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Personalized Chronomodulated 5-Fluorouracil
Treatment: A Physiologically-Based
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The discovery of circadian clock genes greatly amplified the study of diurnal variations impacting cancer

therapy, transforming it into a rapidly growing field of research. Especially, use of chronomodulated treatment
with 5-fluorouracil (5-FU) has gained significance. Studies indicate high interindividual variability (11V) in diurnal
variations in dihydropyrimidine dehydrogenase (DPD) activity - a key enzyme for 5-FU metabolism. However,

the influence of individual DPD chronotypes on chronomodulated therapy remains unclear and warrants further
investigation. To optimize precision dosing of chronomodulated 5-FU, this study aims to: (i) build physiologically-
based pharmacokinetic (PBPK) models for 5-FU, uracil, and their metabolites, (ii) assess the impact of diurnal
variation on DPD activity, (iii) estimate individual DPD chronotypes, and (iv) personalize chronomodulated 5-FU
infusion rates based on a patient’s DPD chronotype. Whole-body PBPK models were developed with PK-Sim® and
MoBi®. Sinusoidal functions were used to incorporate variations in enzyme activity and chronomodulated infusion
rates as well as to estimate individual DPD chronotypes from DPYD mRNA expression or DPD enzymatic activity.
Four whole-body PBPK models for 5-FU, uracil, and their metabolites were established utilizing data from 41 5-FU
and 10 publicly available uracil studies. IV in DPD chronotypes was assessed and personalized chronomodulated
administrations were developed to achieve (i) comparable 5-FU peak plasma concentrations, (ii) comparable 5-FU
exposure, and (iii) constant 5-FU plasma levels via “noise cancellation” chronomodulated infusion. The developed
PBPK models capture the extent of diurnal variations in DPD activity and can help investigate individualized
chronomodulated 5-FU therapy through testing alternative personalized dosing strategies.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?

M 5-Fluorouracil (5-FU) is a widely used anticancer drug, that
is influenced by diurnal variations and often administered as
chronomodulated intravenous infusions. Pronounced interin-
dividual variability (IIV) of dihydropyrimidine dehydrogenase
(DPD) chronotypes was shown in patients with cancer.
WHAT QQESTION DID THIS STUDY ADDRESS?

M The presented study aimed to question the use of uniformed
chronomodulated 5-FU treatment on an individual patient level.
WHAT DOES THIS STUDY ADD TO OUR
KNOWLEDGE?

4| Physiologically-based pharmacokinetic (PBPK) models
of endogenous uracil and 5-FU together with their respective

metabolites formed by DPD were developed to include the
impact of diurnal variations on DPD and to investigate the in-
fluence of IIV in DPD chronotypes for 5-FU exposure during
various treatment scenarios.

HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY ORTRANSLATIONAL SCIENCE?

M With help of the successfully developed PBPK models, the
study proposes a new and personalized treatment approach of
5-FU therapy based on an individuals’ DPD chronotype.
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5-Fluorouracil (5-FU) is a potent anticancer agent that is exten-
sively used in treatment of various cancers, for example, as first-line
treatment in combinations with other anticancer drugs.l’2 Given
its structural similarity to the endogenous nucleobase uracil, 5-FU
effectively inhibits tumor growth by interfering with the synthesis
of DNA, RNA, and other nucleosides. Due to its highly variable
oral bioavailability (ranging from 0 to 80%2), narrow therapeutic
window,” and improved toxicity profile, 5-FU is commonly ad-
ministered as a combination of an intravenous bolus injection fol-
lowed by a continuous infusion, or solely as a continuous infusion
over a period of 22-96 hours, in repeated cycles covering several
months of treatment.’

Dihydropyrimidine dehydrogenase (DPD) catalyzes the rate-
limiting reaction in the conversion of 5-FU to inactive metab-
olites. Several genetic variants within the gene coding for DPD
(DPYD) have been identified that lead to altered enzyme activity
and subsequently result in reduced 5-FU metabolism.* Thus, con-
sidering the narrow therapeutic window,” certain DPYD alleles
are associated with potentially life-threatening toxicities during
ch¢:moth<3ral:>y.l‘4’5 Furthermore, cellular circadian clocks strongly
modulate 5-FU metabolic pathways, which can affect both cat-
abolic pathways, such as DPD metabolism, as well as anabolic
pathways, for example, mediated by the uridine monophosphate
synthase. Specifically, diurnal variation significantly influences the
expression of DPYD messenger RNA (mRNA) and, hence, DPD
biosynthesis. This leads to pronounced diurnal patterns in plasma
levels of its endogenous substrate uracil, as well as the ratio of
dihydrouracil-to-uracil (DHU/ )7 Additionally, studies have
indicated diurnal variations in plasma concentrations of 5-FU
during continuous constant-rate infusions, as reported in the lit-
erature.!*? Notably, these studies have documented inter- and
intraindividual variability regarding both the time and extent
of peak DPD ;1ctivity.8’14’15 Chronomodulated 5-FU treatment
schedules have peak infusion rates at 4AM,6 often in various
combinations with chronomodulated irinotecan and oxaliplatin
like the chronoFLO4 treatment.®%! Compared with constant-
rate infusions, chronomodulated infusions with peak delivery at
4 AM were better tolerated by male patients, whereas female pa-
tients experienced more grade 3-4 toxicities and demonstrated
decreased response rates and overall survival under chronomod-
ulated treatment.'®"” Mathematical analyses using semimecha-
nistic models unveiled considerable interpatient variability in the
pharmacokinetics (PK) during chronomodulated therapy with
5-FU.'8 Despite all patients receiving 5-FU treatment (combined
with irinotecan and oxaliplatin) with the same peak delivery rate
and relative dose per body surface area, significant differences in
maximum plasma concentrations (C__) and areas under plasma
concentration-time curves (AUC) could be observed.'™" As
5-FU clearance strongly correlates with DPD activity, inter-
individual variability (IIV) regarding diurnal DPD-mediated
5-FU metabolism could attribute significantly to the variability
observed in 5-FU plasma exposure.zo

