
1810 |     Clin Transl Sci. 2021;14:1810–1821.www.cts-journal.com

Received: 16 November 2020 | Revised: 8 February 2021 | Accepted: 12 February 2021

DOI: 10.1111/cts.13028  

A R T I C L E

Dose selection for intracerebroventricular cerliponase alfa in 
children with CLN2 disease, translation from animal to human in 
a rare genetic disease

Kevin Hammon1 |   Greg de Hart1 |   Brian R. Vuillemenot1 |   Derek Kennedy1 |   
Don Musson1 |   Charles A. O’Neill1 |   Martin L. Katz2,3 |   Joshua W. Henshaw1

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, 
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2021 BioMarin Pharmaceutical Inc. Clinical and Translational Science published by Wiley Periodicals LLC on behalf of the American Society for Clinical Pharmacology and 
Therapeutics.

1BioMarin Pharmaceutical Inc., Novato, 
California, USA
2Mason Eye Institute, University of 
Missouri School of Medicine, Columbia, 
Missouri, USA
3Department of Bioengineering, 
University of Missouri, Columbia, 
Missouri, USA

Correspondence
Kevin Hammon, BioMarin 
Pharmaceutical Inc., 105 Digital Drive, 
Novato, CA 94949, USA.
Emails: kevin.hammon@bmrn.com; 
kevlhammon@gmail.com

Funding information
This work was funded by BioMarin 
Pharmaceutical Inc.

Abstract
Neuronal ceroid lipofuscinosis type 2 (CLN2 disease) is an ultra- rare pediatric neuro-
degenerative disorder characterized by deficiency of the lysosomal enzyme tripepti-
dyl peptidase- 1 (TPP1). In the absence of adequate TPP1, lysosomal storage material 
accumulation occurs in the central nervous system (CNS) accompanied by neurode-
generation and neurological decline that culminates in childhood death. Cerliponase 
alfa is a recombinant human TPP1 enzyme replacement therapy administered via in-
tracerebroventricular infusion and approved for the treatment of CLN2 disease. Here, 
we describe two allometric methods, calculated by scaling brain mass across species, 
that informed the human dose selection and exposure prediction of cerliponase alfa 
from preclinical studies in monkeys and a dog model of CLN2 disease: (1) scaling of 
dose using a human- equivalent dose factor; and (2) scaling of compartmental pharma-
cokinetic (PK) model parameters. Source PK data were obtained from cerebrospinal 
fluid (CSF) samples from dogs and monkeys, and the human exposure predictions 
were confirmed with CSF data from the first- in- human clinical study. Nonclinical 
and clinical data were analyzed using noncompartmental analysis and nonlinear 
mixed- effect modeling approaches. Both allometric methods produced CSF exposure 
predictions within twofold of the observed exposure parameters maximum plasma 
concentration (Cmax) and area under the curve (AUC). Furthermore, cross- species 
qualification produced consistent and reasonable PK profile predictions, which sup-
ported the allometric scaling of model parameters. The challenges faced in orphan 
drug development place an increased importance on, and opportunity for, data trans-
lation from research and nonclinical development. Our approach to dose translation 
and human exposure prediction for cerliponase alfa may be applicable to other CNS 
administered therapies being developed.
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INTRODUCTION

Rare diseases, defined in the Orphan Drug Act of 1983 
as conditions that effect fewer than 200,000 people in the 
United States, pose several scientific and operational chal-
lenges for drug development. For one, the safety profile 
of many treatments for rare diseases do not allow for test-
ing in healthy subjects and thus phase I first- in- human 
(FIH) studies are often conducted in the intended patient 
population.1,2 The small number of patients eligible for 
a clinical trial impacts the ability to obtain robust phar-
macokinetic (PK), safety and efficacy data necessary to 
understand the drug’s characteristics within the intended 
patient population. This issue is compounded in pediatric 
conditions, such as neuronal ceroid lipofuscinosis type 2 
(CLN2) disease, where the severity, progression, and ir-
reversibility of the disease necessitates efficiently reach-
ing an efficacious dose in all patients. In these scenarios, 
a tailored and strategic approach to data collection should 
be implemented because the safe and rapid dose escalation 
of patients to a therapeutic dose level should be prioritized 
over the full characterization of a compound’s attributes 
across a subtherapeutic dose range. For these reasons, spe-
cial emphasis should be placed on nonclinical investiga-
tions to understand the dose (level, route, and frequency), 
translatable pharmacological end points, and safety of a 

compound prior to initiating clinical development for a 
rare disorder.

