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We have investigated delivery of protein therapeutics from the
bloodstream into the brain using a mouse model of late-infan-
tile neuronal ceroid lipofuscinosis (LINCL), a lysosomal disease
due to deficiencies in tripeptidyl peptidase 1 (TPP1). Supraphy-
siological levels of TPP1 are delivered to the mouse brain
by acute intravenous injection when co-administered with
K16ApoE, a peptide that in trans mediates passage across the
blood-brain barrier (BBB). Chronic treatment of LINCL mice
with TPP1 and K16ApoE extended the lifespan from 126
to >294 days, diminished pathology, and slowed locomotor
dysfunction. K16ApoE enhanced uptake of a fixable biotin
tracer by brain endothelial cells in a dose-dependent manner,
suggesting that its mechanism involves stimulation of endocy-
tosis. Pharmacokinetic experiments indicated that K16ApoE
functions without disrupting the BBB, with minimal effects
on overall clearance or uptake by the liver and kidney.
K16ApoE has a narrow therapeutic index, with toxicity mani-
fested as lethargy and/or death in mice. To address this, we
evaluated variant peptides but found that efficacy and toxicity
are associated, suggesting that desired and adverse effects are
mechanistically related. Toxicity currently precludes direct
clinical application of peptide-mediated delivery in its present
form but it remains a useful approach to proof-of-principle
studies for biologic therapies to the brain in animal models.

INTRODUCTION

Drug delivery is a critical challenge for the effective treatment of a
broad range of neurological disorders including Alzheimer and Par-
kinson disease, traumatic brain injury, and cancer. Such disorders
also include numerous hereditary neurodegenerative diseases such
as lysosomal storage disorders (LSDs), which are rare individually
but collectively represent a significant problem. Intravenous (i.v.)
administration is a relatively non-invasive route of drug delivery
and the extensive microvasculature of the brain potentially allows
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for widespread distribution. However, the blood-brain barrier
(BBB) has proven to be a particularly difficult obstacle to the effective
delivery of both large- and small-molecule therapeutics to the
brain."*

We have recently conducted proof-of-principle experiments on a
system that allows delivery of therapeutics from the bloodstream
to the brain.” Our experiments focused on a mouse model® for
late-infantile neuronal ceroid lipofuscinosis (LINCL), a neurodegen-
erative LSD of children caused by the loss of the 66-kDa lysosomal
glycoprotein, tripeptidyl peptidase 1 (TPP1).” Restoration of TPP1
in the brain is required to cure the disease, and we have demon-
strated that delivery via lumbar intrathecal injection can have signif-
icant therapeutic benefits.® However, little (<10% of wild-type levels
with a 2-mg dose)” or negligible (with a 1-mg dose)” recombinant
human TPP1 (rhTPP1) is delivered to the brain when it is adminis-
tered i.v. to the LINCL mouse model and there is no effect on disease
progression.” In contrast, when rhTPP1 is co-administered with
K16ApoE, a 36-residue peptide”® containing 16 lysines followed by
a 20-amino-acid sequence from apolipoprotein E (ApoE), there is
robust delivery of rhTPP1 throughout the brain. Initial studies using
an acute-treatment regimen demonstrated beneficial effects in the
LINCL mouse.” The K16ApoE delivery system has also been success-
fully used to deliver other proteins as well as small molecules to the
brain.>®
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The mechanism by which K16ApoE mediates protein passage across
the BBB remains unclear. Early work indicated that when highly basic
peptides and proteins (e.g., protamine, polylysine, and polyarginine)
are administered via carotid artery injection, they can promote trans-
port of proteins across the BBB in the ipsilateral hemisphere.”'* How-
ever, polycation-mediated uptake is ineffective in the contralateral
hemisphere or when administered via tail vein injection, and we
have found that tail vein coadministration of protamine does not
promote the uptake of rhTPP1 to the brain.” This is a key difference
from K16 ApoE, which promotes widespread uptake of thTPP1 across
the entire brain. Thus, K16ApoE has unique pharmacological
properties that distinguish it from polycations. Polycations including
polylysine are associated with toxicity in vivo and in vitro. Mecha-
nisms underlying toxicity remain unclear (reviewed in Ballarin-
Gonzalez and Howard'') but may include the induction of necrotic
and/or apoptotic cytotoxic pathways as a result of disruption of the
plasma and/or internal membranes,'>*?
proteins or erythrocytes resulting in aggregate formation (micro-
thrombi) that may occlude microcapillaries within the lungs or other