In order to better understand the intricate interplay between
the circadian clock and the time-of-day dependent variation in
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5-FU therapy, our primary objective in this study was to formu-
late a personalized strategy for chronomodulated 5-FU treatment.
We achieved this by using physiologically-based pharmacokinetic
(PBPK) modeling, a mathematical technique to describe and pre-
dict a drug’s behavior in various physiological tissues. Here, the
versatility of the whole-body PBPK framework enables the explo-
ration of various treatment scenarios, including intravenous, intra-
arterial, or oral administrations of S-FU.

Thus, the objectives of this study are as follows: (i) to pre-
dict the impact of diurnal variation on time-dependent DPD-
mediated metabolism by developing whole-body PBPK
models for 5-FU, uracil, and their metabolites dihydrofluoroura-
cil (DHFU) and dihydrouracil (DHU); (ii) to simulate contin-
uous infusions of 5-FU with chronomodulated administration
rates; (iii) to estimate individual DPD chronotypes based on
observed mRNA expressions, enzyme activities, or endogenous
uracil levels; and (iv) to ultimately derive personalize chrono-
modulated S-FU treatment tailored to the estimated individual
DPD chronotypes.

METHODS

Software

For model development, PK-Sim and MoBi (Open Systems Pharmacology
Suite 9.1, released under the GPLv2 license by the Open Systems
Pharmacology community, www.open-systems-pharmacology.org)!
were utilized. Model parameter estimation was carried out using Monte
Carlo and Levenberg—Marquardt algorithms implemented in PK-Sim™®
and MoBi™®. Published concentration-time profiles of 5-FU, uracil, and
their metabolites were digitized using GetData Graph Digitizer (version
2.26.0.20, S. Fedorov). PK parameter analysis, model performance eval-
uation, and figures were generated using the R programming language
(version 3.6.3, R Core Team; R: A Language and Environment for
Statistical Computing. R Foundation for Statistical Computing, Vienna,
Austria, 2021).

Clinical data

Data from clinical studies of 5-FU and uracil were obtained from the lit-
erature and digitized following the approach of Wojtyniak and cowork-
ers.”? Plasma concentration-time profiles of endogenous uracil, [2-1*C)
uracil after oral administration in healthy subjects, and 5-FU duringand
after intravenous administration in patients with cancer were compiled
and divided into a trainingand a test data set used for model buildingand
model evaluation, respectively. The training data set included metabolite
concentration-time profiles, a broad dosing range, and various adminis-
tration protocols. To account for the known sex differences, studies were
assigned to the respective training and test data sets for a balanced dis-
tribution of female and male subjects. Demographic information of all
collected profiles can be found in the clinical study tables in Sections $2
and S3 of the Supplementary Materials.

PBPK model building

An extensive literature search was conducted to gather data on the phys-
icochemical properties, PK processes, as well as clinical studies. Whole-
body PBPK models were built with virtual individuals based on the mean
and mode of reported demographic information, including age, body
weight, height, ethnicity, and sex for each study. If demographic data
were unavailable for a study, virtual standard individuals were created
with details listed in Table S1.3. Tissue distributions of relevant enzymes
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and transporters were implemented, using the PK-Sim™® expression data-
base.?? Detailed information on the used expression profiles derived from
the PK-Sim™® expression database is provided in Tables S1.1 and S1.2.

Model input parameters that could not be sufficiently informed from
the literature or were involved in important quantitative structure—ac-
tivity relationship model estimates of permeability and distribution pro-
cesses were optimized by fitting the models simultancously to all plasma
concentration-time profiles of the training data set.

Implementation of diurnal variations

For simulations of continuous infusions, a time-dependent sine function
was used to describe oscillation over 24 hours (Eq. 1) accounting for di-
urnal variations in enzyme activity of DPD and dihydropyrimidinase
(DPH), which catalyzes biotransformations of 5-FU and uracil metab-
olites. Similarly, variations in chronomodulated infusion rates were also
calculated according to (Eq. 1):

21 (t + TACT)

f6= 24

1 4+ Amp * sin * ) 1)

where Amp is the amplitude, # represents the simulation time in

hours, 7, e

tivity rate or infusion rate.