CLN2 disease, a form of Batten disease, is an ultra- rare 
pediatric neurodegenerative disorder characterized by a de-
ficiency of the lysosomal enzyme tripeptidyl peptidase- 1 
(TPP1) caused by sequence variants in the TPP1 gene. In 
the absence of adequate TPP1, lysosomal storage material 
accumulates in the central nervous system (CNS), accom-
panied by neurodegeneration and neurological decline that 
culminates in childhood death. Disease onset typically oc-
curs between the ages of 2 and 3 years with profound neuro-
logical loss by age 8 and death between the ages of 10 and 
15.3,4 The estimated worldwide incidence of CLN2 disease 
is 1 in 200,000 live births.5 Prior to the US Food and Drug 
Administration (FDA) and the European Medicines Agency 
(EMA) approvals of cerliponase alfa in 2017, there were no 
approved disease- altering therapies for CLN2.6

Cerliponase alfa, a recombinant proenzyme form of 
human TPP1, is an enzyme replacement therapy adminis-
tered via intracerebroventricular (ICV) infusion to bypass 
the blood- brain- barrier. A global phase I/II open label 
dose escalation study was conducted to study the effects 
of cerliponase alfa administered every 2 weeks (Q2W) in 
patients with a confirmed deleterious variant in the CLN2 
gene.7 Due to the irreversible nature and severity of CLN2 
disease, nonclinical data were leveraged to inform clinical 

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
To the authors knowledge, cerliponase alfa represents the first chronically adminis-
tered enzyme replacement therapy (ERT) via the intracerebroventricular (ICV) route 
of administration. The current literature is lacking on how model parameters can be 
scaled across species for ICV administered ERTs and other proteins. Although no 
ICV administered ERT’s were found within the literature, allometric scaling by brain/
bodyweight ratio adequately predicted drug concentrations of an intrathecally admin-
istered ERT.
WHAT QUESTION DID THIS STUDY ADDRESS?
Does allometric scaling of dose and compartmental parameters calculated by brain 
mass scaling across species, predict first- in- human (FIH) exposure in patients with 
neuronal ceroid lipofuscinosis type 2 (CLN2) disease following a 300 mg ICV infu-
sion of cerliponase alfa?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
Allometric scaling calculated by brain mass scaling across species, adequately pre-
dicted FIH exposure of cerliponase alfa following ICV administration in patients with 
CLN2 disease.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR 
TRANSLATIONAL SCIENCE?
This study provides information on the PK predictions of a chronic ICV administered 
ERT. This data will be valuable for other central nervous system administered thera-
pies being developed.
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dose selection, including PK data from normal monkeys 
and PK and pharmacodynamic data from dogs sponta-
neously homozygous for TPP1 deficiency with pharmaco-
logically translatable endpoints. In TPP1- null dogs, repeat 
ICV administration of cerliponase alfa resulted in wide-
spread distribution and uptake in the CNS, clearance of 
lysosomal storage material, and delayed neurodegenerative 
onset and progression.8– 10

Here, we describe two allometric approaches that in-
formed the human dose selection and exposure prediction of 
cerliponase alfa based on preclinical studies performed using 
monkeys and a dog model of CLN2 disease: (1) scaling of 
dose using a human- equivalent dose (HED) factor; and (2) 
scaling of compartmental PK model parameters. This ap-
proach to dose translation and human exposure prediction 
for cerliponase alfa may be applicable to other CNS adminis-
tered therapies being developed.

METHODS

Nonclinical PK assessments

Nonclinical cerliponase alfa concentration time data in CSF 
were obtained from monkeys and dogs, as described below. 
Cynomolgus monkey CSF concentration data was obtained 
following a single ICV administration (~ 4- h infusion dura-
tion) of 5 (n = 3), 14 (n = 9), or 20 (n = 3) mg cerliponase 
alfa to cynomolgus monkeys. CSF PK samples were col-
lected from the lumbar- cistern at predose and ~ 0.5, 1.5, and 
3.5 h during infusion and 0.5, 1, 2, 4, 8, 12, 24, 36, 48, 72, 
96, 144, 168, 216, 264, and 336 h after the end of infusion. 
Dachshund dog (wild type and TPP1- null) CSF concentra-
tion data was obtained following a single ICV administration 
(~ 2- or 4- h infusion duration) of 4 (n = 2) or 16 (n = 6) mg 
cerliponase alfa to TPP1- null and wild- type dachshund dogs. 
CSF PK samples were collected from the lumbar cistern at 
predose and approximately halfway through infusion, at the 
end of infusion, and 0.5, 1, 4, 12, 24, 48, 72, 120, and 168 h 
after the end of infusion. Additional details of these stud-
ies have been reported previously (see also Supplementary 
Material).8,11