14,15
organs.

or interaction with serum

Numerous cell penetrating peptides, including HIV-1 TAT, HSV-1
VP22, and Drosophila ANTP (reviewed in Bolhassani et al.'®), have
been described that have the potential to deliver covalently associated
macromolecules into cells. The mechanisms of action appear varied
and are not fully understood but in many, a positive charge appears
important. One possibility is that these peptide sequences electrostat-
ically interact with negatively charged glycosaminoglycans (GAGs) to
bind and enter target cells. Utility in terms of promoting protein de-
livery across the BBB remains controversial.'” It is worth noting that
the delivery of TAT conjugates to cells is inhibited by polyanions such
as heparin."®

While an efficient delivery route for proteins and other drugs across
the BBB is an extremely exciting prospect that could potentially open
novel avenues of treatment for numerous neurological diseases, the
K16ApoE peptide mediator of brain targeting has a narrow therapeu-
tic index and kills mice at high doses when administered i.v.” The aim
of this study was to determine whether toxicity of KI6ApoE would
preclude its use in a chronic manner to treat the LINCL mouse and
to further understand both its mechanism of action and adverse
properties.

RESULTS

Chronic Peptide-Mediated i.v. Enzyme Replacement Therapy
Tpp1~’~ mice were treated with weekly i.v. administration of 40 nmol
(180 pg) K16ApoE and/or 17 nmol (1 mg) rhTPPI, initiating
treatment at 6 weeks of age and continuing until the animals died
or when they reached the investigator-specified endpoint of age
42 weeks. Treatment with K16ApoE and rhTPP1 significantly
increased the lifespan of the Tppl™'~ mice, with a median survival
of 247 days compared to 126, 137, or 116 days for historical untreated
controls or controls that were treated with rhTPP1 alone or K16 ApoE
alone, respectively (Figure 1A). A number of animals administered
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K16ApoE alone died immediately or shortly after dosing, indicating
that there was death due to acute toxicity of the peptide rather than
disease progression. Thus, we also analyzed all treatment groups after
censoring for infusion-related deaths (Figure 1B). After doing so,
treatment with K16ApoE alone had no effect on survival, while
median survival of the animals treated with rhTPP1 and K16ApoE
together was increased to more than 294 days, the predetermined
endpoint of the study. Note that more infusion-related deaths were
observed in animals administered K16ApoE alone than K16ApoE
with thTPP1. While this might suggest that K16ApoE is more toxic
in the absence of protein, we believe that this is not the case and
that this difference is simply stochastic. For example, K16 ApoE was
equally toxic in dose-response studies conducted in the presence of
either 0.12 or 1 mg thTPP1.” In addition, 120 nmol K16ApoE was
similarly toxic in the absence of co-administered protein, or with
3.2 mg rhTPP1 or 16 mg BSA (Table S1).

Gait analysis revealed that administration of rhTPP1 in the presence
of K16ApoE ameliorated the decline of locomotor function in
LINCL mice (Figures 1C and 1D). Western blot analysis of the major
storage material in LINCL, subunit ¢ of mitochondrial ATP synthase
(SCMAS) (Figure 1E), revealed greatly diminished levels in the
42-week-old treated LINCL mice compared to untreated 17-week-
old animals and approached that found in wild-type mice. At
17 weeks, SCMAS levels in LINCL mice treated with K16ApoE or
rhTPP1 alone were similar to those of untreated animals, while levels
in animals treated with thTPP1 and K16ApoE together were again
similar to wild-type mice (data not shown).

Brain Distribution of rhTPP1 Delivered by K16ApoE-Mediated
Uptake

To determine the general distribution of rhTPP1 throughout the
brain, we synthesized fluorescent rhTPP1 and administered it to
wild-type mice by tail vein injection in the presence and absence
of K16ApoE. Whole-slide imaging of sagittal sections revealed
that in the absence of K16ApoE, there was strong staining in the
choroid plexus as expected, but little or none of the thTPP1 local-
ized to the parenchyma of the brain (Figure 2). However, close ex-
amination did reveal punctate cytoplasmic localization of rhTPP1I,
which is consistent with delivery to the lysosome and/or other intra-
cellular vesicles within the endothelial cells or capillaries and larger
blood vessels (Figure 3). This indicates that in the absence of
K16ApoE, rhTPP1 can be endocytosed by cells proximal to the
bloodstream but there appears to be little or no transcytosis into
adjacent neurons.

