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Late infantile neuronal ceroid lipofuscinosis (LINCL) is a 
progressive neurodegenerative lysosomal storage disor-
der caused by mutations in TPP1, the gene encoding the 
lysosomal protease tripeptidyl-peptidase (TPP1). LINCL 
primarily affects children, is fatal and there is no effective 
treatment. Administration of recombinant protein has 
proved effective in treatment of visceral manifestations 
of other lysosomal storage disorders but to date, only 
marginal improvement in survival has been obtained for 
neurological diseases. In this study, we have developed 
and optimized a large-volume intrathecal administra-
tion strategy to deliver therapeutic amounts of TPP1 to 
the central nervous system (CNS) of a mouse model of 
LINCL. To determine the efficacy of treatment, we have 
monitored survival as the primary endpoint and dem-
onstrate that an acute treatment regimen (three con-
secutive daily doses started at 4 weeks of age) increases 
median lifespan of the LINCL mice from 16 (vehicle 
treated) to 23 weeks (enzyme treated). Consistent with 
the increase in life-span, we also observed significant 
reversal of pathology and improvement in neurological 
phenotype. These results provide a strong basis for both 
clinical investigation of large-volume/high-dose delivery 
of TPP1 to the brain via the cerebrospinal fluid (CSF) and 
extension of this approach towards other neurological 
lysosomal storage diseases.
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IntroductIon
One of the most common neurodegenerative lysosomal storage 
diseases (LSDs) affecting children is late infantile neuronal ceroid 
lipofuscinosis (LINCL) (OMIM #204500) which is a recessive 
disorder that results from mutations in the gene TPP1 (OMIM 
#607998)1 that encodes the lysosomal protease tripeptidyl-pepti-
dase I (TPP1).2 At the cellular level, LINCL is characterized by 
lysosomal accumulation of autofluorescent storage material, a 
significant portion of which consists of undigested mitochondrial 

ATP synthase subunit C (SCMAS).3 Disease course is character-
ized by seizures, and progressive neuronal death that results in 
loss of vision and locomotor function as well as profound retarda-
tion.4,5 Affected children die typically between 7–15 years of age6 
and there is no effective treatment. A gene-targeted mouse model 
of LINCL with <0.2% TPP1 activity recapitulates many clinical 
features of the human disease7 including a lysosomal accumula-
tion of autofluorescent storage material, progressive neuronal 
pathology and neurological deficits and greatly reduced lifespan.

Proof-of-principle experiments in the LINCL mouse have 
shown the potential of gene therapy in LINCL. Intracranial treat-
ment with AAV-based vectors reduced lysosomal storage and 
improved cellular pathology.8 Importantly, early administration at 
multiple brain regions markedly slowed the decline in locomo-
tor function and significantly increased survival.9–11 The success 
of these preclinical studies has helped provide justification for an 
ongoing phase I gene therapy trial for LINCL.12

Gene therapy approaches have also shown promise in animal 
models of other lysosomal storage diseases13–15 suggesting that they 
may be clinically applicable on a more general basis. However, 
there are important concerns and problems associated with gene 
therapy that currently limits its clinical utility.16,17 One alternative 
to gene therapy is enzyme replacement therapy (ERT) where a 
recombinant protein is administered to replace the deficient activ-
ity. Unlike gene therapy, ERT is a chronic treatment that must be 
administered throughout the life of the patient. However, it does 
avoid some of the serious pitfalls of gene therapy e.g., the possibil-
ity of malignant mutagenesis of transformed cells, and unlike gene 
therapy, ERT can readily be discontinued in the advent of adverse 
reactions.

