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Abstract

Background Serum neurofilament light chain (sNfL), a biomarker of axonal damage, has shown promise in clinical studies
for monitoring paclitaxel-induced peripheral neurotoxicity (PIPN). The latter involves pathological changes in PIPN sites
such as the dorsal root ganglia, peripheral nerves, and brain. However, the mechanistic link between paclitaxel and NfL
concentrations in these tissues remains poorly understood, necessitating preclinical investigation.

Methods We developed a semi-mechanistic pharmacokinetic-pharmacodynamic model to characterize: (i) total and unbound
paclitaxel concentrations in plasma, as well as in extracellular and intracellular compartments of PIPN sites; (ii) paclitaxel—
tubulin complex formation; and (iii) NfL kinetics. The model was built using de novo-generated and previously reported
data from rodents.

Results Plasma pharmacokinetics of paclitaxel was captured using a two-compartment model, including Cremophor EL
trapping and nonlinear tissue distribution. Paclitaxel pharmacokinetics in PIPN sites incorporated paclitaxel transport across
the blood-to-PIPN sites barriers and paclitaxel-tubulin binding, described by capacity-limited kinetics with increased tubulin
binding upon repeated plasma exposure. NfL kinetics in serum and cerebrospinal fluid were described using turnover models,
with NfL leakage driven by paclitaxel-tubulin complex formation in PIPN sites. The model robustly predicted paclitaxel
exposure across multiple doses and studies. While NfL predictions aligned with single-dose data, the model slightly under-
predicted sNfL levels in an external validation dataset after repeated dosing of paclitaxel at 15 mg/kg, suggesting additional
mechanisms may be involved.

Conclusions Overall, the model successfully described the relationship between paclitaxel exposure and sNfL kinetics,
offering a model-based framework for translational studies.

Keywords brain - dorsal root ganglia - modelling & simulation - paclitaxel-induced peripheral neurotoxicity (PIPN) -
peripheral nerves - pharmacokinetic-pharmacodynamic (PKPD) model - PIPN sites - serum neurofilament light chain
(sNfL) - tubulin binding - unbound (free) paclitaxel

Introduction [1]. Although neurons are non-dividing cells, they remain sus-

ceptible to PTX, likely due to PTX—tubulin binding that dis-

Paclitaxel (PTX) is an anticancer drug that is commonly
used for non-small cell lung, breast, and ovarian cancers,
and Kaposi sarcoma. In rapidly proliferating tumor cells,
PTX binds to microtubules, stabilizes their structure, and
enhances their polymerization, resulting in cell cycle arrest
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rupts axonal transport and destabilizes neuronal architecture,
ultimately leading to axonal degeneration and contributing to
its neurotoxic effects [1]. PTX-induced peripheral neurotoxic-
ity (PIPN) is one of the major dose-limiting and long-lasting
side effects of PTX treatment [2]. Two-thirds of patients expe-
rience PIPN-related symptoms [2, 3]. The lack of effective
preventive and curative treatments [3] is partly related to an
incomplete understanding of the pharmacokinetics-pharma-
codynamics (PKPD) of PTX in the key PIPN sites, which is
essential for evaluating and monitoring PIPN development.
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Multiple molecular and cellular mechanisms of PIPN,
including microtubule disruption and axonal transport
impairment, are linked to specific anatomical sites in the
peripheral nervous system (PNS), i.e., dorsal root ganglia
(DRG) and peripheral nerves (PN) [1]. Additionally, it is
hypothesized that the central nervous system (CNS) has an
indirect role in PIPN development due to brain and spinal
cord sensitization and compensation mechanisms caused
by altered PNS activity [4]. Due to their well-documented
contribution to PIPN pathology, these tissues (i.e., DRG,
PN, and brain) are, herein, collectively termed PIPN sites.

PTX distribution to PIPN sites has been studied in rodents
[5-12], including a detailed characterization of the extent
of unbound and total PTX transport across biological bar-
riers such as blood-DRG (BDB), blood-nerve (BNB), and
blood-brain (BBB) barriers [7, 8]. PTX accumulation in
PIPN sites has been observed with repeated dosing, lead-
ing to behavioral changes due to nociceptive disorders in
rodents [11-15]. However, such distributional studies are
not feasible in clinical settings, highlighting the need for a
translational, model-based, mechanistic framework to link
preclinical findings to patients. Several PK models, empiri-
cal and mechanism-based ones, have been developed to
characterize the plasma PK of PTX in humans and describe
the differences in PK between the formulations [16—19]. Pre-
clinical studies have demonstrated that PK profiles in PIPN
sites are not parallel to those in plasma [5-8], underlying the
limitations of PTX plasma exposure-based characterization
of PIPN development [5, 6]. Hence, a plasma-PIPN site PK
model could enhance our understanding of the relationship
between systemic and tissue PTX concentrations and enable
more reliable extrapolation of preclinical data to humans.

Several liquid biomarkers were studied for monitoring
chemotherapy-induced peripheral neuropathy [13, 20], with
serum neurofilament light chain (SNfL) shown to be a prom-
ising biomarker for PIPN [11-13, 15, 21-23]. NfL is part of
the cytoskeleton, and together with other neurofilaments and
microtubules, supports neuronal structure [24]. NfL leakage
into the cerebrospinal fluid (CSF) and serum has been corre-
lated to axonal damage in the CNS and has been established
as a monitoring biomarker for several CNS disorders [25].
In parallel, various mathematical modeling approaches were
employed to characterize NfL kinetics in healthy and neuro-
degenerative conditions [26-29].

Clinical evidence also suggests that elevated sNfL lev-
els are associated with increased severity of PIPN [21-23,
30]. Similarly, several rodent studies have demonstrated
that repeated PTX dosing increased sNfL levels in a dose-
dependent manner, concomitant with histopathological
changes in PNS [11-13, 15]. In addition, in vitro studies
by Huehnchen et al showed that NfL release from induced
pluripotent stem cell-derived sensory neurons exposed to
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PTX is dose- and time-dependent [21]. Yet, the relationship
between PTX and NfL either in plasma or PIPN sites has not
been investigated preclinically or clinically. In this regard,
the availability of data on NfL concentrations in plasma and
PIPN sites, both at baseline levels and after PTX administra-
tion, is a limiting factor. Given the heterogeneous distribu-
tion of NfL in nervous tissues, the extent to which the indi-
vidual PIPN sites may contribute to increased sNfL levels
after PTX administration remains unclear. Lack of data and
knowledge gaps impede a mechanistic understanding of how
NfL levels in the CNS and PNS contribute to sSNfL kinetics
following PTX administration. In this context, PKPD mod-
eling offers a powerful, quantitative approach to link PTX
exposure at PIPN-relevant sites with NfL kinetics, provid-
ing mechanistic insight into neurotoxicity progression and
enabling the integration of data from diverse experimental
sources. The overarching goal of this study was to establish
a translational, experimental, and model-based framework,
with the ultimate goal of supporting individualized treatment
strategies and evaluating effective prevention and therapeutic
interventions. We aimed to characterize concentration—time
profiles of PTX in plasma, DRG, PN, and brain, along with
NfL kinetics after PTX administration using a nonlinear
mixed-effect modeling approach. The model was developed
using de novo generated in vivo data on longitudinal NfL.
data in serum, CSF, and PIPN sites after a single dose of
PTX formulated in Cremophor EL with ethanol (CrEL-
PTX). The model performance was validated using external
previously reported in vivo data on PTX and sNfL concen-
trations in mice and rats [5-8, 11, 12].

