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ABSTRACT

Background: Effective treatment of viral infections in the central nervous system (CNS) requires adequate
nucleoside analogs exposure and conversion into phosphorylated metabolites (TP) in brain cells.

Aim: To develop a CNS PBPK model (LeiCNS-PK3.2) that incorporates active brain cell membrane transport and
brain intracellular fluid (brainICF) metabolism to predict and understand target site pharmacokinetics (PK),
brainICF active triphosphate (TP) metabolites, and effects of antiviral drugs.

Method: LeiCNS-PK3.0 was extended with a brain cell membrane asymmetry factor (AF) using rat-derived Kp uy,
cell Values. Intracellular conversion of acyclovir and ganciclovir into TPs was modelled using in vitro kinetic
parameters. LeiCNS-PK3.2 was validated on published rat and human plasma, brain extracellular fluid (brai-
nECF), and cerebrospinal fluid (CSF) data. Simulated PK profiles for parent drug standard dosing regimens
(acyclovir 10 mg/kg t.i.d.; ganciclovir 5 mg/kg b.i.d.) were compared to parent-drug profiles in brainECF, and TP
metabolite in brainICF. Sensitivity analyses were performed on CNS physiological parameters and Kp yy,cell
values.

Results: LeiCNS-PK3.2 accurately recaptured the observed data (<2-fold error range). Simulated brainECF parent
drug concentrations often remained below reported ICsy values, whereas brainICF TPs had smaller AUCs and
longer time to equilibrium compared to acyclovir/ganciclovir in brainECF. Simulated pathological variations
during CNS infection showed minimal impact on brainICF TP exposure, with proportional shifts in brainICF TP
concentrations when varying K, uy,cell.

Conclusions: LeiCNS-PK3.2 can predict CNS target-site exposure of TPs and demonstrates that brainECF
acyclovir/ganciclovir concentrations are distinct from brainICF TP levels. It may support intracellular PK/PD
target determination to optimize dosing strategies for CNS viral infections.

1. Introduction

including the blood-brain barrier (BBB) and the blood-cerebrospinal
fluid barrier (BCSFB), both of which hinder drug penetration and limit

Nucleoside analogs are a wildly used class of antivirals for treating
various viral infections. Depending on the primary site of infection, viral
infections can be classified as general infection affecting systemic cir-
culation or local infections where specific organs or tissues are involved
(CJ et al., Virology, 2017). Among these, viral infections of the central
nervous system (CNS) are rare but life-threatening disease, character-
ized by viruses invading brain parenchymal cells and trigger inflam-
matory reactions within the CNS (Sun, et al., CNS Drugs, 2024).
Compared to systemic infections, CNS infection poses unique challenges
for antiviral therapy. One major obstacle is the presence of CNS barriers
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pharmacologically effective concentrations in the CNS (de Lange, et al.,
Clinical Pharmacology and Therapeutics, 2022). In case drugs cross
these CNS barriers, the complex CNS architecture further affects the
drug distribution and exposure in the target region, intracellular space
of brain cells where viral replication occurs (de Lange, Fluids Barriers
CNS, 2013).

Pharmacokinetic (PK) studies are essential for investigating drug
distribution and exposure levels at the CNS site of action to optimize
antiviral dosing. However, most PK studies of antivirals focus on plasma
drug concentrations, providing limited insight into CNS-specific PK.
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When CNS exposure is assessed, it is often inferred from cerebrospinal
fluid (CSF) measurements, yet CSF levels may not accurately represent
drug concentrations in brain extracellular fluid (brainECF), and more
critically, in brain intracellular fluid (brainICF). Our recent work
demonstrated significant PK disparities among plasma, CSF, and brai-
nECF (Sun, et al., Clinical Pharmacokinetics, 2025). Although the brai-
nECF concentrations are considered physiologically closer to brainICF
than plasma or CSF, it still cannot simply be assumed that drug distri-
bution between brain ICF and ECF is uniform and homogeneous. Anti-
virals must cross the brain cell membrane, where the lipid bilayer may
retain drugs through nonspecific binding based on drug’s lipophilicity
(Vendel, et al., Fluids and Barriers of the CNS, 2019). Additionally,
active transporters expressed on brain cell membranes might regulate
drug influx and efflux (Lee, et al., Pharmacological Reviews, 2001).
Finally, antiviral nucleoside must undergo intracellular phosphorylation
to form their active triphosphate (TP) metabolites to exert antiviral ef-
fects (Sun, et al., CNS Drugs, 2024). Given these mechanisms involved,
the PK of an antiviral nucleoside within brain cells may differ markedly
from that in other compartments, so arbitrarily extrapolating from
non-target measurements is not scientifically based.

Nevertheless, direct measurement of these metabolites in human
brain cells remains technically challenging. Although microdialysis is
the gold-standard technique for obtaining the unbound CNS drug con-
centrations, it is invasive and ethically prohibitive for use in healthy
volunteers or most patients without a neurosurgical indication
(Yamamoto, et al., The AAPS Journal..2017). Although imaging tech-
niques such as positron emission tomography (PET) can offer some
insight by measuring the total drug concentration in the brain, it cannot
distinguish between parent drugs and active metabolites (Zhang, et al.,
Drug MeTable Dispos, 2019). In vitro cell models are commonly used to
reveal PKs of active triphosphate metabolites in virus-infected cells,
however, these systems lack the physiological and structural complexity
of the CNS compared to in vivo systems and hence would benefit from
integration with mathematical modeling approaches for comprehensive
PK analysis (Pertinez, et al., J Antimicrob Chemother, 2021; Zhang,
et al., European Journal of Pharmaceutical Sciences: Official Journal of
the European Federation For Pharmaceutical Sciences, 2024).