Intravenous ERT has been the most widely applied strategy to 
date, with clinical benefits observed in non-neuronopathic forms 
of a number of LSDs.18,19 However, intravenous administration is 
largely ineffective for correcting central nervous system (CNS) 
symptoms because passage of proteins across the blood–brain 
barrier is inefficient. There are approaches under development 
to promote passage from the blood to the brain20–22 but deliv-
ery strategies that avoid the blood–brain barrier are also worth 
consideration.
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One such strategy involves direct delivery of enzyme to the cere-
brospinal fluid (CSF).23,24 Intraventricular administration of TPP1 
to the LINCL mouse was achieved through a cannula implanted 
into the ventricle25 and this resulted in improvement in some phe-
notypic measurements. However, this approach was limited by the 
relatively small doses that could be administered and by adverse 
reactions to cannula implantation. Administration of enzyme into 
the subarachnoid space is a less invasive route for CNS delivery, 
and has been demonstrated to facilitate enzyme uptake into the 
brain parenchyma in LSD animal models.26–28 However, while 
encouraging, the amount of protein delivered and the therapeutic 
responses have been modest. In this study, we have developed and 
optimized large-volume intrathecal administration methods that 
allow for the delivery of physiological levels of TPP1 to the brain of 
LINCL mice. Acute administration studies indicate that treatment 
significantly increases survival, providing a strong basis for clinical 
investigation of delivery of TPP1 to the brain via the CSF.

results
Figure 1 shows that intravenous administration of 1.2 mg recom-
binant human TPP1 (rhTPP1) proenzyme to adult Tpp1(−/−) mice 

results in substantial delivery of enzyme to the liver (approximately 
threefold higher TPP1 activity than wild-type). Importantly, when 
one takes into account the levels of endogenous mitochondrial 
SCMAS, intravenous administration of TPP1 reduced levels of 
stored SCMAS in this tissue by 72%, indicating digestion of preex-
isting storage material. In contrast, only small amounts of enzyme 
(<6% of wild-type) were detected in brain and these levels had no 
apparent effect on SCMAS storage.

In an attempt to improve delivery to the brain, we explored 
intrathecal administration using variations of previously described 
lumbar injection procedures,29,30 including use of nonstandard, 
large-volume (>20 µl) infusions. All tested volumes (5–160 µl) 
were well tolerated, with mice recovering from anesthesia and 
appearing normal based on gross observation over 24 hours. After 
conducting a series of optimization experiments on mature (age 
>6 week) animals (Figure 2a–c), we developed a standardized 
protocol, infusing mice with 80 µl of 10 µg/µl rhTPP1 at a rate of 
10 µl/minute. Additional experiments conducted on young (4–5 
week old) mice indicated that at this age, delivery plateaued at 
40 µl of 10 µg/µl rhTPP1 (Figure 2d). Adjusting for body weight, 
the dose plateaued at ~30 mg/kg for young and adult mice.

Figure 3 shows the levels of TPP1 in brain and select visceral 
tissues (liver, kidney, and heart) at different times following intrath-
ecal administration. Enzyme activity measurements conducted 
with or without preactivation and western blotting on brain and 
liver indicated that the rhTPP1 was completely converted from 
the zymogen to the active, proteolytically processed mature form, 
indicating targeting to the lysosome (Supplementary Figure S1). 
The apparent half-life of TPP1 was between 2 and 5 days in all tis-
sues as determined from two independent experiments (Figure 3). 
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Figure 1 uptake of intravenously administrated recombinant human 
tPP1 (rhtPP1) and effect on subunit c of mitochondrial AtP syn-
thase (scMAs) storage in liver and brain. Fifteen week-old Tpp1(−/−) 
mice were killed 24 hours after administration of 100 µl artificial cerebro-
spinal fluid (CSF) (vehicle) or 12 mg/ml rhTPP1 (enzyme) and compared 
to age-matched wild type controls. Equal amounts of each sample (3 µg 
protein) were analyzed by immunoblotting. Relative intensities (mean ± 
SD) of SCMAS staining in each tissue for vehicle-treated (n = 3), enzyme-
treated (n = 3), and wild-type controls (n = 2), respectively, were as 
follows: Liver- 1.00 ± 0.26, 0.53 ± 0.06, 0.35 ± 0.03; Brain- 1.00 ± 0.13, 
1.03 ± 0.04, 0.37 ± 0.05. Note that this signal includes both normal 
mitochondrial and stored SCMAS.
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Figure 2 optimization of parameters for intrathecal delivery of 
recombinant human tPP1 (rhtPP1) to the brain. (a) Concentration 
and dose response using a fixed 40 µl volume with a 10 µl/minute infu-
sion rate. (b) Effect of infusion rate using a fixed 80 µl volume of 10 µg/
µl rhTPP1. (c) and (d) Volume and dose response using 10 µg/µl rhTPP1 
with a 10 µl/minute infusion rate. TPP1 activity was measured 24 hours 
after administration to mature (>6 week old) (a,b,c) or young (4–5 week 
old) (d) Tpp1(−/−) mice.
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Extrapolation of activity curves to day 0 provides an estimate of the 
initial biodistribution of rhTPP1. Of the total dose administered 
(0.80 mg rhTPP1 proenzyme, i.e., 13.5 nmol), 0.76% was retained 
in brain, resulting in ~300% of wild-type activity. The largest frac-
tion of the administered dose was found in liver (42% of total), 
with lesser amounts found in heart and kidney (0.25% and 0.35%, 
respectively). The remaining 50% of the dose was unaccounted for, 
presumably being taken up by other tissues or rapidly cleared.