The amplitude was cither derived from studies reporting mean DPD
activities over a period of 24 hours” for the majority of studies, or ad-
justed to fit the respective observed plasma concentrations, as listed in
Table $3.3. Because the time of peak DPD activity (acrophase) and result-
%nglgnlignziggzl 5-FU plasma c?ncentrations differed between sev'eral stud-
ies, """ a mean phase shift parameter T, could not be derived from
the literature. Hence, if no data on DPD activity of patients were available
and their respective acrophase was unknown, 7,  was estimated. This esti-
mation was also necessary if information regarding the time-of-day for the
start of 5-FU administration or plasma concentration measurements was
missing. When incorporating diurnal variations in DPH activity, values
for Amp and T},  (Eq. 1) were estimated, as no activity profiles were avail-
able in the existing literature.

s the phase shift, and 7is the respective enzymatic ac-

PBPK model evaluation
Model performance was evaluated by visual predictive checks of predicted
and observed profiles from the corresponding clinical studies. Moreover,
goodness-of-fit plots of predicted vs. observed plasma concentrations, AUC
calculated from the time of the first to the last concentration measurement
(AUC, ) aswellas C__ values were generated. To quantify the descriptive
and predictive performance of the models, mean relative deviation (MRD)
and median symmetric accuracy (MSA) of all plasma concentration pre-
dictions together with geometric mean fold error (GMFE) of all AUC and
C,.., predictions were computed. For this, MRD and GMFE values <2
were considered successful model predictions. Details on the quantitative
model evaluation can be found in Section S1.1.

Local sensitivity to single parameter changes was analyzed for the AUC
of 5-FU, uracil, and their metabolites as described in Section $1.2 with
visualized results in Section $2.4.5 and $3.4.5.

In vitro-in vivo-extrapolation of individual DPD chronotypes
for dose individualizations

To estimate individual DPD chronotypes, diurnal patterns were derived
from in vitro measurements of DPD activities or from iz vitro measure-
ments of DPYD mRNA expressions, which were then translated into
DPD activities.® Next, the Amp and T, of the diurnal pattern (see
Eq. 1) were estimated to fit the observed DPD activities. Subsequently,
the estimated diurnal parameters served as input for the DPD-mediated
biotransformation in iz wvive predictions of 5-FU or uracil plasma
concentrations with the developed PBPK models.
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RESULTS

PBPK model development: Implementation of diurnal
variations

Whole-body PBPK models for 5-FU, uracil, and their metabolites
DHFU and DHU were developed based on clinical data from 41
5-FU studies involving 777 patients and 10 uracil studies involv-
ing 104 volunteers. The administered doses of 5-FU ranged from
140 to 600 mg/m” for injections, 250-1750 mg/m*/day for infu-
sions and 300-580 mg/m2 for oral solutions. Oral [2-*Cluracil
studies involved dosing ranging from 50 to 1,000 mg. Overall,
16 profiles were compiled in the training data set and 89 profiles
were used for the test data set. All clinical studies used for model
development are listed in Tables $2.1, $3.1, and S4.1.

A structure of the whole-body 5-FU and uracil PBPK models is
depicted in Figure 1a. The biotransformation of 5-FU and uracil
via DPD to DHFU and DHU, respectively, which are then further
metabolized via DPH or transported via multidrug resistance-
associated protein 4 (MRP4) are illustrated in Figure 1b.

Cellular endogenous uracil synthesis was simulated with a
constant rate for each intracellular compartment, which was op-
timized to fit the observed data of endogenous plasma concentra-
tions measured throughout the day. For DPD- and DPH-mediated
metabolism, Michaelis—Menten kinetics were assumed, with the

26,2
7 and re-

Michaelis—Menten constants derived from literature
spective activity rates optimized to fit the observed data. Diurnal
rthythms were implemented for DPD and DPH-mediated metabo-
lism according to Eq. 1. Additionally, active transport of 5-FU and
uracil via MRP4 was implemented and optimized as well. The re-
spective drug-dependent parameters of the models are summarized
in Tables $2.2, §2.3, $3.2, $3.3, and $4.2.

The model predictions of observed plasma concentrations of ura-
cil as [2-"*C]uracil from oral solutions, 5-FU from intravenous bolus
and continuous administrations, and their metabolites are shown
in selected profiles in Figure 2. Diurnal variations in DPD activity
were implemented with Ampy,, (0.124) derived from literature”
and 7, pp, optimized to fit the observed plasma concentrations.
The impact of diurnal variation in DPD activity is further detailed
in Figure 3 with exemplary plasma concentration-time profiles of
endogenous uracil, DHU and their corresponding parent-metabolite
plasma ratio (DHU/U; often used to assess DPD phenotypes), as
well as profiles of 5-FU and DHFU during continuous infusions of
5-FU with constant and chronomodulated rates.