Methods
NfL Dataset Generation
Animals

The evaluation of NfL kinetics in serum, CSF, and PIPN
sites after a single CrtEL-PTX dose has been done by
performing a 10-day longitudinal study. In total, sixteen
8-12 week-old male Sprague—Dawley rats (Taconic, Lille
Skensved, Denmark) were used for the in vivo experiments.
After arrival, the animals were housed in groups under 20
to 22°C and 40 to 50% humidity, in a 12-h light/dark cycle
with ad libitum food and water. All animals were acclima-
tized for one week before the experiment. Experiments were
performed following guidelines from the Swedish National
Board for Laboratory Animals, approved by the Animal
Ethics Committee of Uppsala, Sweden (Ethical Approval
Dnr 5.8.18-09258/2024). The performed studies were not
randomized or blinded for the treatment arms.
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Study Design and Bioanalysis

The study design in terms of PTX dose and sampling time
was optimized in a pilot study. Two dose levels of CrEL-
PTX at 10 mg/kg and 15 mg/kg were selected in the pilot
study, based on a previously reported link to PIPN develop-
ment [11]. In our hands, intravenous bolus administration
of 15 mg/kg CrEL-PTX was associated with 50% mortal-
ity. Hence, we selected 10 mg/kg for the longitudinal study,
where all animals were injected intravenously either with
saline (control, N=3) or 10 mg/kg bolus CrEL-PTX (N=7)
via the tail vein. The injection solution of 4 mg/mL of CrEL-
PTX was prepared ex tempore by diluting 6 mg/mL of PTX
injection solution with saline, according to the manufac-
turer’s instructions (Paclitaxel Fresenius Kabi, Uppsala,
Sweden). Pain and distress signs were evaluated in animals
according to Uppsala University guidelines.

Serum sampling was performed at time 0 (pre-PTX dose)
and at 24, 48, 72, 96, 168, 192, 216, and 240 h post-PTX
dose in the morning. To collect serum samples from the
right leg vein, animals were heated under an infrared lamp
for 10-20 min, and blood samples (~180 uL) were collected
into low-binding microtubes. The blood was allowed to clot
for 15-20 min followed by centrifugation at 10,000 rpm
for 5 min at room temperature using VWR® Micro Star 12
microcentrifuge (VWR, Stockholm, Sweden). Serum sam-
ples were collected and stored at —80°C. After 72 (N=3)
and 240 (N=4) hours post-PTX administration, animals
were anesthetized by inhalation of 2.5% isoflurane (Abbot
Scandinavia, Solna, Sweden) balanced with 3 L/min oxygen.
CSF was collected from the cisterna magna. To evaluate the
impact of anesthesia and surgical interventions required to
get access to the cisterna magna on sNfL levels, an addi-
tional serum sample was collected via heart puncture after
the collection of CSF. Hippocampus, DRG, and PN, repre-
sented by sciatic nerve (SN) were dissected and collected
in pre-weighed 0.5 mL pre-filled bead tubes (VWR® Soft
Tissue Homogenizing Mix, 1.4 mm Ceramic Beads; VWR,
Stockholm, Sweden). All samples were weighed and kept on
dry ice, followed by storage at —80°C pending bioanalysis.

Prior to bioanalysis, tissue samples were homogenized
in RIPA buffer (Thermo Fisher Scientific Pierce Biotech-
nology, Rockford, IL, US) with protease inhibitors (cOm-
plete™, Mini Protease Inhibitor Cocktail, Roche Diagnostics
GmbH, Germany) according to the manufacturer’s instruc-
tions. Four (hippocampus and SN) and nine (DRG) volumes
of RIPA buffer per tissue weight were added into tubes.
The tissues were homogenized using a 4-Place Mini Bead
Mill Homogenizer (VWR, Stockholm, Sweden) for 2 min
(hippocampus and DRG) or 6 min (SN). After mechanical
homogenization, samples were centrifuged at 14,800 rpm for
20 min at 4°C using VWR® Micro Star 21R microcentri-
fuge (VWR, Stockholm, Sweden). Fifty uL of supernatant

was collected in a polypropylene Corning 0.5 mL V-bottom
96-well plate (VWR, Stockholm, Sweden) and stored at
—80°C pending bioanalysis.

The NfL concentration in serum, CSF, hippocampus,
DRG, and SN samples was analyzed simultaneously using
the Simple Plex Rat NF-L Cartridge (Kit ID: 360,235,
ProteinSimple, Minneapolis, US) with Ella™ Automated
ELISA. On the day of bioanalysis, all samples were further
diluted using the sample diluent. Serum and CSF samples
were diluted according to the manufacturer’s instructions,
i.e., 1:1 (v:v). For the NfL concentration analysis in the tis-
sues, a dilution factor was optimized to 1,000 for the hip-
pocampus and 800,000 for the DRG and SN samples. The
calibration range was 2.7-10,290 pg/mL.

PTX Pharmacokinetic Dataset Collection

PK data were obtained from six different sites/sources
summarized in Table I: 1) Uppsala University (UU) [7,
8], 2) University of Florence (UNIFI, Italy), 3) University
Clermont Auvergne (UCA, France), 4) Sanofi laborato-
ries (SARD, France) [11, 12], and digitized data from 5)
Nakamura, I. et al. [6] and 6) from Wozniak, K. M. et al.
[5]. Total PTX concentration in plasma and nervous tissues
(DRG, SN, and brain) was determined at various time points
after intravenous administration of different doses of PTX
to mice and rats.

An Integrated PTX PK-NfL Model Building

The PTX PK-NfL model building was performed in four
sequential steps: 1) developing a PTX plasma PK model,
2) establishing a PTX plasma—PIPN site PK model for each
PIPN site, 3) performing a simultaneous analysis of all PIPN
sites to derive the PTX plasma-PIPN sites PK model, and 4)
building the final PTX PK-NfL model.

PTX Plasma PK Model

Linear one-, two-, and three-compartment PK models were
evaluated to characterize the total PTX concentration in
plasma. Additionally, saturable distribution to the tissues was
tested. Considering that the observed nonlinearity in the total
PTX concentration—time profiles can be explained to a great
extent by its direct proportional binding to the CrEL concen-
trations due to CrEL micelle entrapment [17], a CrtEL PK
model was included in the analysis. CrEL concentrations were
not measured in rodents. Therefore, the previously established
three-compartment CrEL PK model in humans, with saturable
elimination and a linear relationship between CrEL and PTX
concentrations, was applied [17, 31]. During model building,
CrEL model parameters were initially fixed to the previously
reported values in humans [17, 31], and then re-estimated one
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Table | Summary of Paclitaxel (PTX) Pharmacokinetic (PK) and Serum Neurofilament Light Chain (sNfL) Data From in vivo Studies Used to
Build an Integrated PTX Plasma—PIPN-Sites PK Model and to Validate the Performance of the PTX PK-NfL Model

Data source Rodent type Number  Dosing regimen Type of samples col- Serum/plasma
of ani- lected for PTX measure- collection for NfL
mals ment measurement

1- Uppsala University (UU)  Wistar Hanover rats 3 2.6 mg/kg, IV, single dose Plasma, SN, DRG, BRN  Serum

