions on the study 
design or higher variability of the data.31,32

This article describes the development of a physiologi-
cally based pharmacokinetic (PBPK) model33 using interac-
tion parameters obtained from in vitro studies to assess the 
potential clinical effects on CYPs caused by evofosfamide 
as a perpetrator. The limitations using in vitro data due to 
cytotoxicity of evofosfamide are overcome by a novel ap-
proach that creates a worst-case scenario for CYP induc-
tion, which is reported hereinafter. This approach combines 
the lower limit for half-maximal induction (IndC50) with the 
maximum fold induction of rifampicin, a recognized very 
strong inducer of CYP3A.17,34 To our knowledge, this is the 
first time such an approach has been used to evaluate the 
DDI of a cytotoxic drug.

METHODS
In vitro measurements of inhibition and induction 
parameters
Standard methods were used to determine the log of oc-
tanol/water partition coefficient (logP), the blood-plasma 
concentration ratio, and the fraction unbound in plasma. 
The logP was determined by shaking 4 mL of octanol-
saturated water containing evofosfamide (~26 mg/mL) with 
4 mL of water-saturated octanol (23°C, 1 hour) and subse-
quent quantification of evofosfamide via high-performance 
liquid chromatography in the two separate phases. The 
blood-plasma-ratio in human blood (fresh, pH-stabilized) 
was investigated by centrifugation following incubation 
with test item (0.2 and 2 μM; 0.5 hours at 37°C) and subse-
quent quantification by liquid chromatography coupled with 
tandem mass spectrometry (LC-MS/MS) in the separated 
plasma. Plasma-protein-binding in fresh human plasma 
was determined by ultrafiltration following incubation with 
test item (5, 10, and 75 μg/mL; 0.5 hours at 37°C) and sub-
sequent LC-MS/MS analysis in the ultrafiltrate and the orig-
inally spiked plasma.
Direct inhibition of several CYP enzymes by evofosfamide 
was characterized by determination of inhibition constants 
(Ki). The CYPs of interest and their probe substrates reactions 
included CYP2D6 (via dextromethorphan O-demethylation), 
and CYP3A4/5 (via testosterone 6β-hydroxylation, nifedipine 
oxidation, and midazolam 1′-hydroxylation). Evofosfamide 
(50–5,000 μM) was incubated with probe substrates (at 
five different concentrations) and pooled human liver mi-
crosomes. The reaction was stopped after 5 minutes and 
probe substrate specific metabolites were determined 
using LC-MS/MS to obtain formation rates. These formation 
rates at all inhibitor concentrations were fitted according to 
Michaelis-Menten, to obtain the Ki value.
The time-dependent inhibition of CYP2B6 and CYP3A4/5 
was quantified by measuring inactivation rate constants  
(kinact) for CYP2B6 (efavirenz 8-hydroxylation) and 
CYP3A4/5 (midazolam 1′-hydroxylation). Evofosfamide was 
preincubated with pooled human liver microsomes and a 
nicotinamide adenine dinucleotide phosphate-generating 
system over 45 and 30 minutes for CYP2B6 and CYP3A4/5, 
respectively. Following preincubated, an aliquot of the 
mixture was transferred to a second tube containing the 
marker substrate and a nicotinamide adenine dinucleotide 
phosphate-generating system resulting in a 10-fold dilution 
of the inhibitor, which minimized any direct inhibitory effect. 
The residual CYP2B6 and CYP3A4/5 enzymatic activities 
were then quantified. Experiments were repeated for dif-
ferent inhibitor concentrations. These data were evaluated 
in a two-step method. First, the apparent slope of inactiva-
tion was determined for each inhibitor concentration and 
then kinact and Kapp (i.e., the maximum inactivation rate and 
the inhibition constant corresponding to the concentration 
causing 50% kinact), were determined from the dependency 
of the apparent slope from the inhibitor concentrations.
Primary cultures of cryopreserved human hepatocytes 
were used to measure the induction potential of evofosfa-
mide. Cells from white donors (n = 3 independent evalua-
tions) were treated once daily for 3 days with evofosfamide 
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(1, 2.5, and 10 μM), vehicle control, and negative and posi-
tive controls (25 μM flumazenil and 20 μM rifampicin). Cells 
were lysed and total RNA harvested, followed by reverse 
transcription polymerase chain reaction analysis to quantify 
the effect of evofosfamide on CYP3A4 mRNA levels. Cell 
integrity was assessed by measuring release of lactate de-
hydrogenase into the culture medium, and by microscopic 
evaluation of cell morphology and confluency. The lactate 
dehydrogenase release was comparable to control incuba-
tions at 1 and 2.5 μM evofosfamide, but higher at 10 μM, 
indicating that cell integrity was maintained up to 2.5 μM. 
Microscopic evaluations showed no signs of toxicity in two 
of the three donor cells at 1 μM on day 3, whereas some 
signs of toxicity were observed in the third preparation. 
Toxicity was observed in all donor cells at 2.5 and 10 μM 
incubations. Therefore, the results at 2.5 and 10 μM were 
considered unreliable and, hence, 1 μM was defined as 
the highest evaluable concentration. Evofosfamide (1 μM) 
treatment of the hepatocytes for three consecutive days 
caused no increase in CYP3A4 mRNA in any of the donors 
measured.