For all model simulations presented in Figure 3, a literature
value for Amp, (0.124)" was used, appropriate to capture the
extent of diurnal variations in mean uracil and 5-FU plasma
concentrations, whereas 7},  ,, was optimized individually.
Because both the constant rate infusion (Figure 3b) and the
chronomodulated infusion (Figure 3¢) were administered in the
same cohort, T, ppp ©f 1,285 min resulting in an acrophase at
7 pM was used for both simulations. To simulate chronomodu-
lated infusions (Figure 3c¢,d), variations in administration rates
described with the parameters Amp and 7}, _(here Ampy, . and
T, .inp) according to Eq. 1 were estimated based on the ob-
served plasma concentration-time profiles. Overall, patients re-
ceived ~ 60% of the daily 5-FU dose during the night with a peak
delivery rate at 4 AM.
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Figure 1 Schematic overview of the PBPK models of 5-FU and uracil. (a) The whole-body PBPK model comprises compartments representing
organs and tissues, interconnected via blood flow. Each organ compartment is further divided into four subcompartments: plasma, red

blood cells, and interstitial and intracellular space. Multi-compartment models were built to describe and predict the PKs of 5-FU and uracil
considering drug-clock time interactions. (b) An illustrative depiction of the implemented processes: 5-FU is inactivated by DPD to DHFU. DHFU
is subsequently metabolized by DPH. Similarly, uracil is transformed to DHU via DPD with subsequent metabolism of DHU via DPH. Drawings
by Servier, licensed under CC BY 3.0.2% 5-FU, 5-fluorouracil; DHFU, dihydrofluorouracil; DHU, dihydrouracil; DHP, dihydropyrimidinase; DPD,
dihydropyrimidine dehydrogenase; DPH, dihydropyrimidinase; DHU, dihydrouracil; MRP4, multidrug resistance-associated protein 4; PBPK,

physiologically-based pharmacokinetic; U, uracil.

Additionally, diurnal variations in DPH activity were sim-
ulated based on the assumption that clock genes may influ-
ence DPH as well. The diurnal parameters for DPH activity
(Amppypyy and 7, py) were optimized to match the respective
metabolite profiles (Figure 3a,b). By considering diurnal DPH
activity, the diurnal patterns observed in the metabolite plasma
concentrations were well-predicted, particularly in the case of
DHFU, whose plasma levels substantially exceeded the oscilla-
tion of the parent plasma levels. MRD values for the metabo-
lite predictions with a diurnal DPH activity were 1.06 and 1.68
for DHU and DHFU, respectively. Predictions of metabolite
plasma concentrations with a constant DPH activity are shown
in Sections $2.3 and $4.4.

Overall, the assessed performance of the models predicting ob-
served plasma concentrations of 5-FU and uracil as well as their
metabolites are shown in goodness-of-fit plots with selected
plasma concentration-time profiles in Sections $2.4.3, $3.4.3, and
$4.5.3. All predictions were in good agreement with the observed
data, with 96 of 98 of predicted AUC,_  and 27 of 28 of predicted
C_., values within the 2-fold acceptance limits. Total GMFEs for
the 5-FU and uracil model performance were 1.23 and 1.12 (1.00—
2.43) for AUC, _ values as well as 1.20 and 1.20 (1.00-2.06) for
C_ ., values, respectively.

All predicted compared with observed plasma concentration-time

profiles on a linear and semilogarithmic scale, as well as AUC, _and

last

C_ .. values for the test and training data sets are given in Sections

$2.4, 8$3.4, and $4.5, and MRD, MSA, and GMFE values summa-
rized in Tables $2.4, $2.5, $3.4, $3.5, $4.3, and S4.4.
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PBPK model adaptation: Personalized dosing based on
individual DPD chronotypes

To investigate the extent of ITV in DPD activity and its impact on
5-FU therapy, individual DPD chronotypes were estimated for pa-
tients with cancer and healthy subjects. DPD chronotypes in patients
with cancer were derived from two different groups. First, individ-
ual DPD chronotypes were estimated from observed 5-FU plasma
concentration-time profiles reported by Lévi ez al.”’ (Lévi group)
by adapting Ampp,, and 7, Aer.DPD O match the observed 5-FU
plasma profiles for every individual (Figure 4a). Here, all 10 patients
received chronomodulated 5-FU with a peak delivery rate at 4am.
The administration rates were obtained from the respective study.
Individual 5-FU plasma levels were observed to vary greatly, with
peak concentrations differing by up to 12-fold between patients, de-
spite receiving the same dose and infusion rate. Second, DPD chro-
notypes were extrapolated from DPYD mRNA expression profiles
reported from cancer patients by Raida ez al® (Raida group). Here,

the parameters Ampy,,y and 7| were estimated from leuko-

cyte DPYD mRNA expressionifr’r?gngecting the short translation
time of 1.7 minutes (translation rate of 10 amino acids per seconds®®
for a 1,025 amino acid long DPD protcin”).