5 mg/kg, single dose (4 h IV
infusion)
Sprague Dawley rats 3 2.6 mg/kg, 1V, single dose
2- University of Florence Wistar Hanover rats 6 5 mg/kg, IV, QW for 2 Plasma, SN, DRG Plasma
(UNIFT) weeks
6 5 mg/kg, IV, QW for 4
weeks
3- University Clermont Wistar Hanover rats 8 5 mg/kg, IV, QW for 2 Plasma, SN, DRG, BRN Plasma
Auvergne (UCA) weeks
12 5 mg/kg, IV, QW for 4
weeks
4- Sanofi laboratories CDI1 mice 5 5 mg/kg, IV, TIW at week 1 ~ Plasma, SN, DRG, BRN Plasma
(SARD) and QIW at week 2
5 10 mg/kg, IV, TIW at week
1 and QIW at week 2
5 15 mg/kg, IV, TIW at week
1 and QIW at week 2
5- Nakamura, I. e al. 2016 ~ Sprague Dawley rats  (-)* 7.5 mg/kg, IV, QW for 6 Plasma, DRG, BRN No
[6] weeks
7.5 mg/kg, IV, single dose
6-Wozniak, K. M. et al. BALB/c mice (-)* 30 mg/kg, IV, Q2Dx3 for 2 Plasma, SN, DRG No

2017 [5]

weeks

30 mg/kg, 1V, single dose

*Data obtained from published figures by digitizing the mean values at each time-point using an online tool (https://automeris.io/WebPlotDig
itizer/). PIPN—paclitaxel-induced peripheral neurotoxicity, QW — every week, QIW — four times a week, T/W — three times a week, 02Dx3 —
every 2 days for 3 doses, IV — intravenous, SN — sciatic nerve, DRG — dorsal root ganglia, BRN — brain

at a time to achieve a better fit for the data observed in rodents.
For interspecies extrapolation, allometric scaling by weight
was employed for the central and intercompartmental clear-
ance and volume of distribution parameters using exponents
of 0.75 and 1, respectively [32, 33].

PTX Plasma-PIPN sites PK Model

The total PTX concentration—time profiles in different PIPN
sites were described using a PK model, including extracel-
lular and intracellular compartments. The extent of PTX
transport across the blood-nervous tissue barriers, i.e., BDB,
BNB, and BBB, was determined by the unbound partition
coefficient K, ,, ., where x represents a specific PIPN site.
The K, . was defined as the ratio between the net influx
(CL;,,) and efflux clearances (CL,,, ) (Eq. 1)

inx
X CL
puux CL

in,x

ey

out,x
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The PTX transport across the parenchymal cellular bar-
rier was determined by an unbound partition coefficient
K, uuceirx» Which is defined as the unbound intracellular-
to-extracellular concentration ratio based on the concept
developed by Fridén et al. [34]. It was calculated assuming

rapid equilibrium as follows:

K _ Cu,lCF,x
piuucellx — C (2)
u,ECF x

C,.icrx and C, gcp, are the intracellular and extracellular
(here same as interstitial fluid) unbound PTX concentra-
tions, respectively.

The mass transfer was assumed to be negligible across
the nervous tissue barriers. The K, ,, , and K, ,;, ..;;. were
fixed to experimentally determined values [7]. One- and
two-compartment models for distribution were evaluated.
Finally, the binding of PTX to tubulin within the cell was
assessed using an equation for capacity-limited binding

(Eq. 3) [35].
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B max,x ° CuJCF X

CPTX:tuhulin,x = Kd + C oF (3)
X u,ICF x

Here, Cpry: yupuiin 18 the intracellular PTX-tubulin com-
plex concentration, B,,,, , is the maximum tubulin binding
capacity in cells, and Kd, is the dissociation constant for
PTX binding to saturable tubulin binding sites in cells.

PTX PK-NfL Model Building

Turnover models were evaluated to characterize the NfLL
concentration—time profiles in serum and CSF after PTX
administration. The PTX’s potential impact on the NfL pool
in the nervous tissues was assessed on the transition rates
i) from the PNS tissues to serum, i.e., central compartment,
and ii) from the brain to CSF. Linear and nonlinear relation-
ships (i.e., E,,, and sigmoidal E ,, models) were evaluated.
Measured median NfL concentrations in saline-control rats
in the hippocampus and DRG with SN combined were used
to establish the baseline conditions of NfL pools in the CN'S
and PNS, respectively.

Model Development and Statistical Analyses

The nonlinear mixed effect modeling software NONMEM
version 7.5.1, executed through Perl-speaks-NONMEM (PsN)
version 5.2.6, was used for data analysis and simulations. The
first-order conditional estimation method with interaction
(FOCEI) was used. R-studio 4.1 was used for data manage-
ment, model diagnostics, graphical visualization, and evalu-
ations. The selection of the final model was based on; i) OFV
(i.e., —2elog-likelihood) using the likelihood ratio test to com-
pare between two nested models such that an OFV decrease
of 3.84 was considered statistically significant for adding one
extra parameter (df=1, a=0.05), ii) precision of the param-
eter estimates, and iii) diagnostic plots. Visual predictive
checks (VPCs) were generated by simulating 1,000 datasets
to evaluate the models’ predictive performance. One thou-
sand simulation replicates, accounting for parameter uncer-
tainty, were generated by sampling parameter vectors from
the posterior distribution acquired by Sampling Importance
Resampling (SIR) to assess dose levels of 5, 10, and 15 mg/kg
after single and repeated administration in rats, using the same
dosing schedule and solution as source 4 (Table I). The PTX
PK-NfL model was externally validated using single time-
point sSNfL data from sources 2, 3 and 4 (Table I).

Statistical analysis of the NfL dataset was performed
using GraphPad Prism 9.3.1 for Windows (GraphPad Soft-
ware, San Diego, CA, United States). Normality was tested
with the Shapiro—Wilk test. The statistical significance if
differences between NfL concentration in tissues at different
time points was tested using mixed-effect analysis.

Results

NfL Kinetics in Serum, CSF, and PIPN Sites After
Bolus CrEL-PTX

To explore the temporal relationship between PTX exposure
and NfL release, we assessed NfL in serum, CSF, and PIPN
sites concentrations in rodents following a single intravenous
dose of 10 mg/kg CrEL-PTX. At the baseline, the average
sNfL concentration was 17.6 +7.4 pg/mL. The highest sNfLL
concentration was observed at 24 h post-PTX injection (first
sampling time), which was more than 60-fold higher than
the baseline. sNfL levels declined gradually but remained
elevated at 72 h (335.7 +123.9 pg/mL, ~ 19-fold increase)
and 240 h (69.3 +28.6 pg/mL, ~ fourfold increase) compared
to the baseline. By 10 days post-PTX administration, sNfL
levels had not returned to baseline (Fig. 1A).

NfL levels in CSF were consistently higher than those
in serum. The serum-to-CSF concentration ratio increased
from the baseline (0.074 and 0.134, N=2) to 0.267 +0.168
at 72 h. A similar tendency was observed in the serum-to-
brain ratio. Notably, at 72 h, the mean serum-to-CSF ratio
was 668-fold higher than the mean serum-to-brain ratio,
suggesting a higher contribution of NfL transport across
the blood-CSF barrier. A stable ~ threefold increase in NfLL
concentrations in CSF post-PTX at 72 and 240 h compared
to the baseline has been observed (Table S1).

In nervous tissues, NfLL concentration was significantly
higher in PNS sites, i.e., SN > DRG >> hippocampus. In
PNS tissues, the median NfL concentrations in SN and DRG
at baseline were 355.1 pg/mL and 183.6 pg/mL, respectively.
There were no significant changes in NfL concentrations in
SN and DRG over time. The median NfL concentration in
the hippocampus at baseline was 0.43 ug/mL (Table S1).
In the hippocampus, a statistically insignificant trend of
increase in NfL concentration at 72 and 240 h was observed
after treatment compared to the baseline, reaching a median
of 0.75 pg/mL (adjusted p value=0.06) and 0.61 pg/mL
(adjusted p value =0.37), respectively.