Physiologically based pharmacokinetic (PBPK) modeling offers a
powerful method to predict drug distribution across various organs and
tissues, including intricate CNS compartments. Our previous model,
LeiCNS-PK3.0, well captured the distribution of drugs within multiple
CNS regions (Saleh, et al., J Pharmacokinet Pharmacodyn, 2021a).
However, it only accounted for passive diffusion across brain paren-
chymal cell membranes. For nucleoside analogs specifically, it is crucial
to incorporate intracellular conversion processes into the model, as only
their phosphorylated active metabolites exert antiviral activity, not the
parent drugs. Furthermore, because direct measurement of drug and
metabolite concentrations within human brain tissues to observe their
dynamic changes over time is ethically infeasible, predictive CNS PBPK
models serve as an essential tool to bridge this gap. By integrating in vitro
data on active metabolites and considering active transport mechanisms
at the brain cell membrane, our model would hence provide more
comprehensive understanding on target site PK.

In this study, we aimed to develop LeiCNS-PK3.2, an extension of
LeiCNS-PK3.0 model, that incorporates active transport mechanisms on
brain cell membranes as well as intracellular conversion of acyclovir and
ganciclovir into active metabolites. By integrating data from diverse
sources, we predicted the intracellular active metabolite concentrations
of our model drugs, acyclovir and ganciclovir and analyzed the potential
PK discrepancies between the target site (brainICF) and non-target site
(brainECF).

2. Methods

The present model represents one of several parallel extensions
derived from the original LeiCNS-PK3.0 framework. Within our group,
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multiple expansions and adaptations have been developed to address
different research objectives, and these have not all been published
sequentially. The name LeiCNS-PK3.2 was adopted to distinguish the
implementation for current CNS infection within this evolving
framework.

2.1. Incorporation of active transport across brain cell membranes

In LeiCNS-PK3.0, physiological processes such as active transport
across the BBB and BCSFB are incorporated into the model using the so-
called asymmetry factors (AFj, and AF,y). The AF terms, including
AFgcr (representing the brainECF), AFpy (representing the lateral
ventricle), and AFrpy (representing the third and fourth ventricle), are
calculated based on the LeiCNS PK3.0 equations (Saleh, et al., J Phar-
macokinet Pharmacodyn, 2021a) together with Ky, 8B O Kp uu,BCSFB,
which describe the steady state ratio of unbound drug concentration in
specific CNS compartments (brainECF, lateral ventricle, and third and
fourth ventricles) relative to plasma (Hammarlund-Udenaes, et al.,
Pharm Res, 2008). To further extend drug active transport across brain
cell membrane, in LeiCNS-PK3.2 we introduced a new AFpcy based on
Kp,uu,cell, defined as the unbound concentration ratio at steady state
between brainECF and brainICF. The impact of the net effect of active
transporters on drug exchange at the BBB, BCSFB, and the brain cell
membrane was incorporated using AFingrcr/iv/trv/Bom and AFqy
ECF/LV/TFV/BCM- These factors were derived from Kp,uu,BBB/BCSFB/Cell
values such that they produced the same K yuBBB/BCSFB/Cell Values
within the PBPK model at steady-state. Thus, the AFgcr/Lv,/TFv/BcM 1S
dependent on both the K;, yu,88B/BcsFB/cell Values and the specific struc-
ture and parameters of the PBPK model. The derivation of
AFgcr/Lv/mrv/Bem depends on the direction of net transport: for net active
influx (Kp, uu,BBB/BCSFB/Cell > 1), AFin Ecr/Lv/TFv/BeM is derived from K yy,
BBB/BCSFB/Cell while AFout,ECF/LV/TFV/BCM is fixed at 1, for net active efflux
(Kp,uu,BBB/BCSFB/Cell < 1), AFoutEcr/Lv/Trv/BeM is derived from Kp uy,
BBB/BCSFB/Cell, While AFiy rcr/1v/Trv/BeM 18 fixed at 1. In our analysis, Kp,
uu,BBB/BCSFB/Cell Values for the BBB and BCSFB were obtained from
existing in vivo data using either unbound AUC ratios or concentration
ratios from brainECF or CSF to plasma.

To obtain the values of Kp, yy,cel1 for each drug, we used the following
equations to calculate (Eq. 1&2) (Loryan, et al., Fluids and Barriers of
the CNS, 2013).