The respective values for Ampy,,, and 7, ‘AccDPD for the Lévi and
Raida groups were used according to (Eq. 1) to calculate DPD ac-
tivity over time, based on bPD (baseline DPD activity) as shown
in Figure 4b,c.

DPD chronotypes in healthy individuals were determined from
measured DPD enzyme activities’ (Figure 4e). In healthy sub-

jects, acrophase and extent of enzyme activity exhibited greater
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Figure 2 PBPK model performance. (a,b) Predicted (solid lines) and observed (dots) plasma concentration-time profiles of [2—13C]uracil and

dihydrouracil after application of 6mg/kg body weight and 500 mg/m2

body surface area [2—13C]uracil as an oral solution with observed data

from Mattison et al.?® and Van Staveren et al.?° (c—f) Predicted (solid lines) and observed (dots) plasma concentration-time profiles of 5-FU
and dihydrofluorouracil after intravenous bolus injections of 250 mg/m?, 370 mg/m?, 500mg/m? and 600 mg/m? 5-FU with observed data
from Bocci et al.,*° Paolo et al.,3* and Bardakji et al.>? Additionally predicted (dashed line) and observed (triangles) fractions excreted in urine
after administration of 500 mg/m2 5-FU as bolus injections.33 (g,h) Predicted (solid lines) and observed (dots) plasma concentration-time
profiles of 5-FU after intravenous bolus injections of 400 mg/m2 as loading dose and intravenous continuous infusions at a constant rate

of 600 and 900 mg/m2 over 22 hours as maintenance dose with observed data from Joel et al.>* and Joulia et al.®® 5-FU, 5-fluorouracil; bol,
bolus injection; conc, concentration; cons, constant rate continuous infusion; inf, infusion; iv, intravenous; n, number of subjects; PBPK,

physiologically-based pharmacokinetic; po, oral; sol, solution.

homogeneity, whereas both cancer patient groups displayed more
pronounced IIV. This distinction is further emphasized when com-
paring the individual DPD maximum activity at their acrophases
between healthy subjects and patients with cancer throughout the
day (Figure 4d). DPD acrophases in healthy subjects were observed
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during the night between 1 and 5 AM, whereas in both patients with
cancer groups they were distributed across the entire day, with the
majority occurring during daytime hours. The standard deviation of
mean DPD acrophases for patients with cancer was 3.6-fold higher
than for the healthy group (9:53 AM +5.29 hours for patients with
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Figure 3 Physiologically-based chronopharmacokinetic model performance. (a) Predicted (lines) and observed mean (dots) plasma
concentration-time profile of endogenous uracil (U, dark red) and dihydrouracil (DHU, dark green) with respective DHU/U ratios (black).7

(b) Predicted (solid line) and observed (dots) mean 5-FU plasma concentration-time profile after a constant rate infusion of 5,25Omg/m2
5-FU over 3days (dashed Iine).36 (c) Predicted (solid line) and observed (dots) mean 5-FU plasma concentration-time profile after a
chronomodulated infusion of 5,250 mg/m2 5-FU over 3days (dashed Iine).36 (d) Predicted (solid lines) and observed (dots) mean 5-FU and
dihydrofluorouracil plasma concentration-time profiles after a chronomodulated infusion of 2,600 mg/m2 5-FU over 48hours (dashed line).*”
Dihydrouracil and dihydrofluorouracil were simulated with a DPH-mediated metabolism with an adapted diurnal activity rate. Parameters
describing circadian DPD activity were derived from reported activity measurements in peripheral blood mononuclear cells (PBMCs).7 5-FU,
5-fluorouracil; conc, concentration; DHU/U, dihydrouracil to uracil plasma ratio; inf, infusion; iv, intravenous; n, number of subjects; PBMC,
peripheral blood mononuclear cells; PBPK, physiologically-based pharmacokinetic.

cancer vs. 2:49 AM +1.45 hours for healthy subjects). The estimated
maximum DPD enzyme activity for both patients with cancer and
healthy subjects was more uniformly distributed in the range of 10
and 20 nmol/mg/hour (12.94 + 1.89 nm/mg/hour for healthy sub-
jects vs. 12.50 +2.13 nmol/mg/hour for patients with cancer).
Opverall, the importance of diurnal variations and their impact
on individual plasma concentrations led to the development of a
potential model-informed precision dosing approach for chrono-
modulated 5-FU treatment, asillustrated in Figure 5 based on 3 rep-
resentative individuals from the Raida group (shown in Figure 4c).
Individual DPD chronotype estimation can be performed using
measured DPYD mRNA expressions, DPD enzyme activities (e.g.,
in PBMC cells) or DPD substrate concentrations, such as endoge-
nous uracil or 5-FU plasma levels. After estimating the amplitude
and acrophase (Ampp,,yand 7, 1o
DPD activity, the PBPK models were used to introduce alternative

) required to describe diurnal
modified infusion rates for different chronomodulated infusion
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scenarios. As demonstrated in Figure S, these include (i) a chro-
nomodulated infusion rate with peak delivery at 4 AM, resulting in
comparable peak plasma concentrations, (ii) a chronomodulated
infusion rate with peak rate at an individual time, resulting in com-
parable shapes, peak plasma concentrations and AUCs, and finally
(iii) a “noise canceling” infusion rate, resulting in constant linear
plasma levels.