Clinical PK assessments

Clinical cerliponase alfa concentration- time data in CSF were 
obtained from the FIH study, as described here in brief. The 
FIH study was a global two- part phase I/II open label study 
in patients with CLN2 disease administered cerliponase alfa 
once every other week by ICV infusion (~ 4- h infusion dura-
tion). A total of 24 patients were enrolled in the study, with 
a median [range] baseline age of 4 [3– 8] years and baseline 

bodyweight of 17.5 [14.5– 26.0] kg. Part 1 of the study was 
a dose escalation phase in which patients (n = 10) were en-
rolled into 3 dose escalation cohorts evaluating 30 (n = 3), 
100 (n = 3), and 300 (n = 4) mg cerliponase alfa Q2W. Dose 
escalation cohorts were enrolled sequentially, with the next 
higher dose cohort enrolling three to four naïve patients upon 
approval by an independent data and safety monitoring com-
mittee. Dose escalation within cohorts also occurred upon 
independent data and safety monitoring committee approval 
(i.e., patients enrolled at 30 or 100  mg were escalated to 
300 mg). Once the dose escalation phase was completed, part 
2 of the study enrolled all additional patients (n = 14) into 
a stable dosing period of 300 mg once every other week for 
at least 48 weeks. Twenty- three of the 24 patients enrolled 
completed at least 48 weeks of therapy at 300 mg. CSF PK 
samples were drawn from the lateral ventricle of the brain 
using the ICV port following the first infusion, the first infu-
sion at each new dose level during the dose escalation phase, 
and during weeks 5 and 13 of the stable dose period. CSF 
samples were collected predose and 0.25, 4, 8, 20, 72, and 
120 h after the end of infusion. Additional trough predose 
CSF samples were collected every 4 weeks whenever serial 
PK samples were not collected. Baseline demographic char-
acteristics of the patients and the clinical results of the FIH 
study are summarized elsewhere (see also Supplementary 
Material).7

Pharmacokinetic assays

A sandwich enzyme- linked immuno- sorbent assay (ELISA) 
was characterized to measure cerliponase alfa in dog CSF.8 
The lower limit of quantitation (LLOQ) was 0.0009 μg/ml 
cerliponase alfa in dog CSF. A sandwich ELISA was also 
developed and characterized to measure cerliponase alfa in 
cynomolgus monkey CSF.10 The LLOQ was 0.010  μg/ml 
cerliponase alfa in monkey CSF. Sandwich electrochemilu-
minescent immunoassays were developed and validated to 
quantitate cerliponase alfa in human clinical CSF samples. 
The LLOQ for the human CSF assay was 0.020 μg/ml. For 
both nonclinical and clinical assays, quality controls consist-
ing of defined concentrations of cerliponase alfa in normal 
dog, cynomolgus monkey, or human CSF were generated 
and run on the same plates as the study samples to monitor 
assay performance throughout sample testing.

Allometric scaling methods to 
determine the human equivalent dose and 
expected CSF exposure

The HED and expected CSF exposure were determined using 
allometric methods based on brain mass across species. The 
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human brain reaches on average 75% of its adult mass by 
age 2 and ~ 100% by age 5 years. The average brain mass of 
2 to 5- year- old humans ranges from 1050 to 1400 g. In this 
study, an average of 1000 g was assumed due to the progres-
sive brain atrophy in patients with CLN2 disease.12 The av-
erage TPP1- null dachshund brain mass used in this analysis 
was 50 g and the average cynomolgus monkey brain mass 
used in this analysis was 65 g (based on internal PK/CNS 
distribution studies). The human dose was predicted by scal-
ing the nonclinical dose across species using an HED factor, 
which was calculated as the ratio of brain mass in the pa-
tient with CLN2 disease and each nonclinical species (HED 
factor of 20 for the Dachshund dog (1000 g / 50 g) and 15 
(1000  g / 65  g) for the cynomolgus monkey). The effica-
cious nonclinical dose was multiplied by the HED factor to 
determine the target efficacious dose in humans.