PBPK modeling
Initially, a compound model for evofosfamide describing its 
pharmacokinetics (PKs) was developed and validated with 
clinical data from the phase I clinical trial of evofosfamide.35 
The compound model was then developed further using an 
inhibitor model by inclusion of direct and/or mechanism-
based inhibition processes for CYP2D6, 2B6, or 3A4/5, as 
applicable (Table 1). A second evofosfamide model was 
developed by combining the evofosfamide PK model with 
the induction processes and the respective parameters, 
allowing separate DDI evaluations for both inhibition and 
induction.
Model development and simulations were performed with 
the Simcyp population-based simulator version 13 re-
lease 2 (Simcyp, Certara) using the North European white 
population. The age range of 18–80 years was set with an 
equal men/women split to resemble the targeted patient 
population.

PBPK compound models. The compound model 
development focused initially on the description of the 
concentration-time profiles for evofosfamide. Minimal 
models rather than detailed mechanistic descriptions (i.e., 
simpler models), were applied to describe the distribution 
and elimination, as these models are sufficient for evaluations 
of the perpetrator potential. Model input parameters 
included compound specific in vitro parameters (Table 
1). The distribution and elimination of evofosfamide were 
described based on clinical data from the initial phase I 
monotherapy dose-escalation study in patients with solid 
tumors (NCT00495144) using the minimal PBPK model 
(Table 1). Due to its short elimination half-life of 0.81 hours,35 
no accumulation of evofosfamide was observed upon repeat 
once weekly administration. Therefore, multiple-dose and 
single-dose concentration-time profiles were combined 
to construct the PBPK model (Figure 1). Overlay plots 
demonstrate that the compound model predicts the PK 
observed in this study as expected. The compound model 

for evofosfamide was further qualified based on a second 
independent study that included evofosfamide at the target 
dose level of 340 mg/m2 in combination with gemcitabine, 
docetaxel, or pemetrexed in patients with advanced solid 
tumors (NCT00743379). Note S1 provides the overlay plots 
relating to the two studies, as well as additional details on the 
qualification of the Simcyp simulator for the characterization 
of drug interactions.
Given evofosfamide’s cytotoxicity, a “hybrid” model was 
constructed using a lower limit for the drug’s IndC50 and 
rifampicin’s maximum fold induction (Indmax). The in vitro 
viability of the hepatocytes was monitored and found to be 
maintained up to evofosfamide concentrations of 1 μM, but 
not at higher concentrations. No induction was observed 
at this concentration. Based on these data, an IndC50 of 
2.5 μM was conservatively assumed for evofosfamide. 
The compound model for induction combined the IndC50 
with the Indmax of the prototypical strong CYP3A inducer, 

Table 1  Input parameter values used for evofosfamide

Compound model parameters used for inhibition and induction

Parameter Value Method

Mol. wt. (g/mol) 449

logP 0.92 In vitro

fu,p 0.455 In vitro

B:P ratio 1.61 In vitro

Vss (L/kg) 0.43 (CV = 79%) In vivo

CLIV (L/h) 63.6 (CV = 54%) In vivo

Hepatic intracellular  
accumulation (fold)