Atut.brain - Vbluud * Cbluud

Kp,uu.cell = Vu.bmin * fu.brain = * fu,bmin (1)
Cu,brainECF

Kp \brain

(2)

Vu,bmin = - 5
Kp,uu.brain.ECF * f u,plasma

Here, Vy brain denotes the unbound volume of distribution in brain (mL
per g brain), and f;, prain represents the unbound fraction in brain tissue.
Brain density was assumed to be 1 g per mL so that K, yycet could be
obtained from Vyprin by accounting for tissue binding while main-
taining a unitless definition (Ballgren, et al., Fluids Barriers CNS, 2025).
For ganciclovir, Vy prain Was calculated using published data (Liu, et al.,
Drug MeTable Dispos, 2009) based on Eq. (1), where Vyprain can be
calculated using the total drug amount in the brain A prain(nanomoles
per g brain), corrected for the contribution of blood (Vpiood-Cblood)s
normalized to the unbound steady-state concentration in the brainECF
(Cy,brainEcr, Nanomoles per mL) (Wang, et al., Pharmaceutical Research,
1996). Vpjood is the physiological volume (mL) of blood in brain per g
brain weight (3 % or less) (Khor, et al., Drug MeTable Dispos, 1991). The
relevant fy prain value was reported in the same publication (Liu, et al.,
Drug MeTable Dispos, 2009) which utilized brain homogenate dialysis.
However, no directed information on Vy prain and £y prain Were available
regarding acyclovir. Therefore, its relevant parameters were predicted
via the online platform DruMAP (version 1.5, https://drumap.nibiohn.
g0.jp), which uses drug physicochemical properties (pKa, pKb, logP,
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and molecular structure) as input. In DruMAP, f, prin is directly pre-
dicted, whereas Vyprain is further calculated using the predicted pa-
rameters including the ratio of the brain-to-plasma partition coefficient
(Kp,brain), the unbound brain-to-plasma drug partition coefficient (Kp yu,
brainecr), and the unbound fraction in plasma (fy,plasma) (EQ. (2)) (Loryan,
et al.,, Pharm Res, 2022). The steady-state differential equations were
solved using the Maxima Computer Algebra System (http://maxima.
sourceforge.net) to obtain algebraic solutions for the AFs, the details
of which are provided in Supplementary File. These AFs were then
applied to the passive transcellular diffusion parameters at the BBB,
BCSFB, and brain cell membrane (Qggp, Qrcsre, Qr,cm) Within the
model to incorporate active transport mechanism.

Importantly, the data that we collected to calculate the Ky, yy,cen Were
all from rat. Since there are no available data to indicate the human
corresponding values, we assumed equal values for human and rat and
used the rat values for the human model development.

2.2. Incorporation of intracellular active conversion of acyclovir and
ganciclovir

For both acyclovir and ganciclovir, the intracellular PK of their TPs
were modeled under the assumption of instantaneous conversion from
the parent drug to its triphosphate form, consistent with in vitro obser-
vations showing low or undetectable mono- and di-phosphate in-
termediates (Gentry, et al., Antimicrob Agents Chemother, 2014; Sauer,
et al., Antiviral Res, 2020). The Intracellular conversion process was
represented with a one-compartment model with first-order kinetics (Eq.

(3).

dc
dtTP = kformcparent - kelimCTP (3)

where the elimination rate constant Keji, was fixed based on literature-
reported half-life values of 27 h for acyclovir-TP and 37 h for
ganciclovir-TP, respectively (Gentry, et al., Antimicrob Agents Chemo-
ther, 2014; Sauer, et al., Antiviral Res, 2020). The TP formation rate
constant k¢ was calculated using Eq. (4) under steady state condition:

CTP.ss

kfmm = * kelim (4)

Cparent,ss

where Crpss and Cparent,ss refer to the observed concentrations for the TP
and parent drug at the steady state, respectively. The steady state con-
centrations of parent drugs and TPs were extracted from the final
measurement time point of the incubation period. Reported TP con-
centrations (pmol per million cells) were converted to uM using cell-
specific volumes: 6.4 uL for 1 million Vero cells (da Silva, et al., Cell
Prolif, 2010) and 4 pL for 1 million human foreskin fibroblasts (HFFs)
(Angello, et al., Journal of Cellular Physiology, 1987). We assumed
acyclovir/ganciclovir enter cells predominantly via passive diffusion
across the tested cell lines (e.g., Vero cell and HFFs), since no trans-
porters specific to these drugs have been identified in these cell lines
Therefore, the unbound intracellular parent drug concentration at
steady state was approximated by the unbound medium concentration.
At the end, the formation and elimination rate constants obtained from
in vitro intracellular data were incorporated into LeiCNS-PK3.2 model.

2.3. LeiCNS-PK3.2 model building

Based on the LeiCNS-PK3.0 modeling framework, we constructed our
model by separately developing the plasma and CNS compartments,
subsequently linking them into the final model. The plasma compart-
ment was built using estimated plasma PK parameters. The CNS
compartment was constructed as a physiologically based model
comprising nine distinct compartments, employing relevant CNS phys-
iological parameters. In our updated model (LeiCNS-PK3.2), two key
components were newly incorporated: (1) an intracellular conversion
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process, describing the formation and elimination kinetics of acyclovir
and ganciclovir triphosphate metabolites; and (2) active transport across
the brain cell membrane, modeled using the AFgcy (Fig. 1).