DISCUSSION

5-FU is a widely used and potent anticancer agent with complex
PKs, which were captured and assessed by our developed PBPK
models, providinga ground for further examination. In this study,
both 5-FU and uracil, as well as their metabolites DHFU and
DHU, were simulated to comprehensively characterize the impact
of diurnal variations and their (interpatient) variability in DPD
activity on drug exposure. The models are capable of predicting
various administrations of intravenous and oral 5-FU across a
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Figure 4 11V of DPD chronotypes in healthy subjects and patients with cancer. (a) Predicted (solid lines) and observed (dots) mean and individual
5-FU plasma concentration-time profiles after a chronomodulated hepatic arterial infusion of 2,800 mg/m2 over 3days.19 The corresponding
administration rate (dashed line) was simulated to fit the reported (triangles) administration rate. (b) Mean and individual DPD chronotypes in
patients with cancer estimated from observed 5-FU plasma concentration-time profiles reported by Lévi et alt® (Lévi group). Individual DPD
enzyme activities were adapted to fit the observed plasma concentration-time profiles and are shown in (a). (¢) Mean and individual DPD
chronotypes in cancer patients estimated from observed relative DPYD mRNA expression reported Raida et al® (Raida group). (d) Maximum

DPD activity at its respective acrophase estimated in cancer patients derived from Lévi et al.*® and Raida et al.® compared with healthy subjects
compiled from Jacobs et al.” The lines indicate mean+SD of maximum activity and acrophase. (e) Mean and individual DPD chronotypes

as enzyme activities estimated from observed DPD activities in healthy subjects reported by Jacobs et al.” 5-FU, 5-fluorouracil; chrono,
chronomodulated; conc, concentration; DPD, dihydropyrimidine dehydrogenase; H#, healthy individual; inf, infusion; iv, intravenous; L#, patient with
cancer from the Lévi group; n, number of individuals; PBMC, peripheral blood mononuclear cells; R#, patient with cancer from the Raida group.

broad dosing range (143—2,800 mg/mz), as well as orally admin-
istered and endogenous uracil and were successfully evaluated by
comparing predicted and observed plasma concentration-time
profiles and fractions excreted in urine, AUC| and C_ values
and calculations of their respective MRDs, MSAs, and GMFEs.
Several PK models have previously been published to describe the
PK of 5-FU or uracil. For example, one approach focused on pre-
dictions of 5-FU as a metabolite of capecitabine,”’ whereas also de-
scribing 2 intermediate metabolites. Additionally, a PBPK model was
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developed to describe the 3-step metabolism for orally administered
[2-*Cluracil*! A previously published semimechanistic PK model,
which assessed interpatient variability for PK parameters, modeled
chronomodulated infusions of 5-FU with irinotecan and oxalipla-
tin."® Our study builds on the concepts of these previously published
models and incorporates a broad dosing range for various adminis-
trations, including constant and chronomodulated infusions of 5-FU,
endogenous synthesis of uracil, and diurnal variations in DPD and
DPH activity, as well as 5-FU and uracil metabolites. Moreover, our
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Figure 5 Model-based chronomodulated precision dosing. To address the prevalent interindividual variability in diurnal variations concerning
5-FU treatment, a model-based precision dosing approach was developed using the presented PBPK models. The DPD chronotype can be
determined through measurements of DPYD mRNA expressions, DPD enzyme activities, or endogenous plasma levels of dihydrouracil and

uracil. Upon estimating the T,

and Amp,,, (in this example, for 3 individuals), the respective parameters can be utilized to simulate diurnal

DPD activities according to Eq. 1. Here, 3 scenarios were simulated: individual chronomodulated infusion of 5,250 mg/m2 5-FU over 3days
with (left) individual peak rates at 4am to achieve similar C_ . at 4aw; (middle) individual peak rates at individual clock times to achieve similar
C__ and AUC with a similar shape in the plasma concentration—time profiles; (right) “noise canceling” infusion rates to achieve constant

max

plasma concentrations. The infusion rates are illustrated in the top row (dashed lines) and the respective 5-FU plasma concentrations are

shown in the bottom row (solid lines). 5-FU, 5-fluorouracil; a.u., arbitrary units; AUC, area under plasma concentration-time curve; C

max’

maximum plasma concentration; conc, concentration; DPD, dihydropyrimidine dehydrogenase; DPYD, gene coding for dihydropyrimidine
dehydrogenase; DHU/U: dihydrouracil to uracil plasma ratio, mRNA: messenger ribonucleic acid; PBPK, physiologically-based pharmacokinetic.