1–4 In vitro

Parameters used in the inhibition models only

Parameter Value (± SE) Method

For CYP3A4 and CYP3A5 (midazolam)

 Ki (μM) (direct inh.) 141 (± 18) In vitro

 kinact (h
−1) (MBI) 1.5 (± 0.18) In vitro

 Kapp (μM) (MBI) 370 (± 90) In vitro

For CYP2D6

 Ki (μM) (direct inh.) 85.3 (± 8.5) In vitro

For CYP2B6

 kinact (h
−1) (MBI) 1.92 (± 0.66) In vitro

 Kapp (μM) (MBI) 3200 (± 2200) In vitro

Parameters used in the induction models only

Parameter Value (± SE) Method

For CYP3A4 and CYP3A5

 IndC50 (μM) 2.5 (CV = 30%) In vitro, see 
METHODS 

 Indmax (fold) 8.0 (CV = 30%) Rifampicin in 
Simcyp 
Library

B:P ratio, blood to plasma concentration ratio; CLIV, clearance after intrave-
nous administration; CV, coefficient of variation; CYP, cytochrome P450 
enzyme; fu,p, fraction unbound in plasma; IndC50, concentration that gives 
half maximal fold induction; Indmax, maximal fold induction; Kapp, concen-
tration at 50% kinact; kdeg, degradation rate constant; Ki, direct inhibition 
constant; kinact, maximal inactivation rate; logP, octanol-water partition co-
efficient; MBI, mechanism-based inhibition; mol. wt., molecular weight; Vss, 
volume of distribution at steady state.
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rifampicin, which was taken from the Simcyp compound 
library. Thus, a “hybrid” model for CYP3A induction was 
developed for evofosfamide using the Indmax value of rifam-
picin. The hybrid model underestimates the CYP3A IndC50, 
and likely overestimates the Indmax value for evofosfamide. 
Therefore, this approach is considered to yield a worst-
case scenario when simulating the potential of evofosfa-
mide to induce CYP3A.

PBPK interaction models and simulations. The PKs 
and oral doses of dextromethorphan, bupropion, and 
midazolam, as sensitive probe substrates for CYP2D6, 2B6, 
and 3A, respectively, were described using the Simcyp 
compound library files “SV-Dextromethorphan,” “SV-
Bupropion,” and “Sim-Midazolam,” respectively. The target 

posology of evofosfamide was 300 mg/m2 of drug on days 1 
and 8 of a 21-day cycle in soft tissue sarcoma, and 340 mg/
m2 evofosfamide on days 1, 8, and 15 of a 28-day cycle 
for pancreatic cancer. Simulations were performed at the 
higher dose of 340 mg/m2 evofosfamide, and weekly dosing 
up to day 15. Evofosfamide infusion time of 30 minutes and 
concomitant administration of the oral probe substrates at 
the start of infusion were used in the simulations.
The perpetrator properties of evofosfamide regard-
ing CYP3A were applied to both CYP3A4 and CYP3A5. 
Interactions solely based on direct inhibition were investi-
gated by simulating trials lasting for 24 hours, those includ-
ing induction or time-dependent inhibition were described 
using simulations extended to 360 hours. The area under 
the concentration-time curve up to 24 hours (AUC0–24) and 
maximum concentration (Cmax) of the probe substrates 
after administration on trial day 1 or 15 were used for eval-
uations, respectively. DDI ratios across the simulated pop-
ulations of 100 subjects (10 trials with 10 subjects each) 
were summarized using the geometric mean and its 95% 
confidence interval (CI). Maximum impact of induction was 
observed with midazolam dosing 3 hours after the start of 
evofosfamide infusion and, therefore, this setting was used 
in respective sensitivity analyses. Details of the base model 
are summarized in Note S2.