2.3.1. Drug specific parameters

In our current work, LeiCNS-PK3.2 also requires three types of drug
specific parameters including physico-chemical parameters, Ky, , values
(for BBB, BCSFB, and Cell), and intracellular drug metabolite formation
and elimination parameters (K¢orm and Kejim). We obtained drug physi-
ochemical information, including molecular weight, lipophilicity
(expressed as logP), and acid/base ionization constants (as pKa and
pKb), from DrugBank version 5.1.9. LogP and pKa/pKb values were
estimated using the ALOGPS and Chemaxon methods, respectively. We
calculated Kp, yy,8eB and Kpyypcses values either using the AUC ratio or
by the steady-state concentration ratio between ECF and CSF compart-
ments, respectively, and plasma (Table I). Since human Ky, . gpp value
was unavailable for acyclovir, the rat value was used to calculate its
AFpgp. This AFgpp was further adjusted using the ratio of P-glycoprotein
(P-gp), organic anion transporters (OATs) and organic cation trans-
porters (OCTs) transporter expression between human and rat
(Al-Majdoub, et al., Mol Pharm, 2019; Uchida, et al., J Neurochem,
2011), based on the evidence that acyclovir is a substrate of both
transporter families (Yang, et al., Expert Opinion On Drug Metabolism
and Toxicology, 2022). These Ky, uu,8BB/BCsFB/cell Values were then used
to derive the AFgcr,/Lv/Trv/BeMm (Saleh, et al., J Pharmacokinet Pharma-
codyn, 2021b), which corrects for active transport processes at the BBB,
BCSFB or brain cell membrane in our model (Table I). The intracellular
conversion process was incorporated into the LeiCNS-PK3.2 model with
these formation and elimination rate constants (Kform and Kejim) of each
triphosphate metabolite (Figure S1).

2.3.2. Plasma PK parameters

Empirical compartmental models were used to describe the plasma
PK in rat and human. The plasma PK parameters (Table II) for acyclovir
and ganciclovir were estimated using Monolix version 2021R2 (Lixoft,
Orsay, France).

2.3.3. CNS system-specific parameters

The CNS physiological parameters for human and rat have been
collected and reported in our previous paper (Saleh, et al., J Pharma-
cokinet Pharmacodyn, 2021a).

2.4. PK data for model validation

Rat and human data (Table III) from multiple CNS compartments
were extracted using WebPlotDigitizer version 4.5 (https://automeris.
io/WebPlotDigitizer/).

The predictions of both rat and human models by LeiCNS-PK3.2
under the indicated dosing regimens (Table S1) were compared to
observed in vivo data from various sources (Table S1). The predictive
accuracy of LeiCNS-PK3.2 was further assessed using metrics including
the squared Pearson correlation coefficient (Pearson Rz), the absolute
average fold error (AAFE) across all data points, and the root mean
squared error (RMSE).

2.5. PK analysis of brain ECF and intracellular active metabolite
concentrations

BrainECF and active metabolite concentrations in brainICF were first
simulated under standard dosing regimens (acyclovir: 10 mg/kg, three
times daily; ganciclovir: 5 mg/kg, twice daily) for successive 6 doses and
at the steady state. The simulated brainECF concentrations of parent
drugs were compared to the reported ICsy values. To evaluate drug
accumulation in the two compartments, the accumulation ratio (Ryc) (Li,
et al., Curr Drug Metab, 2013) was calculated as the ratio of the area
under the concentration—time curve at the steady state (AUCp_¢zs) to
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Fig. 1. The model structure of LeiCNS-PK3.2. LeiCNS-PK3.2 builds upon the LeiCNS-PK3.0, which employs an empirical model to represent the systemic circulation
and a physiologically based model for key CNS compartments, including brain microvessels (MV), brain parenchyma (i.e., brain extracellular fluid [brainECF], brain
intracellular fluid [brainICF], and brain membrane), as well as CSF compartments (i.e., lateral ventricle [LV], third and fourth ventricle [TFV], cisterna magna [CM],
and the subarachnoid space [SAS]). In LeiCNS-PK3.2, we extended LeiCNS-PK3.0 to describe active transport on the brain membrane and intracellular conversion
from the parent drug to its active triphosphate, by introducing new components (highlighted in red).

Table 1

Drug parameters for active transport.
Parameter Kp,uu,BBB AFin kcr AFout Ecr Kp,uu,BcsrB AFinLv AFout,Lv AFin TRV AFout,Trv fu brain Viu,brain Kp,uu,cell AFincen AFout,cell
Rat
acyclovir 0.32° 1 412.91 0.18" 1 7274 1 7336.34 0.37" 2.75" 1 1 1
ganciclovir  0.16° 1 4553.52 0.03¢ 1 228,161.6 1 228,342.8  0.85¢ 1.45¢ 1.23 1.46 1

0.06° 1 14,298.52  0.066° 1 99,618.66 1 99,937.62  0.85¢ 1.45¢ 1.23 1.46 1

Human
acyclovir 0.32f 1 34.51 0.26° 1 1456.66 1 1469.38 0.37" 2.75" 1 1 1
ganciclovir  0.77' 1 167.18 0.46' 1 2631.67 1 2653.38 0.85" 1.45" 1.23 1.46 1

a Kp,uu BB Value was calculated by unbound AUC ratio of brainECF to plasma observed from Sahn et al. (Shan, et al., Eur J Drug MeTable Pharmacokinet, 2022); K,
wu,BcsFB Value was calculated using unbound CSF to plasma ratio based on data from Kim et al. (Kim, et al., Pain Physician, 2016).

b values were predicted by the in silico model of Kawashima et al. (Kawashima, et al., J Med Chem, 2023).