An Integrated PTX PK-NfL Model Building

To quantitatively characterize PTX exposure in plasma
and anatomically relevant nervous tissues incorporating
NfL kinetics after bolus PTX administration, a sequential
modeling approach was used. A schematic illustration of
the final PTX PK model is presented in Fig. 2 and the NfL
kinetics model in Fig. 3. Key model assumptions are listed
and evaluated in Table I. The model parameters, along with
their estimates and relative standard errors, are summarized
in Tables II and III. Model code can be found in supplemen-
tary materials.
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«Fig. 1 Experimental and model-predicted neurofilament light-chain
(NfL) concentration -time profiles in various anatomical sites after
paclitaxel (PTX) administration. (A) Semilogarithmic plot showing
NfL concentrations in serum (pg/mL) over time. Longitudinal daily
serum NfL (sNfL) concentrations were measured after administration
of a single dose of 10 mg/kg CrEL-PTX (N=7 in total, N=3 termi-
nally sampled at 72 h and N=4 terminally sampled at 240 h) or saline
(N=5) bolus injection to the tail vein. (B) Visual predictive checks
(VPCs) of the NfL kinetics model describing the concentration—time
profiles of sNfL in the control and treatment (single 10 mg/kg CrEL-
PTX administration) groups. The black dots are the observed concen-
trations. The solid and dashed lines are the median of the observed
and simulated concentrations, respectively. Color-shaded area is the
90% confidence interval of the predicted medians. (C) Prediction
from the PTX PK- NfL model for the concentration—time profiles
of NfL. The solid lines represent the median. The dots are the NfLL
observations from reported studies, see details in Table 1. (D) Simu-
lations from the PTX PK- NfLL model in rats, with parameter uncer-
tainty, for the total concentration—time profiles of NfL in serum, cere-
brospinal fluid (CSF), peripheral nerves, and brain following a single
dose of 5, 10, and 15 mg/kg of PTX. The solid lines represent the
median, and the shaded areas are the 80% simulation intervals.

Plasma PK Model

The developed PK model successfully described the total
plasma PTX concentration—time profiles in rats and mice
after administration of various PTX doses (Fig. SIA). The
data was best described by a two-compartment model with
a mixture of unsaturable and saturable distribution to the
peripheral compartment (Eq. 4), where 7, is the maximum
transport capacity and K, is the not bound to CrEL PTX

mt
concentration (‘I:TX") at which the transport rate is

PTX.c

half-maximal.

Q _ Tmax
—li PTX —
non—linear Kml + PTX, (4)

Verxe

where Q is the inter-compartment clearance.

For the CrEL model, re-estimation of the maximum elim-
ination capacity of CrEL (V,,,,) from the whole observed
rodent dataset resulted in a statistically significant improve-
ment in the model fit with an estimated value of 0.175 mL/
hr.

PTX Plasma-PIPN Sites PK Model

The total PTX concentration at each PIPN site was the sum
of the amounts of the extracellular and intracellular unbound
PTX, and the intracellular PTX-tubulin complex, divided by
the PIPN site’s physiological volume. The final model captured
nonlinear plasma kinetics, tissue-specific PTX distribution,
and dynamic changes in tubulin binding capacity, supporting
its utility for downstream PKPD modeling of PIPN-related
biomarker changes.

The unbound PTX amount in the extracellular fluid (ECF)
originates from the passage of unbound PTX and a fraction
of PTX bound to CrEL across the barriers (Fig. 2). The PTX-
CrEL binding model is presented in Eq. 5. The unbound PTX
transport across the blood-nervous tissue barriers was char-
acterized, with CL,,, . (Eq. 6) estimated to 0.577, 773, and
23.7 uL/hr for DRG, PN, and brain, respectively, in a 0.3 kg
rat. Allometric scaling was applied to estimate clearance and
volume of distribution parameters in mice.

CrEL,
PT‘XPTX:CVEL,C = PTXC ° Bx[ope,CrEL ° % (5)
CrEL,c
d(PTX,) i CLy,, CL,y,
dr = (PTX(- “fu + PTXprx:copne *fers) * v — — PTX, % (6)
PTX.c ECFx

where PTX, and PTXpry. c,pr . are the amounts of PTX not
bound and bound to CrEL in the central compartment (i.e.,
plasma), respectively, Byq, gy 18 the slope for binding
of PTX to CrEL, CrEL, is the amount of CrEL not bound
to PTX and Vg . is CrEL the volume of distribution of
the central compartment. PTX, is the amount of unbound
PTX in ECF of nervous tissue x, PTX, f, is the experimen-
tally determined unbound fraction of PTX in plasma in the
absence of CrEL, f,; is the fraction of PTX bound to CrEL
that crosses the blood-nervous tissue barrier, Vpry . is the
central volume of distribution of PTX unbound to CrEL and
Vicr 1s the ECF volume. For brain tissue, a two-compart-
ment model best described the concentration—time profiles
observed in vivo.

When total intracellular PTX concentration in PIPN sites
was examined, a discrepancy was observed between single and
repeated dosing regimens likely governed by specific binding
of PTX to tubulin. Repeated systemic exposure to PTX had a
statistically significant influence on maximum tubulin bind-
ing capacity B,,,, .. This was described as an increase from
the initial maximum binding capacity (B,,,,. \ i) in DRG
and brain tissues according to a Hill function, and in PN using
an exponential function, derived by the cumulative systemic
total PTX plasma exposure, i.e., AUC ., prx piasma (EQS. 7-8).

B B (1 4 MAXx ° AUCcum,PTX,plusmuhX )
max,x = max,x,initial ° I h
AUCSO)C * +AUCcum,PTX,plasma *
)
- SLP pyAUC s 15, plasm)
Bmux,PN - Bmax,PN,initial o e( PN P! (8)

where MAX, represents the maximum increase from
B,y v initiar» AUCS0, represents the AUC,.,,,, prx piasma @t Which
the maximum increase in B, i 18 half-maximal, &,
represents the Hill coefficient, and SLP,, is the coefficient
of the exponential increase of B,,,, . e @5 @ function of

AUC ¢y, prx piasma- Although extrapolation beyond evaluated
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Fig.2 Schematic representation of the PTX plasma-PIPN sites pharmacokinetic (PK) model of paclitaxel and Cremophor EL. Solid black
arrows illustrate mass transfer, while dashed black arrows illustrate no mass transfer. The model for plasma (gray) described both PTX and CrEL
PK. The PIPN sites PK model characterized the total PTX disposition at different PIPN sites under investigation, namely the dorsal root gan-
glion (green), peripheral nerves (yellow), and brain (pink). Each nervous tissue model comprised three parts: 1) extracellular unbound PTX, 2)
intracellular unbound PTX, and 3) intracellular PTX-tubulin complex. Abbreviations: PIPN — paclitaxel-induced peripheral neurotoxicity, PTX
— paclitaxel, CrEL — Cremophor EL, DRG - dorsal root ganglia, PN — peripheral nerves, BRN — brain, ECF — extracellular fluid (here referring
to interstitial fluid), ICF — intracellular fluid, BDB — blood-dorsal root ganglion barrier, BNB — blood-nerve barrier, BBB — blood-brain barrier,
CB - cellular barrier, Q — intercompartmental clearance, V — volume of distribution, CL — clearance, ¢ — central compartment, p — peripheral
compartment, PTXc—the amounts of PTX not unbound to CrEL in central compartment, CrELc — the amount of unbound CrEL in central com-

partment, T, — maximum transport capacity,
Bjope,crer, — slope of binding of PTX to CrEL, V
nation rate is half-maximal, K, .,
B ,.x — maximum tubulin binding capacity in the cells, K, —