PBPK sensitivity analyses. Sensitivity analyses were 
performed for the in vitro data characterizing the inhibition 
and induction processes covering at least a twofold change 
in parameters. A twofold change was selected to represent 
the typical variability we have experienced with these in 
vitro systems. A more conservative approach was used 
for any model parameter for which the SD exceeded 50% 
of the mean (Kapp for mechanism-based inactivation of 
CYP2B6). For these model parameters, the mean minus 
one SD was used as the lower end instead of 50% of the 
mean (i.e., the value indicating stronger inhibition was 
included in the analysis). Hepatocyte uptake experiments 
found intracellular total concentrations of evofosfamide 
to be onefold to fourfold higher than the extracellular 
concentrations (data on file). Therefore, sensitivity analyses 
ranged from onefold to fivefold increase in the intracellular 
concentrations of evofosfamide.

Static modeling.  Standard static modeling was performed 
according to Eqs. 1 and 2 for direct and time-dependent 
inhibition, respectively. Fractions escaping gut metabolism 
in the presence and absence of inhibitors were set to unity 
for CYP2B6 and 2D6, because expression of these enzymes 
in the gastrointestinal tract is negligible,36 and to unity and 
0.57 for midazolam in line with the prominent gut expression 
of CYP3A.37 The static equation for a single CYP isozyme 
simplifies to:

where AUCʹ and AUC are the area under the concentration 
time curve in the presence and absence of the inhibitor, 

(1)
AUC�

AUC
=
f i
G

fG

×
1

fmCYPi

(1+[I]∕Ki)
+
(

1− fmCYPi

)

Figure 1  Final compound model simulations: Simulated (lines) 
and observed (dots) mean plasma concentration-time profiles of 
evofosfamide given as intravenous infusion of 480 mg/m2 over 
30 minutes. Ten trials of 22 subjects each were simulated; the 
lines reflect the means for each trial. The two sets of observed 
clinical data plotted reflect the measured values after the first 
(green dots) and third infusion (light blue dots), respectively. 
The graphs show the data on linear (top) and semi-logarithmic 
scale (bottom). For comparison, 2.5 μM (used as half-maximal 
induction of cytochrome P450 (CYP)3A induction) corresponds 
to 1.12 mg/L.
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f i
G
 and fG are the fractions escaping gut metabolism in the 

presence and absence of inhibitor, [I] is the estimated un-
bound inhibitor concentration as discussed below, Ki is the 
reversible inhibition constant, and fmCYPi represents the 
fraction of the probe drug metabolized by CYPi. Similarly, 
the equation for irreversible inhibition is: 

with kinact as the maximal inactivation rate constant, 
Kapp the inhibitor concentration at 50% of kinact, and kdeg 
the endogenous degradation rate constant of the CYP 
enzyme. Parameters were adopted from Simcyp for 
consistency. Parameters specific to the CYP enzymes and 
probe substrates are presented in Table 2. The inhibition 
constants for evofosfamide were also used in the PBPK 
modeling approach given in Table 1. The maximum 
unbound systemic concentration (Imax) was 13.6  μM and 
the average unbound inhibitor concentration (Iav) was 
0.0639 μM, based on estimations from the model simulation 
after administration of a 340 mg/m2 dose of evofosfamide. 

Standard approaches, as outlined in guidance documents, 
were designed as a worst-case approach, putting the 
patient safety first by using the maximum concentration.

RESULTS
PBPK modeling
A PBPK model describing the PK of evofosfamide was suc-
cessfully developed and validated (Figure 1) and then used 
for inhibitor or inducer interaction in trial simulations with 
sensitive probe substrates. The AUC changes observed for 
the probes were evaluated as a measure of evofosfamide’s 
drug interaction potentials.

Evofosfamide as a CYP inhibitor
In vitro data indicated a potential for direct, but not time-
dependent inhibition of CYP2D6. The static calculation in-
dicated that the interaction potential is negligible, with AUC 
ratios for the sensitive substrate dextromethorphan of 1.11 
and 1.0005 based on Imax and Iav, respectively. These values 
are well below 1.25, the threshold for inhibition according to 
regulatory guidelines. In conjunction to the static modeling, 
PBPK modeling was constructed and validated the results 
obtained from the static model as shown in Tables 3 and 4.
The geometric mean ratios (95% CI) for AUC and Cmax with 
and without evofosfamide were 1.04 (1.03; 1.04), and 1.04 
(1.03; 1.04), respectively. Sensitivity analyses showed that 
the AUC ratio (95% CI) both at half the measured Ki value of 
1.07 (1.06; 1.08) and at a 5-fold increased intracellular con-
centration of evofosfamide 1.16 (1.13; 1.18) were well below 
the threshold of 1.25.
The time-dependent inhibition of CYP2B6 was predicted 
using static modeling. The results predicted evofosfamide as 
a borderline weak inhibitor based on the maximum inhibitor 
concentration with a ratio of 1.32, whereas the calculation 