¢ Values were calculated by unbound AUC ratio of brainECF or CSF to plasma observed from Chen et al. (Chen, et al., Pharmacology Research and Perspectives,
2020).

4 Value of fu,brain Was direct obtained from Lui et al. (Liu, et al., Drug MeTable Dispos, 2009); Vy prain (mL* g'l brain) was calculated using Eq. (1) based on data from
Lui et al. (Liu, et al., Drug MeTable Dispos, 2009).

€ Kp,uuseB and Kj, y esrs values were calculated by unbound AUC ratio of brainECF to plasma and unbound concentration ratio of CSF to plasma at steady state
observed from Lui et al. (Liu, et al., Drug MeTable Dispos, 2009), respectively.

f Rat Kp,uu,BeB Value was input and AF was corrected using the ratio of OAT and OCT expression between humans and rats, divided by 8 since expression levels of
these transporters are at least eightfold lower in humans than in rats (Al-Majdoub, et al., Mol Pharm, 2019; Uchida, et al., J Neurochem, 2011).

8 Value was calculated using the average value of unbound CSF to plasma ratios from Lycke et al. (Lycke, et al., Antimicrob Agents Chemother, 2003; Smith, et al.,
Antimicrobial Agents and Chemotherapy, 2010).

b Assumed to be the same as in rat.

i Kp,uu BB Value were calculated by unbound AUC ratio of brainECF to plasma at steady state from Peredo et al. (Peredo, et al., BMJ Case Rep, 2015); Kp, uy,Bcses value
and unbound concentration ratio of CSF to plasma at steady state observed from Fletcher et al. (Fletcher, et al., Clinical Pharmacology and Therapeutics, 1986).

that following the first dose (AUCp_¢,1). To further compare the time to
steady state between drug in brainECF and intracellular active metab-
olite TP in brainICF, the predicted concentrations were normalized by
the average steady state concentrations per dosing interval.

2.6. Sensitivity analysis

2.6.1. Effects of pathological changes in physiological parameters on target-
site concentrations

Since physiological parameters may change due to the CNS pathol-
ogies, we conducted a sensitivity analysis to compare intracellular PK
predictions of TP metabolites between healthy and diseased values of
relevant parameters. Pathological changes associated with CNS viral

encephalitis were considered to include a 2-fold range increase in the
BBB pore size (Pouplin, et al., Antimicrob Agents Chemother, 2011), a
2-fold range increase in SAS volume (Djukic, et al., J Neuro-
inflammation, 2022; Johanson, et al., Cerebrospinal Fluid Research,
2008), and a 4-fold increase CSF flow rate (Bauer, et al., Child's Nervous
System: ChNS: Official Journal of the International Society For Pediatric
Neurosurgery, 2008; Tariq, et al., Acta Neurochirurgica, 2023). Simu-
lations were performed under standard dosing regimens (acyclovir: 10
mg/kg, three times daily; ganciclovir: 5 mg/kg, twice daily), applying
either healthy human physiological parameters or modified parameters
reflecting reported pathological conditions.
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Table 2

Plasma parameters of acyclovir and ganciclovir in rats and human.
Parameter Acyclovir Gancilovir

Rat" Human” Rat® Rat‘ Human®

CLgen/F (mL* min™) 3.9 917 45 9.6 532
Qcen-perir/F (mL* min™) 2.2 NA NA NA 342
Veen/F (mL) 110 176,745 311 180 75,374
Vperi1/F (mL) 106 NA NA NA 101,427
Ka (min) NA 0.025 NA NA 0.013
Tiag (min™) NA 51 NA NA 52.9
F (%) NA 54.5' NA 100 60°

2 Parameter values were estimated based on plasma data from (Shan, et al.,
Eur J Drug MeTable Pharmacokinet, 2022).

b parameter values were estimated based on plasma data from 1000 mg
(Lycke, et al., Antimicrob Agents Chemother, 2003) and 2000 mg of valacyclovir
(Smith, et al., Antimicrob Agents Chemother, 2010).

¢ Parameter values are estimated based on plasma data from (Chen, et al.,
Pharmacology Research and Perspectives, 2020).

d parameter values were estimated based on plasma data from (Liu, et al.,
Drug MeTable Dispos, 2009).

¢ Parameter values were estimated based on plasma data from (Peredo, et al.,
BMJ Case Rep, 2015).

f Value was derived from (Soul-Lawton, et al., Antimicrob Agents Chemother,
1995).

& Value was derived from (Pescovitz, et al., Antimicrob Agents Chemother,
2000).