AUC

max

cum,PTX,plasma

doses requires caution, the model is stable across biologi-
cally relevant exposure ranges and fit for its intended use.
Using the final PTX PK model, simulations were per-
formed to explore PTX distribution dynamics across dosing
regimens and tissue compartments. Total PTX concentra-
tion—time profiles following single and multiple intrave-
nous administrations (5, 10, and 15 mg/kg; three times in
week 1 and four times in week 2) illustrated rapid plasma
decline and marked accumulation in PIPN sites (Fig. 4A, B).
Among these, the DRG exhibited the highest concentrations,
followed by PN, except after multiple dosing, where brain
concentrations surpassed those in PN approximately five
days after the last dose. To account for differences in tissue

@ Springer

K., — unbound PTX not bound to CrEL concentration at which the transport rate is half-maximal,
— maximum elimination capacity, K g — unbound CrEL concentration at which the elimi-
— unbound nervous tissue-to-plasma partition coefficient, K

paucen — unbound ICF-to-ECF concentration ratio,

dissociation constant for PTX binding to saturable tubulin binding sites in the cells,
— cumulative systemic total PTX plasma exposure. Created in https://BioRender.com.

mass, simulations of PTX amounts (rather than concentra-
tions) were conducted across intracellular and extracellular
compartments following 10 mg/kg PTX (Fig. 4C, D). The
simulation-based diagnostics for the total PTX concentra-
tion—time profiles in PIPN sites showed a good model pre-
dictive performance, with observations corresponding well
with the 90% of the confidence intervals of the predicted
medians (Fig. S1B-S1D). The majority of PTX is localized
intracellularly, with the largest overall amounts observed in
peripheral nerves, followed by the brain and DRG. Intracel-
lularly bound PTX, representing PTX—tubulin complex and
serving as the driver of NfL release in our model, was most
abundant in nerves after single dosing (Fig. S2). However,
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NfL pool

S|pDRG+pN.pTx x PTX:tubu IinDRG+PN

| (DRG+PN)

...................................................................................

Kin,csf

e NfL pOOl SIpBRN‘PTX X PT;X:tubuIinBRN NfL kOUft,CSf
€ (BRN) : '| (CSF) §

\ 4

NfL kout,serum
(serum)

v

\ 4

b

Fig.3 Schematic representation of the neurofilament light chain (NfL) kinetics model. Refer to the model description in the text. Abbreviations:

PTX — paclitaxel, DRG — dorsal root ganglia, PN — peripheral nerves, BRN — brain, CSF — cerebrospinal fluid, k,

out — first order elimination rate

constant from respective site, K;; ~sg — zero order input rate of NfL into CSF, slp — slope of NfL release under PTX-tubulin complex exposure,
PTX:tubulin—intracellular PTX-tubulin complex concentration. Created in https://BioRender.com.

following repeated administration, brain-bound PTX eventu-
ally exceeded nerve levels, consistent with slow elimination
of PTX from the brain, i.e., CL ,, of 773 vs 23.7 uL/hr for
PN and brain, respectively. These simulations highlighted
the tissue-specific PK differences.

PTX PK-NfL Model

To quantify the link between PTX exposure and NfL bio-
marker kinetics, we successfully developed a PTX PK-NfL
model (Fig. 3). The model incorporated two anatomical
NIfL pools, brain and peripheral nervous tissues, i.e., DRG
and PN combined (Egs. 9-10). Two turnover models were
used to characterize NfL Kkinetics in the CSF and serum
(Egs. 11-12).

d(N;j rain

% = =SIPprainprx * PTX @ tubulinggy ©)

d(NfL

w = =Slpprgspn.prx * PTX : tubulinppe.py
(10)

d (Nﬂ‘csf )

T = Kin,csf + Slpbmin,PTX *PTX : tubulinBRN - koul,csf M Nchsf
an

d(NfL

‘serum )

a = Koutest * NfLess + SIPpreapy.prx ¢ PTX @ tubulinppe. py

= Kout,serum * NfLserum

12)

where NfL., and NfL,,,, represent the NfL amounts in
CSF and serum, respectively, K, .. is the zero order input
rate of NfL into CSF, k,,, .- is the first order transfer rate
constant of NfL from CSF to serum, k,,; ;. i the first
order elimination rate of NfL from serum, and sip;,;, prx
and slpppe. py prx are the slopes of NfL input from brain to
CSF, and DRG and PN to serum, respectively, under PTX-
tubulin complex exposure in brain (PTX : tubulinggy), and
DRG and PN (PTX : tubulinpgq, py), respectively.

The PTX-induced increase in NfL leakage, from the
brain to CSF and from the DRG and PN to serum, was best
described by a linear relationship. Under baseline conditions
without PTX exposure, steady-state kinetics was assumed
(Egs. 13-14).

Kin,céf = Nbeuseline,csf ® out,csf (13)
k —k . <Nbeaseline,semm> (14)
tesf — 1,
out,csf out,serum Nbeaseline,csf

The VPCs for the NfL concentration—time profiles
(Fig. 1B, Fig. S3) showed good agreement with the observed
data. Additionally, the final model demonstrated an accept-
able predictive performance by capturing the observations

@ Springer


https://BioRender.com

Pharmaceutical Research

ureyd Y31 Juswre[goInau 7N ‘sonaunjooewrreyd yg ‘Toydowar) 7740 ‘[oxenoed x 14

uonensutwpe X 1d
10138 Apys Juesald dy) Ul POAIISQO Sem UIeIq dY) UI Suon
-eIUOUO0D "IN UI ISBAIDUT JUBOYIUSIS-UOU B JO AOUAPU)
V "UONENSIUNWPE X 4 0} 9su0dsaI Ul SWSIueydaw uorn
-e[n3arumop Jo uonenaidn L1ojesuadwos yim Suore
IN950 JYSTW TIN JO 90UBILS[D [890] JO UOTepeI3op Jeny
-[o9enul ‘oFewrep [euoxe pealdsopim 10 AI9AIS JO SISED U]
umouyup) JueoyuIsuy
a3eyeo] TIN Iojeard
10 JOT[IED SIBII[IOR] UONOUNJSAp JoLLreq J1 Aprernonted
‘pojuasardaisiin aq Aewr aseaIour NS Jo Surwumn ayJ,
$109JJ2 Jorreq uey) Jayjer Kmnfur jeuoxe
0) A[o10s a3eyes] TIN Ul saSueyd Jnqrine Aew [opow oy,
UONB[NOIID d) 0JUI AFe e[ TIN JUBYUD
Aew ‘SWSIURYISW JIX0J0INAU JSYIO 0} UONIPPE UT ‘19)
-1e[ YL, [¥] uondnisip ggg 01 pes| pnod pue s[jeo
[eI[oYIOpUD s}y X 14 18yl 15933nS SAIpNIs [BOIUI[0dI]