(2)
AUC�

AUC
=
f i
G

fG

×
1

fmCYPi

1+
(

kinact×[I]
)

∕
(

kdeg×
(

Kapp+[I]
)) +

(

1− fmCYPi

)

Table 2  Parameters specific to the CYP enzymes and probe substrates 

CYP kdeg Substrate fmCYP

CYP2D6 Not applicable Dextromethorphan 0.72

CYP2B6 0.000362 min−1 
= 0.0217 h−1

Bupropion 0.90

CYP3A4 0.000322 min−1 
= 0.0193 h−1

Midazolam 0.96

CYP, cytochrome P450 enzyme; fmCYP, fraction of substrate metabolized by 
CYP; kdeg, first order degradation rate constant.

Table 3  Interaction simulations – results for simulations of evofosfamide as inhibitor or inducer, respectively, using PBPK modeling

Probe

Probe Cmax ratio Probe AUC ratio

GeoMean 95% CI GeoMean 95% CI

Evofosfamide as inhibitor

Dextromethorphan 
CYP2D6 (DI)

Day 1 1.04 1.03 1.04 1.04 1.03 1.04

Bupropion 
CYP2B6 (MBI)

Day 1 1.001 1.001 1.001 1.001 1.001 1.001

Day 15 1.001 1.001 1.001 1.001 1.001 1.002

Midazolam 
CYP3A4 and CYP3A5 (DI + MBI)

Day 1 1.02 1.01 1.02 1.03 1.03 1.04

Day 15 1.02 1.02 1.02 1.03 1.03 1.04

Evofosfamide as inducer

Midazolam 
CYP3A4 and CYP3A5 (Ind)

Day 1 0.95 0.93 0.96 0.91 0.89 0.92

Day 15 0.94 0.93 0.95 0.90 0.88 0.92

AUC, area under the concentration-time curve; CI, confidence interval; Cmax, peak plasma concentration; CYP, cytochrome P450 enzyme; DI, direct inhibi-
tion; GeoMean, geometric mean; Ind, induction; MBI, mechanism-based inhibition; PBPK, physiologically based pharmacokinetic.
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based on the average concentration yielded an AUC ratio 
of 1.002, making a clinically relevant DDI again very unlikely.
PBPK modeling was used to refine the analyses. The re-
sults shown in Table 3 indicated a < 1% change in both 
AUC and Cmax values following evofosfamide administra-
tion. The AUC ratios stayed below 1.02 for all simulated 
scenarios, including sensitivity analyses. The AUC ratios 
also stayed below 1.02 for repeat dosing of evofosfamide, 
in which CYP2B6 was only minimally inhibited. More than 
99.5% of isozyme remained active, leading to bupropion 
AUC ratios of 1.00 (1.00; 1.00), indicating a lack of potential 
inhibition of CYP2B6 by evofosfamide in the clinic.
The most complex case was the inhibition of CYP3A4/5, 
which consists of simultaneous direct and time-dependent 
inhibition (TDI). Static modeling predicted AUC ratios above 
the threshold of 1.25; the values are presented in Table 4. 
PBPK modeling was used to refine the results. No inhibition 
by evofosfamide was predicted for CYP3A4/5 with AUC ra-
tios close to unity (Table 3). Sensitivity analyses for Ki (direct 
inhibition), and Kapp and kinact (mechanism-based inhibition 
(MBI)) showed AUC ratios below 1.10, which is well below 
the threshold of 1.25 for evofosfamide to be considered as 
a weak inhibitor. Assuming a 5-fold accumulation of evofos-
famide in hepatocytes, the AUC ratio was 1.14 (1.12; 1.17), 
again below the threshold of 1.25. Because the in vitro stud-
ies indicated a onefold to fourfold possible accumulation of 
evofosfamide in hepatocytes, these simulations imply a lack 
of clinically relevant CYP3A4/5 inhibition by evofosfamide.
Again, no clinically relevant inhibition was anticipated fol-
lowing repeat once-weekly dosing of evofosfamide, in 
which only marginal declines in CYP3A4 and 3A5 activities 
were predicted after the first and third doses (Figure 2).  
Interaction ratios were similar between days 1 and 15 (Table 
3). In addition, accumulations of any inhibitory effects were 
negligible, given the once weekly dosing of evofosfamide 
(Figure 2), and, therefore, repeat dosing did not lead to a 
further decrease in enzyme activity. This was also evident 
between treatment cycles given that the third dose was fol-
lowed by a 1-week treatment break, thus the subsequent 
cycle began as the previous one with no meaningful enzyme 
inhibition. Therefore, the duration of the simulated trials of 
360 hours was found to be sufficient to characterize the in-
hibition potential after multiple dosing of evofosfamide.