Human CSF PK was predicted by scaling the compart-
mental PK parameters across species and simulating the 
concentration- time profile in the patients with CLN2 disease 
following a range of doses. An allometric scaling coefficient 
of 0.75 was assumed for clearance parameters CL and Q, and 
an exponential value of 1 was assumed for volume parame-
ters V1 and V2.13,14 To evaluate the appropriateness of cross- 
species allometric scaling, compartmental PK parameters 
were first scaled from monkey to dog and dog to monkey to 
ensure reasonable PK profile predictions prior to scaling to 
humans.

Evaluation of clinical dose scaling and CSF 
exposure predictions

The dose scaling approach was evaluated by comparing the 
exposure parameters (maximum plasma concentration [Cmax] 
and area under the curve [AUC]) associated with efficacy from 
the nonclinical species to the exposure obtained in the clinic at 
their respective doses. The accuracy of the predicted exposure 
parameters was summarized using a mean absolute percent-
age error (MAPE). The scaling of compartmental parameters 
was evaluated graphically by comparing the predicted human 
profile (scaled from the monkey and dog) to the observed 
clinical profiles following a 300 mg dose. Noncompartmental 
analysis was then conducted on the simulated profile and the 
exposure parameters (Cmax and AUC) were compared with 
those observed clinically. Additionally, the scaled compart-
mental model parameters were compared to the compartmen-
tal model parameters estimated using the clinical data.

Software/modeling methods

Population PK analysis was conducted using NONMEM 
(version 7.3; ICON Development) and population PK 

parameters were estimated using parametric maximum 
likelihood with first- order conditional estimation with in-
teraction. Concentration values less than the LLOQ of the 
analytical assay were set to missing. Model selection was 
based on successful minimization, diagnostic plots, a de-
crease in the SEs for model parameter estimates, and a de-
crease in the objective function by greater than 3.84. Basic 
goodness- of- fit plots were examined for adequate fit and 
to confirm no evidence of bias or systematic lack of fit. 
Outliers were explored graphically and excluded based on 
implausibility or inconsistency with the temporal profile. 
Potential covariates, including sex, age, race, bodyweight, 
body mass index, and CLN2 score, were explored graphi-
cally but statistical analysis on covariates was not performed 
due to the low number of observations for each covariate 
group. Noncompartmental analysis (NCA) was conducted 
using Phoenix WinNonlin (version 6.1 or later) to gener-
ate exposure parameters Cmax, representing the maximum 
CSF concentration, and AUC0– ∞, defined as the area 
under the concentration- time curve from time 0 to infinity. 
Concentration values less than the LLOQ of the analytical 
assay were set to zero if they occurred at a time prior to Cmax 
and were set to missing if they occurred at a time after Cmax. 
Data processing, summary statistics, and graphics were 
done using R (version 3.4.1 or later, The R Foundation) and 
RStudio (version 1.1.463).

RESULTS

Nonclinical PK characterization

NCA was conducted on the observed CSF cerliponase alfa 
concentration- time data from dogs and monkeys. Exposure 
parameters Cmax and AUC are presented in Table 1 and are 
described in detail elsewhere.8,11 CSF exposure parameters 
observed following a 16 mg dose in the dog were similar to 
those observed following a 20 mg dose in the monkey.

Two independent nonclinical compartmental PK models 
were developed: one to characterize the cynomolgus mon-
key CSF PK and one to characterize the dachshund dog CSF 
PK. A total of 205 observations from 15 animals contrib-
uted to the monkey model development and 75 observations 
from 8 animals contributed to the dog model development. 
The individual animal CSF concentration data over time is 
shown in Figure 1. Various structural models were assessed 
during model development, including a one, two, and three- 
compartment model. The nonclinical data were best fit to a 
two- compartment model with a depot- dosing compartment 
described by a first- order absorption process (Figure S1 and 
Figure S2 for monkeys and dogs, respectively).

This structural model allowed for biphasic elimination and 
accounted for the distribution of cerliponase alfa between the 
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ventricle (dosing compartment) and the lumbar spinal cord 
subarachnoid space (sampling), which is illustrated by the 
delay between end of infusion and Cmax. Parameter estimates 
for the final dog and monkey models are shown in Table 2.