When administered in conjunction with K16ApoE, whole-slide im-
aging of sagittal and coronal brain sections indicates that the fluores-
cent thTPP1 is widely distributed throughout the brain (Figures 2
and 4). While rhTPP1 fluorescence was detected most strongly
around major blood vessels (see magnified insets of blood vessels
in the cerebellum and midbrain, Figure 4), it was detected within
the parenchyma, with lower levels in surface proximal regions and
higher levels in the deeper regions of the brain. For example, delivery
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Figure 1. Chronic Therapy of Asymptomatic Animals
Using Peptide-Mediated Delivery across the BBB

(A and B) Tpop7—/— mice were treated by tail vein injection
with rhTPP1 alone (17 nmol or 1 mg; n = 20 animals),
peptide K16ApoE alone (40 nmol or 180 pg; n = 13 ani-
mals), or a mixture of rhTPP1 and K16ApoE (n = 16 ani-
mals). Note that K16ApoE is frequently associated with
infusion-related death. Given that this is independent of
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LINCL status, data are presented as the total (A) or with
infusion-related deaths censored to indicate death due to
disease (B). When compared to historical untreated ani-
mals, treatment significantly (log-rank test p < 0.0001)
extended survival of the LINCL mouse, with or without
censoring for infusion-related deaths. Gait analyses show
mean stride length and bars represent SEM. (C) Front
stride gait analysis. Difference in slope from wild-type
animals: K16ApoE, p < 0.0001; rhTPP1, p < 0.0001; and
rhTPP1 plus K16ApoE, p = 0.0083. (D) Hind stride gait
analysis. Difference in slope from wild-type animals:
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K16ApoE, p < 0.0001; rhTPP1, p < 0.0001; and rhTPP1
plus K16ApoE, p = 0.0048. (E) Immunoblotting for SCMAS
storage material.
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was particularly efficient to the midbrain and hippocampus and less
efficient to the anterior cerebral cortex (Figure 4). Fluorescent
rhTPP1 was delivered efficiently to the cerebellum (Figure 2), reach-
ing Purkinje cells both in the deep zone of the gyri and in surface
proximal regions but again, delivery appeared more efficient to
deeper regions. Fluorescence was punctate, cytoplasmic, and perinu-
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clear, which again is consistent with delivery to
the lysosome and/or other intracellular vesicles
(see Figure 4, anterior cerebral cortex and brain-
stem). Neuronal staining was so extensive
throughout the brain that identifying individual
capillaries (as
rhTPP1 is administered in the absence of
K16ApoE, Figure 3) was difficult, although fluo-
rescent thTPP1 was detected in small blood ves-
sels in some regions of relatively low staining (e.g., anterior cerebral
cortex, Figure 4).

Vehicle-treated
(17 weeks)

observed when fluorescent

It is worth noting that in a recent study from our laboratory,"” fluo-
rescent thTPP1 was delivered to the brain via the cerebrospinal fluid
(CSF) using an intrathecal injection. Here, overall distribution of

Figure 2. Distribution of Fluorescent rhTPP1
throughout the Brain after i.v. Delivery

C57BL/6 mice analyzed 18 hr after administration of 1 mg
Alexa Fluor 647-labeled rhTPP1 with or without 40 nmol
K1BApoE. Sections are shown using equivalent exposure
settings. Scale bars represent 2 mm.
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rhTPP1 was quite uneven, with the most efficient delivery to ventral
surfaces of the brain and very poor or undetectable delivery to dorsal
and deep brain regions, such as the hippocampus. Distribution of
rhTPP1 using the peptide-mediated i.v. route was markedly more
uniform with widespread delivery throughout the brain.

Molecular Therapy

Figure 3. Distribution of Alexa Fluor 647-Labeled
rhTPP1 in the Brain when Administered in the
Absence of K16ApoE

Scale bars represent 1 mm for low-magnification panels
and 50 um for the higher-magnification panels that were
imaged from the indicated brain regions (i.e., clockwise
from the lower left: pons, cerebellum, dorsal midbrain, and
central midbrain).