While a single intrathecal infusion could result in significant 
delivery of enzyme to the brain, there was still some variability in 
response (e.g., see gray symbols, Figure 3), presumably reflecting 
problems with delivery to the CSF. To minimize this variability, 
animals were administered three successive doses at 24 hour inter-
vals, resulting in additive effects as well as more uniform uptake 
(Figure 4a), with levels of TPP1 obtained up to 500% of wild-type 
activity. Immunohistochemical analysis revealed intense TPP1 
staining of meninges (Figure 4b and Supplementary Figure S2). 
TPP1 also reached a wide variety of brain regions including cere-
bellum, cerebral cortex, midbrain, olfactory bulb, and brain stem, 
with the highest levels being detected in regions proximal to the 
surface (Figure 4b,c,e and Supplementary Figure S2).

Analysis by quantitative western blotting indicated that 
short-term treatment had a small (~10%) but significant effect 
in reversing SCMAS storage (Figure 4d). Intrathecal administra-
tion of rhTPP1 reduced levels of stored SCMAS in liver by 74% 

(Supplementary Figure S3) which is very similar to the reduction 
observed with intravenous administration (Figure 1). The reduc-
tion in brain SCMAS was corroborated by immunohistochemi-
cal analysis (Figure 4e). Here, the inclusions containing stored 
SCMAS appeared smaller and less intense in the enzyme treated 
compared to vehicle treated Tpp1(−/−) animals. In addition, 
double-label immunofluorescence microscopy indicates that the 
rhTPP1 is delivered to lysosomes containing storage material, as 
shown by the considerable overlap between the TPP1 and SCMAS 
staining.

We conducted efficacy studies using 4-week old presymptom-
atic mice. This time-point was chosen as previous gene therapy 
studies indicated that early treatment is considerably more effica-
cious than later.9,11 Also, at 4 weeks, the blood–brain barrier has 
formed fully and there is down regulation of neonatal mannose 
6-phosphate receptors which potentially could function to deliver 
peripheral enzyme to the brain.31 In an exploratory study, we treated 
Tpp1(−/−) mice with three daily doses of enzyme (1.2 mg total). 
Significant levels of TPP1 activity were achievable in the brains of 
4-week old mice, ranging from three to tenfold higher than wild-
type levels in 4- or 12-week-old animals (Supplementary Figure 
S4). Enzyme treatment increased lifespan to 163 days compared 
to 128 days for untreated historic controls (Figure 5a).

Given the encouraging nature of this result, we then ana-
lyzed matched cohorts of untreated, vehicle treated, and enzyme 
treated Tpp1(−/−) mice to further evaluate the effect of treat-
ment on survival and on behavioral phenotype using minimally 
disruptive methods. Gait analysis was conducted at selected 
time points to monitor locomotor function (Supplementary 
Figure S5) and fore- and hind-limb stride lengths were quan-
tified (Figure 6). At 9 weeks, all three groups of Tpp1(−/−) 
animals were similar to each other and resembled unaffected 
animals in terms of gait. At 14 weeks, a decline in stride length 
was observed in the vehicle and untreated animals but not in 
the enzyme-treated mice. At 18 weeks, the enzyme-treated mice 
were significantly impaired compared to unaffected controls 
(P < 0.001). However, enzyme treatment considerably delayed 
disease progression in comparison to the untreated and vehicle-
treated Tpp1(−/−) mice. Consistent with these results, visual 
observation indicated that the ataxia and hunched appearance 
characteristic of the Tpp1(−/−) mice is delayed by enzyme treat-
ment (Supplementary Videos S1–S4).