Nonclinical model parameters were then scaled across 
species by brain mass and an overlay of the simulated profiles 
with the observed data matched as expected (Figure 2). After 
conducting NCA on the simulated profiles, cross- species 

qualification yielded an MAPE in exposure parameters of 
20% when using monkey parameters to predict exposure 
in the dog and 36% when using dog parameters to predict 
exposure in the monkey (Table 1). Following cross- species 
qualification, the visual match in the concentration- time pro-
files in conjunction with the accuracy in exposure parameters 
Cmax and AUC supported the further extrapolation to allome-
trically predict human exposure.

T A B L E  1  Evaluation of PK parameter predictions from cross- species validation

Data Dose N

Mean (SD) Cmax [µg/ml] Mean (SD) AUC0- ∞ [µg- h/ml]

MAPEa Observed Predicted PE Observed Predicted PE

Monkeyb 5 3 317 (304) 215 −32% 1045 (929) 1530 46% 36%

14 6 968 (323) 602 −38% 5770 (1110) 4280 −26%

20 3 1580 (2210) 860 −45% 8670d 6110 −30%

Dogc 4 2 473 (246) 282 −40% 1880 (598) 1840 −2% 20%

16 6 1460 (913) 1130 −23% 6450 (3450) 7360 14%

Abbreviations: AUC0– ∞, area under the concentration- time curve from time 0 to infinity; Cmax, maximum plasma concentration; MAPE, mean absolute percentage 
error; PE, percent prediction error; PK, pharmacokinetic.
aMAPE calculated as the mean of the absolute values of the PEs for Cmax and AUC0- ∞ across dose levels for each species.
bCompartmental PK parameters from the dog were scaled to the monkey and simulated to predict the PK in the monkey.
cCompartmental PK parameters from the monkey were scaled to the dog and simulated to predict the PK of the dog.
dElimination rate constant could not be determined for one animal and thus AUC0– ∞.

F I G U R E  1  Individual animal 
concentration- time profiles in dogs (a and 
b) and monkeys (c and d). Plots (a) and 
(c) depict the entire profile while plots (b) 
and (d) depict a partial profile up to 12 h 
after the start of the infusion. The vertical 
dashed line represents the end of the 
infusion, which typically occurred at 2 h in 
the dogs and 3.6 h in the monkeys. CSF, 
cerebrospinal fluid
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Human equivalent dose and predicted 
CSF exposure

The human equivalent to the 16 mg dose in the TPP1- null 
dog was determined to be the target clinical dose due to the 
preservation in cognitive function and brain morphology 
observed at the 16  mg dose level.8,9 A 16  mg dose in the 
dog and a 20 mg dose in the monkey translated to a clinical 
dose of 320 and 300 mg dose, respectively. The PK param-
eters obtained at these dose levels in dogs and monkeys were 
comparable with a mean Cmax and AUC of 1460 µg/ml and 
6450 µg- h/ml in the dog and 1580 µg/ml and 8670 µg- h/ml in 
the monkey (Table 1), which supported the approach to scale 
dose by brain mass across species.

The predicted human concentration- time profiles at 30, 
100, and 300  mg by scaling of compartmental model pa-
rameters were similar when scaled from the dog or monkey 
(Figure 3). The predicted human Cmax and AUC from NCA of 

the simulated profiles following a 300 mg dose was 1090 µg/
ml and 11,200 µg- h/ml, respectively, when scaled from the 
dog and 1100 µg/ml and 13,000 µg- h/ml, respectively, when 
scaled from the monkey (Table 3). These predicted human 
NCA parameters were similar to the observed NCA parame-
ters in the nonclinical species at equivalent doses (i.e., 16 mg 
in dogs and 20 mg in monkeys), which further supported the 
approach used to determine the HED (Table 3).

Clinical PK characterization

The PK of cerliponase alfa in the patients with CLN2 disease, 
as characterized by NCA, has been described in detail previ-
ously,15 and is included in Table 3.

In this study, a compartmental model using the clinical 
CSF PK data was developed to further evaluate the approach 
used to determine the target clinical dose and expected CSF 

F I G U R E  2  Cross- species qualification. 
Observed data is indicated as open circles 
while simulated data is shown as colored 
lines. (a) Observed concentrations in the 
monkey overlaid with the predicted monkey 
profile scaled from the dog; (b) observed 
concentrations in the dog overlaid with the 
predicted dog profile when scaled from the 
monkey. CSF, cerebrospinal fluid