2.6.2. Effects of ky yu,ceit values on target-site concentrations

Using rat-derived Kpyycen values directly for human predictions
might introduce a bias in PK prediction. To assess the impact of varia-
tions in Kp, yu,cent 0n PK predictions for intracellular TPs, we performed a
series of simulations using the LeiCNS-PK3.2 human model. The stan-
dard acyclovir/ganciclovir dosing regimens described above were
applied, varying the Kp, yy cenn values by 2-, 3-, and 4-fold relative to the
original rat-derived values. All other model parameters remained fixed,
and CNS physiological parameters were set to reflect healthy human
conditions.
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3. Results
3.1. Model predictions vs. observations

The LeiCNS-PK3.2 model showed good predictive accuracy for
plasma, brainECF, and SAS compartments, with simulated PK profiles of
acyclovir and ganciclovir closely matching most observed data from
different sources (Figure S1). We further assessed the correlation be-
tween the observed and model-simulated concentrations of acyclovir
and ganciclovir using multiple metrics. The simulations fell within a 2-
fold prediction error range, with high correlation coefficients (R?),
indicating strong predictive performance. Additionally, low absolute
average fold error (AAFE) and root mean square error (RMSE) values
were observed across both species (Fig. 2).

3.2. Comparative PK analysis on brainECF parent drugs and brainICF
active metabolites

Simulated concentrations of acyclovir and ganciclovir in brainECF
fluctuated around their ICs values, and trough concentrations (Cpin)
values often fell below the ICsy (Fig. 3A). In contrast, intracellular
triphosphate metabolites (acyclovir-TP and ganciclovir-TP) concentra-
tions in brainICF gradually increased over six successive doses (Fig. 3A).
Direct comparison with experimentally observed intracellular concen-
trations or intracellular ICsy values was not possible, as such data are
unavailable for these metabolites. To further compare PK differences
between parent drugs in brainECF and intracellular active metabolites in
brainICF, we analyzed the drug accumulation ratio AUCy ¢ ss / AUCo_z,1
(Fig. 3B) as well as the time to reach steady state (Fig. 3C).

The simulations indicated markedly greater accumulation of
acyclovir-TP and ganciclovir-TP in brainICF than of their parent drugs in
brainECF. While brainECF concentrations reached steady state rapidly
after the first dosing interval, intracellular metabolite concentrations
increased gradually and did not attain steady-state levels even after six
consecutive doses.
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Fig. 2. Observed vs. predicted concentrations of acyclovir and ganciclovir in rat and human models. The correlation between observed and model-simulated
concentrations of acyclovir and ganciclovir is shown for rat (left panel) and human (right panel) datasets. Observations include acyclovir and ganciclovir data
from plasma, brain extracellular fluid (brainECF), and the subarachnoid space. Symbols represent different compartments, while outliers are highlighted by color
(blue for acyclovir, red for ganciclovir). Data sources from literature are highlighted in the legend. Solid diagonal lines represent the perfect agreement, and dashed
lines indicate a 2-fold prediction error. Model performance metrics, including the coefficient of determination (R?), average absolute fold error (AAFE), and root

mean square error (RMSE), are shown within each panel.
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Fig. 3. Simulation-based pharmacokinetic comparison of acyclovir and ganciclovir in brain extracellular fluid (ECF) and their active triphosphate metabolites in
brain intracellular fluid (brainICF) under standard dosing regimens (Acyclovir: 10 mg/kg, three times daily; Ganciclovir: 5 mg/kg, twice daily). Panel A showed
predicted concentration-time profiles of acyclovir and ganciclovir in brainECF and their respective triphosphate metabolites in brainICF. Red dashed lines indicate
the reported ICsq values. Panel B showed accumulation ratios (R,c = AUCg s / AUCq_¢ 1) calculated for brainECF (parent drugs) and brainICF (active metabolites),
illustrating the extent of parent drug and active metabolite accumulation relative to the first dosing interval. Panel C compared the time to reach steady-state
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3.3. Effect of encephalitic pathology and ky, ,u, cen value on active
triphosphate brainICF PK

When we shifted from healthy (perturbation = 1) to pathological
values for pore size of the blood-brain barrier (1< perturbation < 2),
volume of SAS (1< perturbation <2), and CSF flow rate (1< perturba-
tion <4), the TP PK profiles in brainICF remained essentially unchanged
(Fig. 4). Because directly using rat K, yy,cen values as input to our human
model could introduce bias, we also tested a two-fold range of K, yu,cell
values. These simulations showed that increasing Kp yu.cen led to pro-
portional increases in active-metabolite exposure.

4. Discussion

Direct measurement of intracellular triphosphate metabolite con-
centrations in human CNS remains technically infeasible, creating a
critical knowledge gap in understanding target-site PK profiles of anti-
viral nucleoside analog for CNS infections. This study presents the
LeiCNS-PK3.2 model as a tool to predict intracellular concentrations of
the active triphosphate metabolites of acyclovir and ganciclovir in the
CNS. Our simulations revealed distinct PK profile differences between
parent drugs in brainECF and their metabolites in brainICF.