umouyun umouyun

parjdde sem syuapor ur 741D

Jo Ky1oeded uonRUIWI[S WNWIXEW 9Y) JO UONBWINSI-II

udALIp-eIR( "sA1ouRdaIOSIp Yons 15933ns 0] 20UIPIAD OU

APUQIIND ST AIAY) ‘SIOURISYIP JYS1om Apoq JO UOneId

-pISUOD 12)JB UIAD INO PI[NI A[2INUD 29 JOUULD surwny
PUB SJUSPOI U2aMIAq Sd THID UI SOOUISJIP MY

umouyun umouun

TINS pue aimsodxo
TH1D ueamieq diysuone[al e uo pajiodal ueaq aARY Blep
ou ‘[¢}/] o1x010INAU ST THID 1By} PASaZ3ns s1 11 ySnoyy
A[yIun jueoyIuIsug
SuUONIpUOd 2sop-pajeadar 10
9s0p-yS1y Jopun 9sea[a1 TIN Y3 101paidiono Aewr [opowr
Ay, "s[oAd] 21nsodxa 1oySIy e uoneInIes Io s)99JJ p[o
-ysaiy) o[qrssod yym ‘Tesurjuou oq Aew dIysuone[aI siyJ,

umouyu JueoyTusTg

UOIBAJ[Q TJN'S 0} INqQLIUOD

Aew ‘(uonjewwreguUIOINaAU “'3°9) sorweukp [erodwo)

JURIAYIP YIm A[qissod ‘SWSTURYOAW [eUONIppE ‘AJIdIX0)
-0INJU PIONPUI-X [ JO AINJEU [RLIOJOBINNU ) UIALD)

umouyun JuedYIUSIS

Qwreryowrn [eyudwLIodxd
Ay} SuLINp UONENSIUTPE X [ d 19)J& SINSSI} SNOATIU
oy} ur IN Jo Judwaoedar ou yim IN JO JoAOUIN) MO[S

[Gt] 1oaouIm) [eseq MmO & (pIm urajoxd
[BUOXE [BIMONIS B ST TIN 1oy} SAIEDIPUT INJBINI] SUNSIXF

J[qe[IeAR o1e oald u1 Ayagojur

IaL1Ieq 9Y) U0 X ] Jo 1oedwl oy uo ejep aAneuenb oN SIoTLIEq ANSST) Y} U0 joedwr ue 9AeY 10U SA0P X I.d

SJUApOI Ul BIRp JO
yoe[ 03 onp ‘Suleds drAwo[e Suisn [/ ]] [opow uewny
9qe[reae o) wolj pejodenxa arom siouwered yd 141D

suewny
UI SOT)OUTY A[qUISSAT SYUSPOI UT SOAULY JITYA THID oY,

BN 01 u1[ s3t

pue sa)is NdId Ul 21nsodxa THI) U0 UOHBULIOJUI JO YOr] o3exea] "IN UI 9SLAIOUT 9} SOALIP UOE X I

pordde sem diysuorjeor 1eaur] € uaym poos sem sonouny|
doueurtojrod [opow ‘A3ues 9SOP PALSNSIAUL Y UIPIAY  TIN Pue Xd[dwod urngm-x 14 ueamioq diysuonefar reaury

[z] Afur [euoxe 0) peay ued pue sa[NqNIOIINW
[euoxe ydnisip 03 umouy st xo[dwod urnqni—x 14 UL,

UONEISIUIpPE X [ d 19)j8 9SBaIOur TINS JO IOALIP
Krewnid ay) se saA19s Xa[dwod urnqni-X 1d Ie[n[eoenuy

(umouyun ‘AfayIyun ‘A[oyIy)
uonejora uondwnsse jo Afiqeqoid

(umouyjun
“ueoyrudisur quedyiugis) uonejora uondwnsse jo joedwy

uondwnsse Y} puryoq Juruosey uondwnssy

uonenfeAq Jay], pue as)/Suipring [OpoN TIN-Md X1d oy Suruurdiopup suondwnssy £y || 3jqeL

pringer

AQs



Pharmaceutical Research

Tablelll The PTX Plasma — PIPN Sites PK Model’s Parameter Estimates and Their Relative Standard Errors (RSEs)

Parameters ~ Description Units Estimated value! RSE* (%)
95% CI
Plasma PK model
CLprx ¢ clearance of PTX unbound to CrEL L/br 1.07 9.7
0.89-1.3
Qprxp intercompartmental clearance of PTX unbound to CrEL L/hr 16.8 12
14-21
Verxe central volume of distribution of PTX unbound to CrEL L 0.559 31
0.25-0.94
Verxp peripheral volume of distribution of PTX unbound to CrEL L 7.49 12
59-95
Tnax maximum transport capacity of PTX to the peripheral compartment mg/hr 0.547 28
0.29-0.93
Ko concentration at which the transport rate is half-maximal pg/L 0.101 64
0.045-0.29
Qe p1 CrEL intercompartmental clearance 1 L/hr 1.17 FIX [31]
QL p2 CrEL intercompartmental clearance 2 L/hr 0.479 FIX [31]
A\ CrEL central volume of distribution L 4.54 FIX [31]
Vemipt CrEL peripheral volume of distribution 1 L 1.32 FIX [31]
Ve CrEL peripheral volume of distribution 2 L 3.53 FIX [31]
Viax maximum elimination capacity of CrEL mL/hr 0.175 11
0.14-0.22
KoL concentration at which the elimination rate is half-maximal mL/hr 2.57 FIX [31]
Bijope,crEL slope of binding of PTX to the predicted concentrations of CrEL - 4.46 FIX [17]
RUVplasma** residual unexplained variability in total PTX concentrations in plasma % 36 6.3
0.32-0.41
PIPN site PK model
f, unbound fraction of PTX in plasma in the absence of CrEL - 0.069 FIX [7]
femr fraction of PTX bound to CrEL that passes the blood-nervous tissue barriers - 0.525 17
0.37-0.72
DRG — Dorsal Root Ganglia
Ko uu.0rG unbound DRG-to-Plasma partition coefficient - 4.25 FIX [7]
Ky uucenprg  unbound ICF-to-ECF concentration ratio in DRG - 1.45 FIX [7]
CL,uBDB clearance out from DRG uL/hr 0.577 7.7
0.49-0.66
B ax DRG initiar  10itial maximum PTX-binding capacity in DRG cells mg/LS 0.287 15
0.21-0.38
Kdprg dissociation constant for PTX binding to saturable tubulin binding sites in DRG ug/L 0.353 18
cells 0.25-0.5
MAXprg maximum relative increase in B, prg.initial - 14.9 37
7.8-8.6
AUCsoprg ~ cumulative AUC at which the maximum increase in B, ., prg initial 18 half-maximal mgehr/L  97.9 27
63-165
hprg Hill coefficient - 2.76 20
244
WTprg DRG weight mg 40 FIX [46]
VECEDRG ECF volume for DRG mL/g tissue 0.2 FIX [47, 48]
VicEprG ICF volume for DRG mlL/g tissue 0.8 FIX [47, 48]
RUVprg residual unexplained variability in total PTX concentrations in DRG % 49 79
(44-59)
PN —Peripheral Nerves
Kpuupn unbound PN-to-Plasma partition coefficient - 4.48 FIX [7]
Kpuucenpy  unbound ICF-to-ECF concentration ratio in PN - 0.55 FIX [7]
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Table III (continued)

Parameters ~ Description Units Estimated value! RSE* (%)

95% CI
CL,uBNB clearance out from PN uL/hr 772.5 64

387-2074
B hax pNnitiar  10itial maximum PTX-binding capacity in PN cells mg/L’ 0.144 18