F I G U R E  3  Predicted human CSF PK 
profiles after scaling compartmental PK 
model parameters from dogs and monkeys. 
Predicted CSF PK profiles in human using 
compartmental model parameters scaled 
from the dog (solid lines) and monkey 
(dashed lines) over 150 h after start of 
infusion (right) and the initial 12 h (left). 
The vertical dashed line represents the end 
of the infusion. CSF, cerebrospinal fluid; 
PK, pharmacokinetic
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exposure. In all, 397 observations across intensive and sparse 
concentration- time data from 24 patients contributed to the 
model development. Eight observations (2%) from two pa-
tients were excluded from model development due to one 
anomalous PK profile (7 samples) and one sample that did 
not fit the temporal component of the PK profile. During 
model development, interindividual variability (IIV) was as-
sessed on all PK parameters and between- occasion variabil-
ity (BOV) was assessed on CL and V1. IIV and BOV were 
assumed to be log- normally distributed with a mean of zero 
and a variance of ω2. A proportional and a combined- error 
model (additive and proportional) were assessed to model 
the residual variability. Log- transformed concentration 
data and both log- transformed prediction and concentration 
data (both sides) were assessed in model development but 
did not improve overall model fit. Various structural model 
forms were assessed during model development, including 
a one, two, and three- compartment model. Although the 
three- compartment model resulted in favorable conditional 
weighted residual versus time diagnostic plots, the high vari-
ability in parameters estimates suggested a simpler model 
with less variability would better describe the data. The data 
were best fit to a two- compartment model with IIV on CL 
and V1, covariance between CL and V1, and a proportional 
error model. Overall, the model described the data well, al-
though with slight model misspecification indicated for the 
greatest concentrations after dosing suggesting an underpre-
diction of Cmax (Figure S3). Parameter estimates for the final 
model are shown in Table 2. In the clinic, cerliponase alfa 
was administered to and sampled from the lateral ventricles, 
which resulted in Cmax occurring at the first sampling time 
point and supported the absence of first order absorption 
(ka) in the clinical model. The remaining structural model 
parameters were similar to those scaled from the nonclinical 
models. Potential covariates were explored graphically but 
statistical analysis on covariates was not performed due to 
the low number of observations for each covariate group.

Evaluation of the approach to HED 
determination and CSF exposure predictions

The observed CSF exposure in patients with CLN2 disease at 
the determined HED of 300 mg was within 2- fold of the ob-
served CSF exposure in the nonclinical species. The MAPE 
across exposure parameters was 21% after scaling by dose. 
In addition, the observed human CSF PK profiles were sim-
ilar to the predicted PK profiles (Figure  4), with noncom-
partmental model parameter estimates similar to the scaled 
model parameters from the nonclinical species (Table 2). The 
MAPE across exposure parameters was 28% when compar-
ing the NCA parameters from the observed and simulated 
PK profiles.T
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DISCUSSION

The challenges faced in orphan drug development place an 
increased importance on, and opportunity for, data transla-
tion from research and nonclinical development. Here, we 
described an approach based on allometric methods, calcu-
lated by scaling brain mass across species, that informed 
the human dose selection and CSF exposure prediction of 
cerliponase alfa based on nonclinical studies performed 
using wild- type monkeys and a dog model of CLN2 dis-
ease. The approach consists of: (1) scaling of dose using 
an HED factor based on brain mass; and (2) scaling of 
compartmental PK model parameters to predict human PK 
profiles. Both scaling of dose and model parameters pro-
duced human CSF exposure predictions within twofold of 
the exposure observed in patients with CLN2 disease.16,17 
The MAPE values across species were similar when scal-
ing by dose and model parameters (21% and 28%, respec-
tively), supporting the consistency and appropriateness of 
each approach.

Mouse and dog models of CLN2 disease recapitulate 
the pathology and clinical signs of human disease and were 
therefore leveraged to streamline clinical dose selection. In 
a conditional TPP1 knockout mouse model, expression of 
6% of normal TPP1 activity dramatically attenuated dis-
ease, suggesting that achieving greater than or equal to 6% of 
normal TPP1 activity with therapeutic intervention is likely 
to provide significant therapeutic benefit.18 The TPP1- null 
dog model is homozygous for a frameshift mutation in the 
TPP1 gene leading to a deficiency of TPP1 activity similar 
to that in human patients with CLN2 disease with the most 
severe disease signs.19 Chronic administration of cerliponase 

alfa to juvenile TPP1- null dogs resulted in significant, dose- 
dependent attenuation of disease progression and improve-
ment in translatable pharmacological end points, including 
gait, motor function, brain morphology, cognitive function, 
and lifespan, at the 16 mg once every other week dose level.8,9 
In addition to studies using animal models of CLN2 disease, 
a wild- type cynomolgus monkey study demonstrated that fol-
lowing a single ICV infusion, TPP1 levels in the brain and 
spinal cord were several fold greater than endogenous levels 
for greater than 14 days indicating potential for sustained en-
zyme activity.11