In terms of survival, vehicle treatment decreased median 
lifespan by 11 days (9%) compared to untreated controls 
(Figure 5b). In contrast, enzyme treatment markedly increased 
median survival, with increases of 40 days (32%) and 50 days 
(44%) compared to the untreated and vehicle treated controls, 
respectively. Finally, we conducted an experiment where five 
cohorts of animals were treated with vehicle or different doses of 
rhTPP1 (Figure 5c). Results from all three experiments are com-
bined and presented in Figure 5d. This reveals that TPP1 treat-
ment clearly increases survival in a dose-dependent manner.

dIscussIon
Effective delivery of protein therapeutics to the brain is an 
extremely challenging area of biomedical research.32 Given 
the difficulties inherent with delivery of proteins across the 
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Figure 3 tissue distribution and stability of recombinant human tPP1 
(rhtPP1) following intrathecal administration. Animals were given a 
single dose of TPP1 proenzyme (80 µl of 10 µg/µl enzyme delivered at 
10 µl/minute) on Day 0 and sacrificed at the indicated times. TPP1 specific 
activities are normalized to wild-type levels. Total endogenous wild type 
TPP1 levels (pmol/organ, mean ± SD, n = 3) are as follows: brain, 30 ± 1.5; 
liver, 626 ± 89; heart, 5.5 ± 1.4; and kidney, 144 ± 11. Enzyme half-lives 
in tissues were estimated fitting TPP1 specific activities to a one phase 
exponential decay model using GraphPad Prism 5.03. Two points in brain, 
indicated as gray symbols, were considered outliers and omitted from the 
regression analysis. Half-life best fit values in days (with 95% confidence 
intervals) were as follows: brain, 3.0 (2.1–5.0); liver 3.3 (2.8–4.0); heart 
2.5 (1.8–3.9); kidney 4.5 (3.5–6.1). An independent experiment where 
eight Tpp1(−/−) animals were dosed twice a week from 4–8 weeks of age 
with 20 µl, 10 µg/µl rhTPP1 and then killed 4 and 11 days after the final 
dose yielded the following half-life estimates: brain, 4.4 (3.1–7.3); liver 4.1 
(3.0–6.6); heart 4.4 (2.6–15); kidney 5.0 (3.0–15).
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blood–brain barrier, we have investigated the therapeutic poten-
tial of intrathecal administration of rhTPP1 using an LINCL 
mouse model. Previous studies of intrathecal therapy on LSD 
animal models typically employed administration of the pro-
tein of interest in volumes considerably smaller than that of 
the CSF.27,28,33,34 Initially, we adopted a similar strategy by, for 
example, administering a concentrated rhTPP1 dose in 5 µl to 
an adult mouse where the total CSF volume is ~40 µl.35 However, 
this resulted in inadequate delivery based on biochemical analy-
sis (typically <10% of wild-type activity). In the course of meth-
ods optimization, we found that the use of large volumes (up to 
160 µl) resulted in dramatically improved delivery. Given that in 
the absence of obstruction, CSF outflow increases with increas-
ing pressure,35 this in part may be due to replacement of exist-
ing CSF with infusate so that the brain is now bathed in a high 
concentration of enzyme. While unconventional, large-volume 
intrathecal administration of protein appears to be well tolerated 
in mice, and it may be applicable to humans so long as care is 
taken to avoid large and/or sudden pressure changes that could 
lead to herniation or impaired cerebral perfusion.

In this study, our approach has been to measure survival of 
the LINCL mouse as the primary endpoint for the evaluation 
of treatment efficacy and there are several justifications for this 
strategy. First, while the measurement of surrogates, e.g., behav-
ioral or locomotor analyses to follow neurological decline, have 
allowed for the evaluation of treatments where survival was not 
an endpoint (e.g., refs. 8,25) life-span is one of the strongest and 
most unambiguous measurements of treatment efficacy. Second, 
the LINCL mouse is extremely sensitive to environmental stresses 
that can induce fatal startle seizures.7 This complicates evaluation 
of efficacy by behavioral phenotyping. Thus, our primary goal was 
to determine the effect of treatment on survival but we have inves-
tigated neurological phenotype where possible using relatively 
low stress methods.