LeiCNS-PK3.2 is an improved version of the previous LeiCNS-PK1.0
(Yamamoto, et al., CPT Pharmacometrics Syst Pharmacol, 2017) and
3.0 frameworks (Saleh, et al., J Pharmacokinet Pharmacodyn, 2021b).
The earlier two models described only passive diffusion between brai-
nECF and brainICF spaces. Similar to LeiCNS-PK1.0 (Yamamoto, et al.,
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CPT Pharmacometrics Syst Pharmacol, 2017), where active transport
across the BBB and BCSFB was incorporated through K}, yu,sss and Kp yy,
BcseB, LEiICNS-PK3.2 extends this concept by integrating active transport
across brain cell membranes using AF derived from K yucen, thereby
accounting for net influx/efflux mediated by active transporter on brain
parenchymal cells. Assuming the presence of only passive exchange
might overlook the additional transporter-dependent barrier between
brainECF and brainICF, as evidenced by in vivo observations confirming
active transport roles for P-gp or OATs at brain parenchymal level
(Kervezee, et al., Aaps j, 2014; Scism, et al., Brain Res, 2000; Syvanen,
et al., Aaps j, 2012). Furthermore, LeiCNS-PK3.2 introduced intracel-
lular metabolite kinetics by explicitly modelling the intracellular for-
mation and elimination of TP metabolites via a first-order kinetic
module. This approach was performed earlier for other nucleoside an-
alogs such as remdesivir and molnupiravir (Saleh, et al., Eur J Pharm Sci,
2023). LeiCNS-PK3.2 offers a more comprehensive representation by
incorporating mechanisms such as active transport and intracellular
conversion within brain cells. Although the lack of intracellular con-
centration data currently restricts direct validation and comparison of
model performance between version 3.0 and the present model, this
framework enables a deeper mechanistic understanding of local drug
exposure within the CNS. Importantly, LeiCNS-PK3.2 can predict the
impact of physio-pathological changes in BBB permeability, CSF flow,
and SAS volume on intracellular TP exposure. The simulations demon-
strated that such changes had minimal influence on brainICF triphos-
phate exposure.

In our modeling framework, acyclovir and ganciclovir in brainICF
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Fig. 4. Sensitivity analysis of intracellular active metabolite pharmacokinetics (PK) in brain intracellular fluid (brainICF). Concentration-time profiles of acyclovir
triphosphate (left column) and ganciclovir-triphosphate (right column) are shown, as predicted over one dosing interval (0-8 h for acyclovir; 0-12 h for ganciclovir)
under standard regimens (acyclovir: 10 mg/kg, three times daily; ganciclovir: 5 mg/kg, twice daily). From top to bottom, each row shows the effect of progressively
increasing (A) one model parameter to mimic pathological changes: BBB pore size (PZgpp; A = 1, 1.2, 1.5, 1.8, 2), subarachnoid space volume (Vsas; A =1, 1.2, 1.5,
1.8, 2), CSF flow rate (Qcsp; A =1, 1.5, 2, 2.5, 3, 4), and cellular unbound partition coefficient (Kp yu cei; A = 0.5, 0.75, 1, 1.5, 2). Colored lines represent fold changes

on relevant parameters including PZggp, Vsas, Qcsr, and Ky uy cenl-
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were assumed to be instantly converted to their triphosphate forms. This
assumption aligns with previous successful PBPK modeling practices
that adopted a similar simplification to characterize the intracellular
drug conversion, owing to the very low intracellular concentrations of
intermediate phosphorylated drugs observed in vitro (Hughes, et al.,
CPT: Pharmacometrics and Systems Pharmacology, 2020; Saleh, et al.,
European Journal of Pharmaceutical Sciences: Official Journal of the
European Federation For Pharmaceutical Sciences, 2023; Tanau-
dommongkon, et al., Br J Clin Pharmacol, 2022). Additionally, a linear
process was assumed for the phosphorylation step of converting acy-
clovir/ganciclovir into acyclovir/ganciclovir-TP, which was justified by
the low intracellular acyclovir and ganciclovir levels relative to the Ky,
values for viral kinases (Black, et al., Proceedings of the National
Academy of Sciences of the United States of America, 1996; Kokoris,
et al., Protein Sci, 2002). In LeiCNS-PK3.2 model, the step of drug
conversion into their active metabolites was only modeled within the
brainICF given the fact that during the HSV and HCMV encephalitis the
viruses primarily infected the CNS instead of the circulation system
(Solomon, et al., Pract Neurol, 2007). In the sites with lower or no viral
infection, normal cellular enzymes predominantly catalyze the intra-
cellular conversion but with much lower efficiency compared to viral
kinases. The active metabolites concentrations are thereby considered
minimal in the system. Also given the relatively large molecular weight
(~500 Da) of acyclovir/ganciclovir-TP, these metabolites might have
limited permeability across the BBB, which restricts their significant
pharmacologically amount in the CNS (Pardridge, NeuroRx, 2005).