A dose of 20 mg in the monkey produced similar CSF PK 
parameters to those following the pharmacologically active 
dose of 16 mg in the dog model of disease and approximated 
a 300 mg dose in humans.8,11 After 300 mg ICV infusion, 
human cerliponase alfa Cmax and AUC values in CSF were 
comparable to or greater than those obtained in both the dog 
and monkey, which is consistent with the similar CSF termi-
nal half- life observed across species.15 This suggests a similar 
time above Kuptake, defined as the cerliponase alfa concen-
tration at which cellular uptake is half the maximal rate, for 
CSF concentrations across species; ~  2 to 3  days postdose 
in dogs and monkeys and ~ 4 days postdose in humans. The 
time above Kuptake enabled widespread tissue distribution 
characterized to most superficial and deep brain tissues by 
likely maintaining a concentration gradient across the CSF 
tissue barrier.

In addition to the target dose level, the dose frequency and 
route of administration evaluated clinically also leveraged 
knowledge gained from nonclinical studies. Dose frequency 
was selected based on an in vivo PK/CNS distribution study in 
monkeys and an in vitro assessment of the lysosomal half- life 

F I G U R E  4  Human CSF PK profiles from nonclinical predictions and observed data following a single 300 mg ICV infusion in CLN2 patients. 
Predicted human CSF PK profile from scaling of compartmental parameters from dogs (red) and monkeys (green) with the observed mean (+SD) 
of the observed CSF PK in patients with CLN2 disease (N = 17) following a single ICV infusion of 300 mg cerliponase alfa. CLN2, Neuronal 
ceroid lipofuscinosis type 2; CSF, cerebrospinal fluid; ICV, intracerebroventricular; PK, pharmacokinetic
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of cerliponase alfa. Following a single ICV dose in cynomo-
lgus monkeys, the mean TPP1 half- life was 3– 15 days.11 An 
in vitro assessment of the lysosomal Kuptake of TPP1 indicated 
efficient uptake from the plasma membrane to the lysosomal 
compartment with a lysosomal half- life of 11.5 days in TPP1 
deficient fibroblasts.20 The TPP1 tissue half- life (3– 15 days), 
in conjunction with the lysosomal half- life (11.5 days) sug-
gested a biweekly dosing regimen would result in sustained 
lysosomal levels of TPP1 throughout the CNS.

The ICV infusion was selected as the clinical route of ad-
ministration based on nonclinical investigations and practical 
considerations. Dogs and monkeys were chosen as nonclin-
ical test species because their CNS and CSF parameters are 
more similar to humans compared with rodents, including 
a more complex larger brain and similar rate of CSF turn-
over.21,22 Additionally, monkeys have a semi- upright posture 
making CNS distribution studies in monkeys more likely to 
be representative of human brain distribution. Three differ-
ent routes of administration were evaluated nonclinically: 
ICV (dogs and monkeys), intrathecal- cisternal (dogs), and 
intrathecal- lumbar (monkeys). Overall, ICV administration 
resulted in greater biodistribution of cerliponase alfa to deep 
brain structures adjacent to the ventricles (thalamus, stria-
tum, and midbrain) than intrathecal- cisternal and intrathecal- 
lumbar routes in dogs and monkeys.8,11 Direct access to 
the ventricles was thought to maximize the distribution of 
cerliponase alfa throughout the CNS because the ventricles 
are the source of CSF production, and thus would allow for 
drug to be carried downstream to brain tissues by CSF flow. 
A similar result in drug biodistribution was observed in pa-
tients with intraocular lymphoma where intraventricular ad-
ministration of rituximab resulted in 10– 30- fold higher CSF 
concentrations than intrathecal lumbar administration at the 
same dose level.23 In addition to the increased biodistribution 
shown following ICV infusions, ICV devices were already 
approved for pediatric use and serve as a single access site 
avoiding the risk of repeated intrathecal punctures.24