Short-term treatment of 4-week old LINCL mice resulted in 
a dramatic increase in lifespan (6–7 weeks at the highest doses of 
TPP1 compared to vehicle-treated controls). Other studies have 
found a 1 or 2 week extension of lifespan for cerebroventricu-
lar administration of recombinant lysosomal enzymes to mouse 
models of Krabbe and Sandhoff diseases.33,36 However, in both 
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Figure 4 uptake of intrathecally administrated recombinant human tPP1 (rhtPP1) and effect on subunit c of mitochondrial AtP synthase 
(scMAs) storage in brain. Fifteen week-old Tpp1(−/−) mice were administered three daily 80 µl infusions of artificial cerebrospinal fluid (CSF) 
(vehicle) (n = 4) or 10 µg/µl rhTPP1 (enzyme) (n = 6) and killed 24 hours after the final dose. (a) Relative TPP1 activity in enzyme treated animals. (b) 
TPP1 immunohistochemistry in cerebellum lobes IV/V. (c) TPP1 immunohistochemistry in different regions of the cerebral cortex. (d) SCMAS levels 
by quantitative western-blot analysis. Each symbol represents an average of multiple measurements (n ≥ 2) from individual animals. The difference 
between the vehicle and enzyme-treated group is significant using the Mann–Whitney nonparametric test (P < 0.01). (e) Double-label indirect immu-
nofluorescence using the mouse monoclonal anti-human TPP1 antibody 8C4 (red in merge) and rabbit anti-SCMAS antibodies (green in merge). 
Note that the low signal for TPP1 in the wild type animal is due to poor immunoreactivity of 8C4 for murine TPP1 and that endogenous mitochondrial 
SCMAS is not detected under these conditions.45 Images were obtained using either a Nikon Eclipse E600 microscope with a ×20 objective (b) or a 
Zeiss LSM510 laser scanning confocal microscope with a 63x objective (c and e).
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cases, at least some of the survival benefit was postulated to reflect 
peripheral effects.37 This is not the case in our study, as there 
are no apparent visceral symptoms in LINCL, and also, control 
experiments employing peripheral administration of equivalent 
doses of TPP1 did not prolong survival (Supplementary Figure 
S6). Video recording and gait analysis indicate that the neurologi-
cal phenotype of disease also improves following large volume 
intrathecal administration of rhTPP1.

A considerable fraction of the intrathecally administered 
enzyme enters the systemic circulation. In terms of visceral effects, 
like peripherally administered enzyme, this TPP1 rapidly reduces 
liver SCMAS storage. The effect on brain SCMAS storage was 
much less pronounced. This may reflect less efficient delivery of 
TPP1 to neuronal lysosomes, especially in less accessible regions 
of the brain. Alternatively, there may be intrinsic differences 
in chemical composition of storage material (e.g., components in 
addition to SCMAS) and/or in the aggregation state of SCMAS in 
different cell types (e.g., mitotic and postmitotic cells). Regardless, 
administration of TPP1 to the brain provides a clear benefit in 
ameliorating disease, prolonging survival by ~50 days. Using an 
upper limit of 5 days for the half-life of TPP1, the 500% of wild 
type levels expected to be present in brain after the third rhTPP1 
dose (see Figures 3 and 4) would last 50 days before reaching a 
residual level of 0.5%. Given the beneficial effect of even low (3%) 
levels of TPP1 observed in hypomorphic mouse models,38 we can-
not rule out the possibility that the survival benefit of treatment 
reflects prevention of further storage accumulation and thus retar-
dation rather than reversal of disease. However, enzyme levels in 
individual cells vary widely, and it is possible that treatment does 

“set back the clock.” Further studies are required to determine the 
reversibility of lysosomal storage and pathological processes asso-
ciated with disease progression.