models incorporate an efflux transporter mimicking MRP4'’s active
transport,” as both 5-FU and uracil are subject to a variety of trans-
porter proteins,”>*® of which MRP4 and its associated ABCC# gene
polymorphisms were discussed to impact on treatment efficacy for
colorectal cancer in 5-FU and capecitabine chemotherapy.**

As fluctuating plasma levels were observed in literature,”” diur-
nal variations in DPD activity were effectively incorporated using
a time-dependent sine function. Additionally, diurnal activity in
DPH was simulated, based on the assumption that human cellu-
lar clocks influence DPH, similarly to observed diurnal patterns
in DPH activity in mice.”” In the case of endogenous uracil, dif-
ferences in the oscillation of metabolite plasma levels between the
simulated constant and circadian DPH activities were negligible,

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 115 NUMBER 6 | June 2024

although these data were measured in healthy subjects.” In patients
with cancer, oscillations in plasma concentrations were more pro-
nounced for DHFU than for 5-FU, the parent, itself.?” Here, the
metabolite plasma levels were successfully predicted only when
assuming diurnal variations to impact DPH as well. However,
it remains unclear if and to what extent DPH is under circadian
control and whether differences in diurnal activity exist between
healthy subjects and patients with cancer, or between endogenous
uracil and administered 5-FU.

Nonetheless, the impact on DPH activity may be of relevance,
for instance, when using endogenous uracil or DHU/U ratios as
biomarkers for DPD activity. Before initiating treatment with
fluoropyrimidine-based medications, it is suggested to undertake
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alternative or complementary testing for DPD phenotyping in
addition to DPYD genotyping. These recommendations are in ac-
cordance with the guidelines proposed by the Euro4pean Medicines
Agency and various international guidelines,4‘ 8 Phenotypin%
methods often include single measurements of DHU/U ratios. **
Regardless of the phenotyping method, such as DHU/U plasma
or DPD PBMC activity measurements, clinicians should generally
consider conducting repeated measurements over 24 hours when
phenotyping for DPD. This would enable a more accurate predic-
tion of its activity in polymorphic patients and consequently im-
prove efficacy and safety in fluoropyrimidine treatment.

Within the framework of 5-FU treatment, simulations were
conducted to model diurnal variations for both average and indi-
vidual DPD chronotypes. For the underlying DPD chronotypes
of observed mean plasma concentrations in study populations,
Amp Dpp could be described by two values derived from literature
(0.124” and 0.2457), whereas T, differed for most study popula-
tions and had to be estimated for each profile.7’9 When simulating
plasma concentrations for individual patients, parameters Amzp DPD
and T, had to be adapted individually, as patients showed pro-
nounced ITV in their DPD chronotypes.

In general, DPD chronotypes could be estimated (i) retrospec-
tively from observed DPD substrate concentrations, such as 5-FU
plasma concentrations, (ii) from observed DPD enzyme activities,
or (iii) from observed DPYD mRNA expressions in leukocytes.
Although, whereas DPD activity perfectly correlates with 5-FU clear-
ance,”° knowledge on the correlation between 5-FU clearance and
DPYD mRNA expression is missing. In this analysis, the correlation
between 5-FU clearance and DPYD mRNA expression was explored,
acknowledging the challenges in establishing a direct relationship.
Although a calculated very short translation rate (1.7 minutes) was
used to extrapolate DPD enzyme activity from DYPD mRNA ex-
pression, the timing and extent of this correlation, particularly con-
sidering the enzyme’s activity, require further investigation, as studies
such as Barrat ez al.,49 which observed circadian variations in DPD
activity in specific tissues (e.g., oral mucosa, suggested that this rela-
tionship might be complex and tissue-dependent). Understanding
these nuances is essential before confidently using such correlations to
chronotype patients for DPD in a clinical setting.

Lévi et al.” treated patients with 5-FU via a hepatic artery in-
fusion with a peak rate at 4 AM. Although individual plasma con-
centrations showed a consistent time to reach C_ (7] ) due
to uniform drug administration rates, there was still significant
variability between individuals in C_  with an up to a 12-fold
difference between minimum and maximum observed C__val-
ues. Similarly, interpatient variability was apparent among indi-
vidual DPD chronotypes extrapolated from the patients’ 5-FU
plasma concentration-time profiles, particularly concerning their
respective acrophases, which is comparable to IIV estimated from
DPD chronotypes extrapolated from DPYD mRNA expressions
measured in patients with cancer. A lower IIV was observed in
DPD activities measured in healthy volunteers.® When compar-
ing estimated DPD chronotypes in healthy subjects and patients
with cancer, acrophases were homogenous within nighttime for
healthy individuals. In contrast, acrophases for the patients with
cancer groups were distributed throughout the day. Although the
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presented modeling approach successfully captured IV in diurnal
DPD function, inherent limitations may exist in estimating diurnal
parameters (Amp and 7}, ) from sparse PK data. Future studies
with more extensive data sets are required to validate and refine
these estimations, ensuring a more robust understanding of the cir-
cadian rhythm of DPD function in patients with cancer. However,
recent advances in circadian biology introduce methods to deter-
mine an individual’s circadian phase without frequent biosamples.
These techniques use biomolecular markers and computational
analyses, offering a less invasive patient chronotyping.50 Although,
extension of these established methods to assess the DPD chrono-
type would have to be investigated further.