Infusion conditions were selected primarily to minimize 
the effects on intracranial pressure due to alterations of CSF 
chemistry. The relative CSF turnover rates from the nonclin-
ical species were compared to the natural CSF turnover rates 
in pediatric humans. The infusion rates studied in the dachs-
hund dog and cynomolgus monkey were ~ 21% (0.6 ml/h vs. 
2.89 ml/h) and 36% (0.9 ml/h vs. 2.5 ml/h) of the natural CSF 
turnover rates. An infusion flow rate of 2.5 ml/h in pediatric 
humans is ~ 12% of the natural CSF turnover rate (20.8 ml/h) 
and was determined to have low risk for causing overt clinical 
signs of increased intracranial pressure.21

In the clinical study, rapid escalation from the starting 
dose of 30 mg to the target dose of 300 mg within patients 
was implemented to minimize the time spent at a potentially 
subtherapeutic dose level. A starting dose of 30 mg of cer-
liponase alfa was more than 10- fold less than the human 

equivalent of the nonclinical no observed adverse effect level 
and thus, was consistent with guidance on the maximum 
recommended starting dose for the FIH study.25 The target 
clinical dose of 300 mg was selected as the human equiva-
lent to the 16 mg dose determined in the TPP1- null dog to 
provide significant therapeutic benefit. The simulated human 
PK profiles scaled from the nonclinical data informed the 
CSF sampling schedule, which was necessarily sparse in pe-
diatric patients with CLN2 disease. Characterization of the 
clinical PK and the exposure/response relationships was then 
performed to confirm the target dose selected from the non-
clinical program provided maximal benefit- risk in pediatric 
patients with CLN2 disease.15

Several scaling approaches have been successfully used 
for therapies administered directly into the CNS. Following 
intrathecal administration of an antisense oligonucleotide, al-
lometric scaling across species by CSF volume was found to 
adequately predict CSF concentrations in patients with amy-
otrophic lateral sclerosis.26 Adjusting for interspecies dif-
ferences in brain and body mass was used for idursulfase, a 
lysosomal targeted enzyme replacement therapy, which likely 
has a similar clearance mechanism to cerliponase alfa as both 
are trafficked to the lysosome via the cation- independent 
mannose 6- phosphate receptor where they are believed to 
undergo proteolysis. In pediatric patients administered idur-
sulfase via an intrathecal injection, allometric scaling of 
population PK parameters using a brain/bodyweight ratio al-
lowed for adequate exposure predictions.27

Several alternative methods to allometrically scale across 
species were considered in this study, including adjusting 
for inter- species differences in CSF turnover and CSF vol-
umes.22 Allometrically scaling by CSF turnover and CSF 
volume provided estimates consistent with those based on 
brain mass (data not shown). In CLN2 disease, TPP1 activity 
in brain tissue is proximally related to the storage of neuro-
toxic material.28 For ICV administered cerliponase alpha, the 
brain is the target site for drug activity, hence scaling by brain 
mass was deemed most predictive of therapeutic benefit. The 
allometric scaling of model parameters by brain mass was 
supported by cross- species qualification, which produced 
consistent and reasonable PK profile predictions.

As a protein therapeutic administered directly to the CNS 
via ICV infusion, no maturation processes were considered 
beyond changes in brain mass in this study. However, matu-
ration physiology as an important consideration when mod-
eling PK in pediatric populations as the changes occurring 
as a child grows may affect the PKs of a therapeutic. These 
include changes in gastrointestinal physiology and intestinal 
transporters and enzymes for orally administered therapeu-
tics, changes in expression of metabolizing enzymes for drugs 
that undergo phase I and phase II metabolism, and changes 
in renal function for drugs cleared through renal excretion.29 
The PK models developed in this study are empirical in 
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nature, and rely on allometric scaling from a large animal 
model of disease with pharmacologically translatable end 
points for therapeutic dose and exposure translation to hu-
mans. Although this approach was determined to be appropri-
ate for use here, the application of more mechanistic models, 
such as physiologically- based PK models, do provide several 
advantages. These include the ability to and integrate data 
from multiple in vitro and in vivo sources, including drug- 
dependent, physiological, and biological parameters as they 
vary between species,30 and better account for the known 
anatomy and physiology of the brain to characterize the PK 
in specific regions of the brain.31 Overall, the approach de-
scribed here provides an example of how nonclinical data 
can be leveraged to streamline clinical development in rare 
disease and provides a method of dose translation and human 
CSF exposure prediction that may be applicable to other CNS 
administered therapies being developed.
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