In summary, we report that large-volume intrathecal admin-
istration of rhTPP1 results in delivery of therapeutic amounts of 
enzyme to the brain of LINCL mice. Importantly, acute treat-
ment significantly extends lifespan and improves neurological 
phenotype. Future studies using chronic dosing regimens will be 
necessary to further evaluate efficacy in terms of improving long 
term survival as well as neuropathological and behavioral mani-
festations of disease. While such studies will extend the proof-
of-concept in an animal model, we believe that this approach 
may be applicable to patients. The doses used in this study are 
high (~30 mg/kg) but are comparable to those used clinically for 
treatment of Pompe disease39 so this should not be a limiting fac-
tor. In addition, complete exchange of the CSF has proven to be 
well-tolerated as an emergency measure for accidental intrathecal 
overdose,40,41 providing further support for the applicability of this 
approach. Thus, while unconventional, large-volume/high-dose 
delivery of enzyme to the CSF warrants further exploration as it 
has potential to overcome the long-standing barrier in develop-
ing effective treatments for LINCL and other neurodegenerative 
lysosomal storage diseases.

MAterIAls And Methods
Animals. All experiments and procedures involving live animals were con-
ducted in compliance with approved Institutional Animal Care and Use 
Committee protocols. Mice were maintained in a C57/BL6 strain back-
ground and genotyped as described.7
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Figure 5 effect of intrathecal administration of recombinant human tPP1 (rhtPP1) on survival. Four week-old Tpp1(−/−) animals were 
either administered three daily infusions of 40 µl rhTPP1 at the indicated concentration, artificial cerebrospinal fluid (CSF) vehicle, or left untreated. 
(a) Enzyme treated (10.0 µg/µl, total dose = 1.2 mg rhTPP1/animal) (n = 13) compared to historical untreated controls (n = 601). Median survival 
was 163 and 128 days, respectively (P < 0.0001 by the Mantel–Cox test). (b) Vehicle treated (n = 16), enzyme treated (10.0 µg/µl, total dose = 
1.2 mg rhTPP1/animal) (n = 16) and untreated (n = 14). Median survival was as follows: vehicle, 113.5 days; enzyme, 164 days; untreated, 124.5 
days. Pairwise results of Mantel–Cox tests: enzyme versus vehicle or enzyme versus untreated, P < 0.0001; vehicle versus untreated, P = 0.0144). (c) 
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groups are significantly different from vehicle control (P < 0.05). (d) Median survival for data plotted in panels a (open triangle), b (open squares) 
and c (open circles).
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Production and purification of recombinant human TPP1. Recombinant 
human TPP1 proenzyme was produced in CHO cells and purified essen-
tially as described42 except that the final gel filtration step was conducted 
in artificial CSF (aCSF; 148 mmol/l NaCl, 3 mmol/l KCl, 1.4 mmol/l CaCl2, 
0.9 mmol/l MgCl2, 0.8 mmol/l Na2HPO4, 0.196 mmol/l NaH2PO4, pH 7.2) 
and precautions were taken to avoid endotoxin contamination. Protein 
was concentrated using a Vivaspin20 device (Sartorius Stedim Biotech, 
Aubagne, France) to a maximum of 20 mg/ml which approached the solu-
bility limit. The protein and aCSF vehicle were free of endotoxin (<0.06 
EU/ml) as determined by Limulus Amebocyte Lysate reagent (Charles 
River Laboratories, Wilmington, MA).

Intrathecal administration. Mice typically were anesthetized with isoflurane 
delivered through an inhalation system (VetEquip, Pleasanton, CA) or using 
intraperitoneal injection of avertin. Animals were shaved to expose the skin 
around the lumbar region and injected between vertebrae L5 and L6 using a 
30 gauge needle (Becton Dickinson, Franklin Lakes, NJ) oriented towards L4 
as described.43 The needle was connected to a 50 or 100 µl gas-tight Hamilton 
syringe by a short length of silastic tubing (0.3 mm inner diameter; Dow 
Corning, Midland, MI). The dose was administered at the indicated flow rate 
using a NE-300 syringe pump (New Era Pump Systems, Wantagh, NY).

Biochemical and histochemical analysis. Mice were deeply anesthetized 
using a sodium pentobarbital/sodium phenytoin mixture (Euthasol; 

Delmarva Laboratories, Milton, DE), killed by transcardial perfusion 
with saline, and tissues dissected and frozen in liquid nitrogen. In some 
cases, the brain left hemisphere was reserved prior to freezing, immersed 
in Bouin’s fixative and processed for histochemical analysis (see below). 
Frozen tissue powders were prepared using a Bessman pulverizer 
(Spectrum Laboratories, Rancho Dominguez, CA), added to 50 volumes 
of 0.15 mol/l NaCl/0.1 % Triton X-100, and homogenized using a Polytron 
homogenizer (Kinematica, Bohemia, NY).