Insights into Peptide-Mediated Brain
Delivery

To gain insights into the mechanism of action of
K16ApoE, we followed the fate of a fixable
tracer, sulfo-NHS-biotin, by microscopy after
probing with fluorescent streptavidin. Mice
were anesthetized with a sublethal dose of
Euthasol, administered K16ApoE at t = 0,
administered tracer at t = 1 min, euthanized
by exsanguination at t = 2 min, and processed
for microscopy and biotin was visualized by
staining with Alexa Fluor 554-labeled streptavidin. Times were cho-
sen so that the experiment could be terminated before animals died
when administered high doses of peptide. Little fluorescence is de-
tected in the absence of K16ApoE. Fluorescence increases with pep-
tide dose, showing bright staining characteristic of the vasculature

Y —
o

Figure 4. Distribution of Alexa Fluor 647-Labeled rhTPP1 in the Brain when Administered in the Presence of K16ApoE
Scale bars represent 2 mm for the low-magnification panels and the following for the higher-magnification panels (i.e., clockwise from the top right): hippocampus, 100 um;

anterior cerebral cortex, 20 um; midbrain, 20 pm; ventral medulla, 20 um; brainstem, 10 um; cerebellum (lobe VIII), 50 um; cerebellum (lobes VI/VII), 50 um; and posterior
cerebral cortex, 10 pm.
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0 nmol

Figure 5. Effect of Increasing Dose of K16ApoE on
Distribution of NHS-Biotin, ani.v. Fluid Phase Tracer
Scale bars represent 200 um, and sections are imaged
within the frontal cortex.

In the brain, K16ApoE had a striking effect in

40 nmol

80 nmol

enhancing uptake of '**I-thTPP1 (Figure 7B).

It is worth noting that for the injections of tracer
alone, some 2°’I-rhTPP1 accumulated in the
brain. The addition of unlabeled rhTPPI1 in
the absence of K16ApoE reduced brain uptake
to levels seen with albumin (Figure 7B). This
suggests that small amounts of rhTPP1 can be

100 nmol

delivered to the brain by a saturable transport
system. The enhanced uptake induced by

as well as faint staining throughout the parenchyma (Figure 5). This is
consistent with K16ApoE promoting endocytosis of the tracer into
endothelial cells followed by transcytotic release from the abluminal
surface into cells proximal to the vasculature.

Time-course experiments were conducted to follow the distribu-
tion of a fluorescent thTPP1 derivative and fluorescein isothiocy-
anate (FITC)-K16ApoE, a peptide with similar brain-targeting
properties as K16ApoE (see below). Based on morphological
criteria, we classified fluorescence as being associated with either
blood vessels or parenchyma (Figure 6). KI6ApoE and rhTPP1
derivatives both appear in blood vessels throughout the brain
as well as in the parenchyma. At later times, the signal from the
peptide disappears but the rhTPP1 persists. This is consistent
with the peptide being degraded and the rhTPP1 persisting within
the cell.

We conducted experiments to determine the pharmacokinetics of
rhTPP1 uptake. Radiolabeled rhTPP1 and the vascular space marker
albumin were co-administered to wild-type mice via jugular vein in-
jection in the presence or absence of K16ApoE and/or unlabeled
thTPP1. The *'I-labeled albumin was cleared slowly from the blood-
stream in all cases (Figure 7A, open symbols). For '*’I-labeled
rhTPP1, bloodstream clearance was not affected by K16 ApoE, while
the unlabeled rhTPP1 inhibited clearance, probably due to saturation
of receptor-mediated uptake systems (e.g., mannose 6-phosphate
[M6P] and mannose receptors). This is supported by analysis of the
liver and spleen, where unlabeled rhTPP1, but not K16ApoE, in-
hibited uptake of '*’I-rhTPP1, with '*'I-albumin uptake being low
in all cases.

K16ApoE was also reduced by the addition
of unlabeled rhTPP1. This suggests that
K16ApoE could be enhancing the endogenous
mechanism of uptake for rhTPPI.