In LeiCNS3.2, rat-derived Ky, yy,cenl values were incorporated into the
human model due to the absence of human data. In rats, ganciclovir
showed higher K uycenn values, suggesting dominant active influx
transport, whereas predicted K, yu,cen value for acyclovir was equal to 1
suggesting that passive diffusion is the dominant mechanism. Species-
specific differences in transporter expression and cellular uptake
might fluence Kp yy,cenl values for acyclovir and ganciclovir. Here, K uy,
cell was calculated as the product of f prain (representing non-specific
binding to the brain membrane lipid) and Vyprain (capturing the
extent of intracellular drug distribution into brain cells) (Loryan, et al.,
Pharm Res, 2014). Although f; prain value of an individual drug tends to
be similar across mammalian species (Di, et al., Drug MeTable Dispos,
2011), the value itself could be affected by aging and disease conditions
since the lipid content and composition change with age or pathological
conditions (Eddy, et al., J Gerontol, 1975; Martinez-Gardeazabal, et al.,
Biochim Biophys Acta Biomembr, 2017; Zhang, et al., Neurobiol Aging,
1996). The values of Vyprain, Which represent the drug’s overall
extra-intracellular distribution influenced by pH partitioning and active
transport (Fridén, et al., Drug MeTable Dispos, 2009) and while pH
values in brainECF and brainICF can be considered very similar between
species (Chesler, Physiol Rev, 2003), active transport functionalities
may vary across species. Although existing data on Vy prain have largely
been generated in rodent models (Loryan, et al., Pharmaceutical
Research, 2022) and show consistency between rat and mouse (Loryan,
et al., Fluids and Barriers of the CNS, 2013), it is plausible that Vy prain
differs significantly between rodent and human brains due to the
species-specific difference in the active transporter expression on brain
cell membrane. Rats, for instance, have exhibited different transporter
expression levels at least at CNS barriers compared to humans (Uchida,
et al., J Neurochem, 2011). Due to the limited availability of
human-specific data on human Ky, yy,cel;, the human model directly used
the rat-derived as input, and therefore introduce uncertainty into our
predictions. Future work on measuring human Kp, yy,cen1 by in vitro or in
vivo model system should be performed to refine our CNS PBPK model.

Our simulations highlighted a PK disconnect between parent drug in
brain ECF and it’s active TP in brain ICF for both acyclovir and ganci-
clovir. Since evaluating efficacy of acyclovir and ganciclovir is based on
parent drug concentration rather than their TP, the PK disparity can lead
to different conclusions: intracellular accumulation of TPs may sustain
pharmacologically relevant levels even after brainECF concentrations of
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the parent drugs decline below PK/PD target thresholds. Mechanisti-
cally, brainICF concentrations of acyclovir-TP and ganciclovir-TP are
the most relevant drivers of antiviral activity and relying on parent drug
levels in plasma or brainECF as surrogates may therefore underestimate
the true drug effect. Our PK findings are consistent with the general
principle that most active metabolites of nucleoside analogues rarely
eliminate faster than their parent drugs (Rayner, et al., Clin Pharmacol
Ther, 2021). Notably, Furman et al. (Furman, et al., Antimicrob Agents
Chemother, 1981) reported a much shorter half-life for acyclovir-TP
(1-2 h) compared to the ~27 h reported by Sauer et al. (Sauer, et al.,
Antiviral Res, 2020), while only the latter value was applied in the
LeiCNS-PK3.2 model. This discrepancy likely arises from
concentration-dependent elimination kinetics of TPs via viral polymer-
ase. Furman et al. observed a biphasic acyclovir-TP decline where high
initial 100 pM acyclovir exposure saturated polymerase (Crp >> Kp),
driving maximal incorporation (Vyayx) into viral DNA and resulting in a
rapid absolute elimination rate during the initial phase, followed by
slower decline as concentrations fell. In contrast, Sauer et al.'s lower 5
uM concentration drove a lower elimination rate and a longer terminal
half-life. The applied lower concentration might be closer to the in vivo
situation due to closely matching predicted brain ECF levels by
LeiCNS-PK3.2. Overall, simulations highlight the need to explicitly
model intracellular TP kinetics for accurate antiviral assessment of
nucleoside analogues.

Several limitations of our modeling should be acknowledged. First,
the intracellular conversion process of active metabolite was incorpo-
rated using in vitro data obtained from non-neuronal cell lines rather
than brain cells. Moreover, in the HSV infection in vitro system, acyclovir
was added into the culture medium only one hour after viral inoculation,
which might be insufficient for viral enzyme production to initiate the
phosphorylation steps (Harkness, et al., J Virol, 2014). Consequently,
the onset of acyclovir-TP formation was delayed during the early phase
of incubation (Sauer, et al., Antiviral Res, 2020), unlike the in vivo CNS
settings where viral enzymes might be already present at the time of
drug exposure. Second, the lack of human CNS intracellular TP data
prevented direct validation of our simulated TP concentrations, limiting
the confirmation of the model’s predictive accuracy. Finally, the lack of
established PK/PD index built on TP kinetics hinders the further anti-
viral efficacy evaluation. Despite these limitations, LeiCNS-PK3.2 pro-
vides a framework to evaluate nucleoside analog drug TP level at the
CNS target site (brainICF) and to analyze the potential PK disparity in
parallel with non-target compartments such as brainECF. Future work
should focus on quantifying active metabolite exposures in infected
brain cells or tissues. Optimizing in vitro infection model, for example by
extending the acyclovir addition time from 1 h (commonly used in vitro)
to 2-3 h post-infection, might improve relevance to the in vivo situation.
In addition, integrating intracellular TP kinetics with viral dynamic
modeling will be essential to define relevant PK/PD targets and to
support model-informed optimization of nucleoside analog dosing for
CNS infections.

5. Conclusion

In summary, LeiCNS-PK3.2 provides a mechanistic framework for
predicting intracellular triphosphate exposure of antiviral drugs in the
CNS. Our simulated results revealed that brain ECF concentrations were
not ideal surrogates for intracellular active metabolite levels. Future
work should determine human-specific Kp,yy,cen values and establish
intracellular PK/PD targets to optimize CNS antiviral dosing.
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