TPP1 and protein assays. Tissue homogenates were centrifuged at 
14,000g and supernatants analyzed for TPP1 activity using the endpoint 
assay described previously.44 When indicated, purified TPP1 or samples 
were incubated at pH 3.5 to convert inactive proenzyme to mature, active 
protein.44 The absolute quantity of active enzyme was calculated using a 
reference standard of activated purified TPP1 analyzed in parallel. Protein 
concentration was measured using Advanced Protein Assay reagent 
(Cytoskeleton, Denver, CO).

SCMAS immunoblotting. Tissue homogenates were diluted into reduc-
ing LDS-PAGE buffer and fractionated on 10% Bis-Tris gels (Invitrogen, 
Carlsbad, CA) using MES running buffer. Proteins were transferred to 
PVDF, the membranes blocked with phosphate-buffered saline/3% bovine 
serum albumin/0.2% Tween-20 and probed with affinity purified rabbit 
anti-SCMAS amino-terminal peptide antibodies (PAC3601/3602; Pacific 
Immunology, Ramona, CA). Control experiments indicated indistin-
guishable specificity compared to a similar reagent described previously.45 
Alexafluor 488 conjugated donkey-anti-rabbit IgG (#A-21206; Invitrogen) 
was used as a secondary detection reagent. Signal was visualized and quan-
tified using a Typhoon 9400 scanner and ImageQuant 5.2. (GE Healthcare, 
Waukesha, WI).

Immunofluorescence. Saggital cryosections (10 µm) were processed and 
probed essentially as described previously.38,46 TPP1 was detected using 
mouse monoclonal antibody 8C447 obtained courtesy of Dr Adam Golabek 
(Staten Island, NY) and donkey-anti-mouse Alexafluor 555 (#A-31570; 
Invitrogen). SCMAS was detected using reagents described above.

Behavioral and survival analysis. Animals were housed in single cages 
from four weeks of age onward and handled gently to avoid disturbances 
that can provoke fatal startle seizures.7 Gait analysis was conducted at 9, 14, 
and 18 weeks of age as described previously.38 Stride-length was quantified 
as described.48 Statistical tests were calculated using Prism 5.03 (Graph-
Pad Software, San Diego, CA).

suPPleMentArY MAterIAl
Figure S1. TPP1 proenzyme is activated after delivery into brain
Figure S2. Montage image of TPP1 distribution.
Figure S3. Effect of Intrathecally administrated rhTPP1 on SCMAS 
storage in liver.
Figure S4. Uptake of intrathecally administrated rhTPP1 in young 
mice
Figure S5. Gait analysis.
Figure S6. Effect of intravenous administration on survival.
Video S1. 15-week old Tpp1(−/−) mouse treated with enzyme as 
 described in Figure 5b.
Video S2. 15-week old Tpp1(−/−) mouse treated with vehicle as 
 described in Figure 5b.
Video S3. 19-week old Tpp1(−/−) mouse treated with enzyme as 
 described in Figure 5b.
Video S4. 19-week old untreated Tpp1(−/−) mouse. Note that no 
vehicle treated mice survived to this age.
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Figure 6 effect of intrathecal injection on locomotor function. Four-
week old Tpp1(−/−) mice were administered three daily 40 µl infusions 
of artificial cerebrospinal fluid (CSF) (vehicle, gray filled bars) or 10 µg/
µl recombinant human TPP1 (rhTPP1) (enzyme, black filled bars) (total 
dose/animal = 1.2 mg proTPP1) or were left untreated (horizontal striped 
bars). Untreated unaffected controls (wild type and heterozygotes) are 
shown for reference (open bars). Fore- (a) and hind-limb (b) stride 
lengths were measured. Between 4 and 28 (mean, 11) usable mea-
surements were recorded for each animal and these were averaged to 
provide a mean stride-length per animal. For each timepoint, between 
two and seven animals were analyzed except for the single surviving 
vehicle treated animal at 18 weeks. Plots represent the mean ± standard 
deviation of the mean stride-lengths for all animals in each group at 
each time-point. Statistical significance between indicated pairs was cal-
culated using the Bonferroni multiple comparison post-test (*P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001).
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