The presence of K16 ApoE also appeared to result

in an increase in the amount of '*'I-labeled albu-
min tracer entering the parenchyma in the absence or presence of
rhTPP1 (p = 0.052 and 0.064, respectively, after Bonferroni correction
for multiple comparisons) (Figure 7C). To investigate this further, we
conducted a mass spectrometry-based measurement of albumin in the
brain of animals treated with rhTPP1 and increasing amounts of
K16ApoE. Levels of a control protein (beta-actin) in the brain were un-
affected by treatment with K16 ApoE (Figure 8A). However, there was
a K16ApoE dose-dependent increase in albumin within the brain (Fig-
ure 8B) that paralleled uptake of rhTPP1 (Figure 8C). Comparison of
albumin levels and rhTPP1 activity in individual animals indicated
that they were strongly correlated (r* = 0.604). K16ApoE had no sig-
nificant effect on uptake of rhTPP1 or albumin to the liver or kidney
(Figures 7C-7G).

A reasonable candidate for the K16 ApoE-mediated uptake of rhTPP1
into the parenchyma of the brain is the cation-dependent M6P recep-
tor (M6PR), which can transport proteins across the BBB.>*! We
investigated this possibility by co-injecting rhTPP1 and K16ApoE
with free M6P to block interaction with the M6PR (Figure 9).
K16ApoE effectively mediated uptake of rhTPP1 into the paren-
chyma of the brain (Figure 9A), but the presence of free M6P had
no significant effect. As before, K16ApoE did not affect uptake of
rhTPP1 by the liver and kidney, and this was unaffected by coadmin-
istration of M6P (Figures 9B and 9C). These results suggest that
K16ApokE is not operating in conjunction with the M6PR to promote
rhTPP1 passage across the BBB. However, it is possible that the con-
centration of free M6P (0.2 mM) was insufficient to prevent M6PR-
mediated uptake of thTPP1 to the brain, although this concentration
was sufficient to inhibit uptake of B-glucuronidase in similar
studies.”
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Figure 6. Distribution of Peptide and Protein in the Brain

Animals were co-administered Alexa Fluor 594-rhTPP1 (1 mg) and FITC-K16ApoE
(40 nmol) by tail vein injection. (Top) Quantification of peptide and protein within and
outside blood vessels. (Bottom) Micrographs of the cerebral cortex of an animal
euthanized 45 min after administration.

In analyses of the whole brain by enzyme assay, it is not possible
to distinguish between rhTPP1 that has reached the parenchyma
versus enzyme associated with the vascular compartment (e.g.,
sequestered within or weakly bound to the luminal surface of brain
endothelial cells [BECs]). Using a capillary depletion method
performed with or without vascular washout,”>** we were able to
distinguish the distribution of '**I-labeled thTPP1 among three com-
partments (Table 1): (1) that which crossed the BBB completely to
enter the parenchyma of the brain, (2) that which was taken up by
the BEC but not completely transcytosed (sequestered), and (3) that
which reversibly adhered to the luminal surface of the BEC but
was not internalized by it (luminal adherence). In the absence of
K16ApoE, relatively little rhTPP1 entered the parenchyma of the
brain but was mostly adhered to the luminal surface or sequestered
by the BEC. With KI6ApoE coadministration, most of the
'2L_labeled rhTPP1 entered the parenchymal space of the brain.
These data are consistent with Figure 9 and demonstrate that
K16ApoE mediates the passage of rhTPP1 across the BBB into the
parenchyma of the brain.
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Structure-Function Relationships

We evaluated a series of K16ApoE variants (Table 2) to help under-
stand the mechanisms of action and toxicity, with the hope of identi-
fying less toxic but still effective mediators of BBB transport. In initial
studies, we conducted dose-response experiments in LINCL mice, co-
administering thTPP1 with increasing amounts of peptide until
reaching a dose where animals died. Here, the highest amount of pep-
tide represents the maximum tolerated dose (MTD) (Figure 9A). In
subsequent experiments, we first determined the MTD in wild-type
animals, and we then analyzed efficacy at the MTD in LINCL mice
(Figure 9B).

K16ApoE was originally envisaged® to non-covalently associate with
target proteins via the polylysine sequence and mediate passage by
binding to members of the low-density lipoprotein (LDL) receptor
family on BECs via a 20-amino-acid segment corresponding to resi-
dues 133-152 of ApoE. To investigate the specificity of the proposed
receptor interaction, we varied amino acids in ApoE residues 130-
149, as others have used peptide variants in this region to characterize
binding to the LRP1 extracytoplasmic domain in vitro.”> A peptide
[K16ApoE(130-149)] in which the 133-152 ApoE sequence of
K16ApoE was substituted with the wild-type 130-149 ApoE sequence
was as effective as K16ApoE in promoting rhTPP1 uptake across the
BBB (Figure 10A). Peptides containing changes predicted to diminish
receptor binding of K16ApoE(130-149), a variant containing a lysine
to glutamic acid change (K143E) and a scrambled variant, were also
effective in promoting brain delivery of rhTPP1 in vivo, and both
also exhibited toxicity (Figure 10A).