0.1-0.2
Kdpy dissociation constant for PTX binding to saturable tubulin binding sites in PN cells pg/L 0.353 18

0.25-0.5
SLPpy coefficient of the exponential increase of B, . px jniia @S @ function of cumulative  L/mg/hr 0.0194 7.4

AUC 0.017-0.022

WThy PN weight mg 2781 FIX*
VEecEpN ECF volume for PN mL/g tissue 0.5 FIX*
VicepNn ICF volume for PN mlL/g tissue 0.5 FIX*
RUVp™ residual unexplained variability in total PTX concentrations in PN % 69 8.7

(60-83)
BRN—brain
Ko .uuBrN unbound brain-to-plasma partition coefficient - 0.032 FIX [7]
Kpuucenpry  unbound ICF-to-ECF concentration ratio in brain - 11.2 FIX [7]
CL,y.BBB clearance out from brain uL/hr 237 22

15-34
Qend BRN intercompartmental clearance of PTX in ECF uL/hr 6.47 30

4-12
Vend BRN volume of distribution of the endothelial compartment mL 3.23 125

1-15
B ax BRN;initial 1Nitial maximum PTX-binding capacity in brain cells mg/L} 0.0259 21

0.017-0.039
Kdgrn dissociation constant for PTX binding to saturable tubulin binding sites in brain pg/L 4.208 FIX [35]

cells

MAXgrn maximum relative increase in B, gr initial - 14.9 37

7.8-8.6
AUCspry  cumulative AUC at which the maximum increase in B, rN initiat 1S half-maximal mgeht/L  97.9 27

63-165
hgrn Hill coefficient - 2.76 20

244
WTgrn brain weight g 0.4 (mice) FIX (46)

1.8 (rat)

VECEBRN ECF volume for BRN mL/g tissue 0.2 FIX [47, 48]
VICEBRN ICF volume for BRN mL/g tissue 0.8 FIX [47, 48]
RUVgen' residual unexplained variability in total PTX concentrations in the brain % 42 9.8

(36-52)

PTX-paclitaxel, PIPN paclitaxel-induced peripheral neurotoxicity, PK pharmacokinetics

*obtained from Sampling Importance Resampling (SIR). **additive residual error on log-transformed data. Ydetermined based on that 0.93%
of the body weight in rats, similar to the estimate in humans [49]. #determined according to data published at https://www.nysora.com/topics/
anatomy/connective-tissues-peripheral-nerves/ describing that up to 50% of the cross-sectional area is made up of non-neural tissue, including
endoneural fluid and connective stroma and it can vary between different nerves. Iclearance and volume of distribution parameters were esti-
mated at an average rat body weight of 0.3 kg.’ The tissue density is assumed to be 1 g/mL

in the external dataset, while underpredicting the NfL con-
centrations after high, 15 mg/kg dose (Fig. 1C). Simulations
of the temporal dynamics of NfL release, following single
intravenous doses of 5, 10, and 15 mg/kg PTX (Fig. 1D),
illustrated that NfL concentrations in PN and brain were sub-
stantially higher than those in serum and CSF, and remained
nearly constant throughout the 10-day simulation period.

@ Springer

For the first three days post-dose, serum and CSF profiles
were parallel, after which serum NfL declined more rap-
idly than CSF NfL. In line with experimental observations,
neither serum nor CSF NfL returned to baseline within the
10-day post-dose window. Simulations also suggested that
NfL leakage from PN could be the main contributor to the
elevated serum levels after single dosing (Fig. S4).


https://www.nysora.com/topics/anatomy/connective-tissues-peripheral-nerves/
https://www.nysora.com/topics/anatomy/connective-tissues-peripheral-nerves/
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Table IV The NfL Kinetics Model’s Parameter Estimates and Their Relative Standard Errors (RSEs)

Parameters Description Units Estimated value RSE* (%)
(95% CI)
NfLysetine.serum baseline NfL concentration in serum pg/mL 17.64 12
(14—22)
NfLyqseline. cst baseline NfL concentration in CSF pg/mL 222.5 20
(147—319)
NfLy,seline brain baseline NfL concentration in the brain pg/mL 0.43x10° FIX
NfLy,seline PN baseline NfL concentration in peripheral tissues pg/mL 538.74x 10° FIX
SIPNFL brain.PTX slope of NfL release into CSF under PTX-tubulin complex exposure - 0.029x 10° 9
in the brain (0.025—0.034)
Kout serum first-order elimination rate constant of NfL from serum 1/day 10.1 FIX [27]F
Veerum serum volume mL 5 FIX [50]
Vi CSF volume mL 0.25 FIX [51]
RUV oy ¥¥* residual unexplained variability in NfL concentrations in serum % 46 10
(39—358)
RUV *** residual unexplained variability in NfL concentrations in CSF % 37 47
(24—90)

NfL neurofilament light chain, CSF cerebrospinal fluid, PTX paclitaxel, DRG dorsal root ganglia, PN peripheral nerves

*obtained from Sampling Importance Resampling (SIR). **slope of NfL release into serum under PTX-tubulin complex exposure in DRG and
PN, slpyg pro+pnpTx> Was assumed to be the same as sIpyg prin prx- *** additive residual error on log-transformed data. Yallometric scaling with
body weight was applied with a fixed exponent, —0.25, using 70 (kg) as a standard reference body weight for an adult human

Discussion

We successfully developed an integrated PTX PK-NfL model
that captures PTX and NfL kinetics in plasma and PIPN-
relevant sites, such as DRG, SN, and brain, in rodents. This
provided new insights into PTX distribution and its tempo-
ral behavior after different doses and dosing regimens. By
connecting PTX-tubulin complex formation in PIPN sites,
this model accurately predicted sNfL kinetics observed in
vivo. This was possible due to the de novo generated longi-
tudinal NfL data after PTX administration. While the model
underpredicted sNfL levels after chronic PTX dosing based
on the available dataset, it offered a valuable foundation for
characterizing the PTX—sNfL relationship and guiding future
context-of-use biomarker-informed approaches to PIPN.
This is the first study examining NfL concentrations in
PIPN sites after PTX administration. We quantified NfL in
the DRG, SN, and hippocampus at baseline and at 72 and
240 h after CrEL-PTX dosing and observed no significant
changes over time. Notably, hippocampal NfL concentra-
tions in control rats were ca tenfold lower than reported val-
ues in healthy humans [36]. For modeling purpose, when
quantifying the NfL pool in the CNS, we have assumed a
similar NfL distribution across brain regions, although pre-
vious findings indicated slight inter-region variability in the
human brain [36]. Currently, data on the abundance of NfLL
in rodent PNS tissues are limited to Western blot analysis
[37, 38], with no absolute values reported. In this study, we
measured NfL levels in DRG and peripheral nerves, which
were 460 and 887-fold higher than in the brain, respectively.

Our data suggest that the NfL pool in the PNS is substan-
tially greater than that in the brain of rodents. When evaluat-
ing individual contributions of PIPN sites to sNfL kinetics,
the peripheral nerves were found to be the most significant
contributor in all investigated PTX doses (Fig. S4). Inter-
estingly, the model simulations suggested a higher relative
contribution of the brain to the observed sNfL kinetics com-
pared with the DRG, which may be partially attributable to
differences in tissue size. The brain contribution to sNfL
was further emphasized by the observed ~ threefold increase
in CSF NfL at 72 and 240 h after PTX administration com-
pared to baseline. The NfL leakage from the brain to serum
may occur across the blood-CSF barrier and/or the BBB.
Unraveling the relationship between NfL concentrations in
brain interstitial fluid and CSF is key to investigating the
role of brain barriers in CSF NfL kinetics. Further studies
are needed to mechanistically understand the cause of CSF
NfL increase, which might be due to axonal damage and/or
changes in brain barrier function after PTX administration.