Evofosfamide as a CYP inducer.  The CYP induction 
results were based on the hybrid model combining a lower 
limit for IndC50 determined experimentally with the maximum 
fold-induction of rifampicin. Simulations of evofosfamide 
as an inducer provided a geometric mean AUC ratio (95% 
CI) in this simulation of 0.91 (0.89; 0.92) for CYP3A. The 

AUC and Cmax ratios (Table 3) of midazolam are near unity 
and well above the threshold of 0.80 for consideration of 
evofosfamide as a weak inducer of CYP3A.
Interaction ratios were found to be similar between days 1 
and 15 (Table 3). Enzyme levels had essentially returned to 
baseline within the dosing interval, with < 101% of CYP3A 
being active prior to the next dose. Therefore, repeat once 
weekly dosing of evofosfamide did not result in an increase 
in enzyme activity. The interaction potential was covered by 
simulations for up to week 3, accordingly.
The sensitivity analyses yielded AUC ratios (95% CI) of 
0.82 (0.80; 0.85) assuming 2-fold higher Indmax and 0.88 
(0.86; 0.90) assuming 2-fold lower IndC50, and are, there-
fore, above the regulatory threshold of 0.80 in the sensitivity 
analyses regarding the induction parameters.

DISCUSSION

Mathematical models have been developed to predict 
clinical DDI early from in vitro data.22–26 These range from 
simple static models to more sophisticated mechanistic 
PBPK models. Although static modeling requires fewer re-
sources, it is limited by the use of constant concentration 
data. Considering the once weekly dosing regimen of evo-
fosfamide and its short elimination half-life of 0.81 hours,35 
the use of constant maximum inhibitor concentrations 
in static models likely overestimates evofosfamide’s DDI 
potential. Hence, a dynamic model was applied because 
it can simultaneously model plasma concentration-time 
profiles of both the perpetrator drug and the model sub-
strate. Furthermore, PBPK modeling was used to over-
come the problem of cytotoxicity that frequently limits the 
use of sufficiently high compound concentrations required 
to derive reliable in vitro estimates for IndC50 and Indmax. 
Therefore, a “hybrid” model was constructed using a lower 
limit of evofosfamide’s IndC50 derived from experimental 
data combined with Indmax from rifampicin, which is con-
sidered one of the strongest CYP3A inducers.34 The val-
ues chosen for the modeling underestimated the actual 
CYP3A IndC50 for evofosfamide and likely overestimated 
the Indmax value for evofosfamide. This approach is con-
sidered to yield a worst-case scenario when simulating the 
potential of evofosfamide to induce CYP3A. In addition, 
sensitivity analyses showed that the respective regula-
tory thresholds are not reached neither when considering 
uncertainty in enzyme kinetic parameters nor when con-
sidering possible accumulation of evofosfamide in hepato-
cytes. Wagner et al.38 reported that PBPK predictions of 
induction by rifampicin can be improved by increasing the 
maximum induction effect from 8-fold to 11.5-fold. The 

Table 4  AUC ratios for the respective probe substrates, calculated based on Imax and Iav, respectively, using static modeling