These results question the specific interaction of K16ApoE with
LDL receptor family members but cannot discount interaction
with other molecules expressed on the luminal side of the BEC.
For example, the ApoE segment binds heparin®® and other anionic
GAGs via two heparin-binding motifs (XBBXB or XBBBXXBX,
where B is a basic and X is any amino acid). KI6ApoE(130-149)
scram retains one heparin-binding motif; thus, we could not pre-
clude the possibility of GAG binding. We addressed this possibility
in two ways. First, we tested a randomized ApoE peptide in which
the basic amino acids are spaced so that all consensus heparin-bind-
ing sites are eliminated (K16ApoE_rand). This peptide was also
toxic and did promote rthTPP1 transport into the brain, although
possibly with lower efficacy than other peptides. Second, based on
a recent study”® on the role of tryptophan residues in binding of
GAGs, we replaced ApoE with a cell-penetrating peptide sequence
that binds GAGs efficiently (R10W6). This peptide was also both
functional and toxic.

We also tested N-terminally modified K16 ApoE derivatives contain-
ing FITC, tetramethylrhodamine (TAMRA), and a 12-unit polyeth-
ylene glycol (PEG12) polymer. All had brain-targeting activity and
were toxic. Finally, we explored the effect of replacing the polylysine
tract with polyarginine or polyhistidine. RI6ApoE was similar to
K16ApoE in terms of efficacy and toxicity. In contrast, HI6ApoE
was non-toxic but it had no brain-targeting activity at the highest
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Figure 7. Effect of K16ApoE and Unlabeled rhTPP1
n '2%|-rthTPP1 and '*'I-Albumin Pharmacokinetics
Ten-week-old CD-1 male mice were administered
1 x 10% cpm of each tracer in the presence or absence of
40 nmol K16ApoE and/or 1 mg unlabeled rhTPP1.
(A) Clearance of labeled tracer albumin and rhTPP1 from
serum. Clearance of albumin is unaffected by the presence
or absence of unlabeled rhTPP1 and/or K16ApoE. The
presence of K16 had no significant effect on clearance of
tracer with or without unlabeled rhTPP1. However, the
addition of unlabeled rhTPP1 significantly slowed clear-
ance of tracer with or without K16ApoE. (B-G) Uptake of
labeled tracer rhTPP1 or albumin is shown as the ratio to
serum levels for the brain (B and C), liver (D and E), and
kidney (F and G). p values were determined by linear
regression in a combined model, and significance is indi-
cated by *p < 0.05; ***p < 0.005 after Bonferroni correction
for multiple comparisons. Note that K16ApoE significantly
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doses tested. Taken together, the analysis of variant peptides sug-
gested that toxicity and the ability to promote passage across the
BBB were intrinsically linked.

Underlying Basis for Toxicity

In a cultured cell-based assay, Chinese hamster ovary (CHO) cells
were incubated with K16ApoE and its derivatives and cell death
was measured using the fluorescent exclusion dye propidium iodide,
which fluoresces when it binds DNA within the nucleus of dead and
dying cells that lack an intact plasma membrane. In a kinetic assay
(Figure 11A), K16ApoE promoted cell death in a dose- and time-
dependent manner. Using an endpoint assay (Figure 11B), we found
that K16ApoE, R16ApoE, and K16R10W6 all promoted cell death in
a similar manner. In contrast, and consistent with in vivo data,
H16ApoE failed to induce cell death.

- z included in Table S1.