Along with NfL. examination at PIPN sites, the evaluation
of sNfL kinetics after a single 10 mg/kg PTX dose was per-
formed. A prolonged NfL leakage into serum was observed,
with levels remaining elevated for at least 10 days. This delayed
return of sNfL to baseline mirrors trends observed clinically
after PTX discontinuation [22], suggesting that PTX-induced
axonal injury may have long-lasting biomarker signatures. Pre-
viously, sNfL increase compared to the baseline was observed
after repeated dosing regimens of PTX using sparse sampling
[11, 15]. Using a longitudinal sampling approach, we have
expanded the knowledge of sNfL kinetics after bolus PTX
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«Fig.4 Simulations with parameter uncertainty from the PTX plasma—
PIPN sites pharmacokinetic (PK) model in rats. The total concentra-
tion—time profiles of paclitaxel (PTX) in plasma, dorsal root ganglia,
peripheral nerves, and brain after (A) single dose and (B) multiple
dose (three times a week at week 1 and four times a week at week 2)
administration of 5, 10, and 15 mg/kg. The amount-time profiles of
PTX in the dorsal root ganglia, peripheral nerves, and brain follow-
ing (C) a single dose and (D) multiple doses of the same regimen of
10 mg/kg. The solid lines represent the median, and the shaded areas
are the 80% simulation intervals. The vertical dashed lines are the
PTX dosing times

administration, therefore increasing the temporal resolution
of the sNfL kinetics. Interestingly, we have observed maximal
sNfL concentration at 24 h, the first sampling time, indicating
rapid changes. Due to this unexpected observation, it is highly
recommended to include sNfL measurements at earlier time
points after PTX administration. To mechanistically interpret
the sNfL kinetics and establish a quantitative PKPD relation-
ship, it was essential to characterize PTX exposure at systemic
and tissue levels. To our knowledge, no previous PK model has
explicitly linked plasma concentrations of PTX to drug expo-
sure at the sites implicated in PIPN. Unlike models focusing
solely on systemic exposure, our approach integrates compart-
ments representing the neurotoxic target sites. This enables
quantitative prediction of local drug kinetics, providing a mech-
anistic basis for exploring exposure—toxicity relationships and
optimizing dosing strategies to reduce PIPN risk. To test this
approach, we are currently expanding the PTX PK-NfL model
by performing interspecies scaling to humans and validating
the predictions with clinical systemic PK and sNfL data, as
well as relating those variables to PIPN severity measurements.

The plasma PK model captures two nonlinear behaviors of
PTX: one related to micelle trapping by CrEL [39], and the
other attributed to distribution. The latter is presumably medi-
ated by a combination of active influx (e.g., via OATP1B1 and
OATP1B3: solute carrier organic anion-transporting polypep-
tide B1 and B3) and efflux (e.g., via P-glycoprotein) transport,
previously reported for PTX [40, 41]. Given the unavailability
of CrEL (i.e., the PTX formulation vehicle) concentrations
in rodents, its model structure was adapted from a published
human model [31] with parameters allometrically scaled.
Yet, the maximum elimination capacity of CrEL was re-esti-
mated, reflecting potential interspecies differences in CrEL
elimination capacity of 0.175 mL/hr in rats vs 0.64 mL/hr
in humans [31]. The distribution of PTX to PIPN sites is a
complex process, governed by, but not limited to, passive,
active influx/efflux transport [7]. The available preclinical
data from multiple studies with sparse sampling enabled us
to explore PTX distribution to PIPN sites. Additionally, the
transport between different anatomical locations was guided
by previously generated experimental data on the extent of

unbound PTX distribution across BDB, BNB, and BBB
as well as cellular barrier transport in DRG, SN, and brain
[7]. Together, these data allowed us to characterize tissue-
specific distribution profiles in PIPN sites following various
doses and dosing regimens using modeling approaches. The
PTX plasma—PIPN-sites PK model successfully described the
prolonged PTX accumulation in the PNS tissues as reported
among others by Wozniak et al. [5]. In their study, follow-
ing a single intravenous dose, the drug was rapidly cleared
from plasma but persisted in the DRG and SN for more than
72 h. After a 2-week dosing regimen, the drug remained in
peripheral nerves for weeks, despite rapid plasma clearance,
with functional measures showing severe neurotoxicity [5].
The persistence of PTX in PIPN sites results from an inter-
play between active transport across biological membranes
[40, 41], specific (e.g., tubulin) [19] and non-specific binding.
The binding of PTX to tubulin within cells was implemented
using a capacity-limited binding equation, which successfully
captured the increase in the maximum binding capacity of
PTX to tubulin following repeated systemic exposure. This
finding aligns with the study by Kuh et al. [35], who, using
a data-driven computational model of PTX intracellular PK,
reported a time- and concentration-dependent increase in
tubulin levels.

The developed PTX PK-NfL model successfully quan-
tified the increases in CSF and serum NfL levels, attrib-
uted to leakage from the brain and PNS tissues induced by
PTX—tubulin complex formation. A crucial assumption of
this analysis is that PTX—tubulin complex formation drives
sNfL kinetics. The latter is likely to occur through micro-
tubule stabilization [1, 21], a mechanism linked to axonal
degeneration in vitro [42]. The toxic effect of tubulin-bound
PTX has been previously described [1], further strengthen-
ing the validity of this assumption. The experimental time-
frame did not permit precise estimation of NfL turnover
parameters, because NfL turnover in CSF [28] and plasma
[27] is substantially faster than that of the clearance of the
PTX-tubulin complex within nervous tissues, shown to be
persistent for more than 10 days (Fig. S2). These values were
therefore fixed to literature values (Table 3). In addition,
the model assumed an instantaneous NfL release upon PTX
exposure, as no data were collected within a 0-24 h post-
dose window. Due to a lack of supporting data, assumptions
could not be fully validated. Although histopathological
evaluations and behavioral assays were explored, the devel-
oped PTX PK-NfL model ultimately did not incorporate
PIPN assessment due to the scarcity of data [11, 12]. The
availability of longitudinal PD observations following PTX
treatment in rodents would be critical to further strengthen-
ing the model’s ability to link PTX PK with NfL kinetics
and PIPN development.
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Conclusions

In this work, we present the first PTX PK-NfL model that
mechanistically links PTX accumulation in PIPN sites
such as DRG, PN, and the brain to its effect on NfL kinet-
ics. The model quantifies the impact of the PTX—tubulin
complex on NfL leakage from PIPN sites, and explores the
contributions of CNS and PNS NfL pools to sNfL kinet-
ics. The model is capable of predicting not only plasma
exposure, but also extracellular and intracellular PTX
concentrations, including tubulin binding over time. Our
model-based simulations provided new evidence on PTX
accumulation after different dosing regimens of CrEL-
PTX in PIPN sites. Despite the different extents of distri-
bution to the PIPN sites and distinct systemic PK param-
eters for various PTX formulations [8, 18], the developed
model can be adapted to accommodate PTX formulation-
specific characteristics. Generated knowledge could help
to establish NfL as a biomarker for PTX-induced axonal
damage and apply the developed PTX PK-NfL model for
translation of in vivo preclinical data on NfL kinetics to
clinical applications.
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