The notable IIV in DPD chronotypes among patients with cancer
suggests that a uniform chronomodulated infusion rate could result
in varying efficacy. For instance, Takimoto ez al>?! reported no major
differences in toxicity for 5-FU therapy between constant and chro-
nomodulated infusions. Conversely, in a phase III trial comparing
conventional to chronomodulated chemotherapy conducted in 2006,
the treatment efficacy of infusional 5-FU administered with a constant
rate and a chronomodulated rate was investigated.lé Here, an increase
in response rates and overall survival as well as a decrease in grade 3—4
toxicities was observed in men receiving chronomodulated cancer
therapy. However, women experienced lower response rates and overall
survival along with increased toxicities.® In case of chronomodulated
therapy with other anticancer drugs, irinotecan is widely discussed re-
garding differences in tolerability between men and women.>> One ap-
proach for personalizing chronomodulated irinotecan treatment was
based on the patient’s sex. Here, Innominato ez 4/. investigated the time
of lowest toxicity of irinotecan, finding that men tolerated irinotecan
better when receiving peak delivery in the morning, whereas women
experienced the least toxicity in the afternoon.’? In this case, patients
would benefit from receiving irinotecan treatment tailored to their re-
spective sex. Similarly, this could suggest a potential advantage of per-
sonalized dosing for anticancer treatment with 5-FU.

To offer an alternative to chronomodulated 5-FU infusions with
uniformed peak rate at 4 AM, different scenarios were simulated in
virtual individuals exhibiting estimated DPD activities from the
Raida cancer patient group.8 Instead of a common peak rate at 4 AM,
infusion rates were simulated to achieve comparable peak concen-
trations at 4 AM. Additionally, infusion rates were adapted to reach
comparable 5-FU peak concentrations at individual clock times to
maintain comparable shapes in their plasma concentration-time
curves. We accomplished this by adjusting the peak rate during pe-
riods of minimum DPD enzyme activity to prevent excessively high
infusion rates. Additionally, we tested an individualized “noise-
canceling” infusion rate to maintain constant plasma levels of 5-FU.

The clinical impact of achieving peak 5-FU plasma levels at
different clock times compared with 4AM on therapy efficacy
and tolerability for individual patients remains to be determined
in dedicated studies specifically designed to examine personalized
chronomodulated 5-FU treatment. Relevant chronopharmacody-
namic pathways which involve the formation of intracellular active
metabolites or target enzyme activity, such as thymidylate synthase,
were not implemented, as relevant data were unavailable. These fac-
tors deserve further investigation and consideration in future adap-
tations of 5-FU treatment strategies. Moreover, several assumptions
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had to be made for model development and its application for per-
sonalized chronomodulated treatment simulations. This might
lead to potential sources of bias as well as related limitations and
risks including (i) missing data from clinical study reports on time
of administration and thus description of related diurnal DPD pa-
rameters, (ii) on demographic data mainly body surface arealeading
to potentially inadequately estimated simulated dosing, (iii) inclu-
sion criteria of the clinical trials resulting in heterogenous distribu-
tions in the study demographics and the respective physiology, and
(iv) pathophysiology and co-administration of the included pa-
tients, as well as (v) the pharmacological implications of the chro-
nopharmacodynamic processes of 5-FU treatment. Nonetheless,
the presented PBPK models might be useful to guide the design of
dosing adaptation by simulating various 5-FU treatment scenarios
based on individual DPD chronotypes.

In summary, the developed whole-body PBPK models effectively
describe and predict the complexity of 5-FU PKs, as they account for
the significant interpatient variability in DPD chronotypes and their
impact on 5-FU therapy. The developed models might be particularly
impactful for the future practice of cancer medicine as they provide
an innovative framework for precision dosing of 5-FU based on pa-
tients’ unique DPD chronotypes. The Open Systems Pharmacology
(OSP) framework was utilized for a detailed mechanistic imple-
mentation of 5-FU PKs inside a whole-body PBPK framework and,
thus, the flexibility to address 5-FU chronopharmacology at both
organ and cellular levels. In contrast, Bayesian frameworks in pop-
ulation PK approaches might be superior capturing IIV but require
specific individual data sets and typically lack mechanistic depth.
Future advancements may pave the way for more integrative mod-
eling methods that could improve our mechanistical understanding
on a patient-individual level. For this, the developed PBPK models
are publicly available for open access (GitHub repository on htep://
models.clinicalpharmacy.me). [Correction added on 31 January
2024, after first online publication: In the above sentence, URL to
GitHub repository has been corrected in this version.] However, they
could guide design and dosage adaptations in future clinical trials,
emphasizing their translational relevance in the field of oncology.
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