CYP AUC ratio (Imax; direct inhibition) AUC ratio (Imax; TDI) AUC ratio (Iav; direct inhibition) AUC ratio (Iav; TDI)

Dextromethorphan 1.11 N/A 1.0005 N/A

Bupropion N/A 1.32 N/A 1.002

Midazolam 1.91 5.93 1.76 1.78

AUC, area under the concentration-time curve; CYP, cytochrome P450 enzyme; Iav, average inhibitor concentration; Imax, maximum inhibitor concentration; 
N/A, not applicable; TDI, time dependent inhibition.
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present modeling approach for evofosfamide included a 
sensitivity analysis of a maximum induction effect up to 
16-fold showing that no induction is present across the 
whole range.
Although the number of conservative assumptions in-
cluded in our modeling approach provides confidence in 
the reliability of the current prediction, the lack of available 
clinical DDI data of evofosfamide limited further refine-
ment and potential improvement of the model’s predic-
tivity, a recommended part of model qualification.39,40 
Furthermore, the present research does not revisit the 
qualifications of the Simcyp platform nor the verifications 
of the substrate models. This would include the qualifica-
tion of the computational framework, the description of 
the virtual population, as well as the parameters used to 
describe the human physiology. We only present the de-
velopment and verification of the evofosfamide compound 

file for use as a perpetrator model. We made several con-
servative assumptions and were still able to demonstrate 
absence of clinically relevant interaction potential, due to 
the properties of evofosfamide. However, this might not be 
possible for other compounds, in which more precise de-
scriptions might be needed, thus limiting the approach to 
certain circumstances. In other situations, more thorough 
model development might be needed, for instance to more 
precisely capture the concentration time profile. There is 
also a limitation of the approach related to the combination 
of Indmax and IndC50 from two different drugs. Accordingly, 
the quantification of the induction potential can only be 
a surrogate value, which provides information about a 
boundary for the induction liability of the drug in question. 
The case presented in this study refers to the complete ex-
clusion of induction liability and may only be applicable for 
drugs with short half-lives or intermittent dosing, such as 
evofosfamide. Nevertheless, the approach could in princi-
ple also be used for other situations. For example, it could 
be of value for an exclusion of strong induction as opposed 
to moderate or weak induction.
This approach can derive information about the DDI po-
tential of cytotoxic drugs, which otherwise could hardly be 
generated.41 PBPK simulations of DDI mediated by drug 
metabolizing enzymes is the area in which substantial sci-
entific and regulatory experience has been gathered so 
far.40–43 In addition, predictive confidence has been demon-
strated for interactions via CYPs, so that these approaches 
can be used for modeling and simulation with high regula-
tory impact,44–47 and generate essential information also for 
the safe use of cancer drugs in light of the limited studies 
in humans.32,48

The current approach is novel combining the lower limit 
of IndC50 of evofosfamide with the maximum fold in-
duction of rifampicin as the basis for PBPK modeling. 
Thereby, it was possible to predict that evofosfamide is 
unlikely to cause a clinically relevant DDI due to induc-
tion of CYP3A, despite the absence of reliable in vitro 
induction data above clinical peak concentrations. PBPK 
modeling should be considered when one key assump-
tion of static models does not hold, namely maintain-
ing inhibitory concentrations over an extended period 
of time). This approach is expected to work particularly 
well for compounds with short elimination half-life and/or 
intermittent dosing regimen. This novel PBPK modeling 
approach may set a precedent for future studies of cyto-
toxic drugs and allows filling the knowledge gaps regard-
ing their DDI potential.

Supporting Information.  Supplementary information accompa-
nies this paper on the CPT: Pharmacometrics & Systems Pharmacology 
website (www.psp-journal.com).

Note S1. Model development and qualification.
Note S2. Evofosfamide compound file and trial simulation settings.
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Figure 2  Relative amount of active cytochrome P450 (CYP)3A4 
(top) and CYP3A5 (bottom) in the liver simulated for inhibition 
effect only over 360 hours in the absence (straight lines at 100%) 
and presence (curved lines) of evofosfamide administrations. 
The 340 mg/m2 evofosfamide was infused over 30 minutes 
starting at 0, 168, and 336 hours. The lines are the means for the 
population (n = 100).
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