Exposure Time (Min)

First, comprehensive necropsy failed to reveal

any apparent cause of death. While microcapil-
lary occlusion in the lungs due to erythrocyte agglutination has
been proposed to be a possible cause of death with other cationic pep-
tides,'*'” there were no remarkable changes observed in the lungs of
animals that died as a result of acute K16ApoE toxicity. No micro-
thrombi were observed in alveolar capillaries and no edema was pre-
sent in the alveoli. Second, no pathological changes attributable to
K16ApoE could be detected even after prolonged treatment of LINCL
mice (36 weekly doses of 1 mg rhTPP1 and 40 nmol K16ApoE).
Third, no abnormal electrical activity preceding death was observed
when recording electroencephalograms (EEGs) using surface and
deep hippocampal electrodes. Fourth, we considered the possibility
that death in response to K16ApoE could be due to an acute anaphy-
lactoid response, given that this is not uncommon with cationic drugs.
In mice, the inflammatory response to cationic compounds, including
basic peptides, is mediated by the receptor Mrgprb2.”” Indeed,
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K16ApoE induced degranulation of mouse mast cells in an Mrgprb2-
dependent manner (B. McNeil, personal communication). However,
death due to K16ApoE was at least as rapid in knockout mice lacking
Mrgprb2 compared to controls, suggesting that a response other than
anaphylaxis was responsible for toxicity. Fifth, while unlikely, we
addressed the possibility that death was due to unobserved microin-
farctions by co-injecting the anionic indirect thrombin inhibitor
fondaparinux with K16ApoE. This prevented death, but it also pre-
vented K16ApoE from promoting brain delivery of co-administered
rhTPP1. We speculate that this anionic agent neutralizes the highly
positive charge of K16ApoE and, in doing so, ameliorates both
desired and adverse effects. Similar results have been reported with
coadministration of K16ApoE with other negatively charged drugs.*®
Subcutaneous administration of the indirect thrombin inhibitor
enoxaparin did not prevent K16ApoE toxicity. Finally, we investi-
gated the possibility that increased amounts of protein delivered
with K16ApoE could abrogate toxicity by competing for binding to
the BBB. However, coadministration with large amounts of TPP1
(17 mg) or albumin (85 mg) failed to attenuate toxicity, indicating
that this is not the case.

DISCUSSION

While K16ApoE mediated the therapeutically effective delivery of
rhTPP1 to lysosomes throughout the mouse brain, our efforts to
identify variants that retained efficacy but were less toxic were not
successful. This suggests that the inherent toxicity of K16ApoE is
linked with, and possibly underlies, its ability to mediate protein
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normalized albumin content
relative to 0 nmoles K16ApoE

toward a safer drug. Results were again consis-
with mechanism-based toxicity. For
example, co-treatment with negatively charged
compounds allowed mice to survive fatal doses
of K16ApoE but the ability to transport rhTPP1 across the blood-
stream was lost.

tent

K16ApoE was designed® to non-covalently associate with target pro-
teins via the polylysine sequence and mediate passage by binding to
members of the LDL receptor family on BECs via a 20-amino-acid
segment of apolipoprotein E. Earlier, we found that delivery to the
brain was similar when K16ApoE was premixed and co-administered
with rhTPP1 or injected separately, either immediately prior to or af-
ter thTPP1 administration.” This suggested that in vivo, K16ApoE
does not exclusively function by direct association with rhTPPI.
Further evidence that KI6ApoE does not function in the manner
originally envisaged comes from the observation here that randomi-
zation of the ApoE LDL receptor binding sequence or specific amino
acid changes to eliminate receptor binding do not prevent its ability to
promote rhTPP1 delivery across the BBB. In addition, modification of
K16ApoE to eliminate canonical GAG binding motifs still resulted in
some delivery of thTPP1 across the BBB.

While the mechanism of action of K16ApoE remains unknown, there
is no obvious specificity to the proteins that are transported into the
brain. In addition to rhTPP1, previous studies have demonstrated
that KI6ApoE can also mediate the uptake of bacterial B-galactosi-
dase, immunoglobulin G (IgG), and immunoglobulin M (IgM)%
here, we show that K16ApoE facilitates delivery of albumin to the
brain (Figures 7 and 8). KI6ApoE may function, at least in part, by

stimulating adsorptive-mediated transcytosis,”” ' which relies on
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Figure 9. Effect of M6P on Peptide-Mediated Uptake of rhTPP1

(A-C) Mice were administered rhTPP1, with or with K16ApoE, in a total volume of
200 pL PBS containing 1 mM M6P (n = 4-8 animals per group) and were euthanized
10 min after injection. Data show the percentage of injected dose per gram of each
tissue, corrected for vascular contribution using ®°™Tc-labeled albumin as a stan-
dard that is still largely retained in plasma after 10 min. Error bars represent the SEM
for the brain (A), kidney (B), and liver (C). Significance was determined using pairwise
t tests corrected for multiple comparisons using the Holm method. ***p < 0.005.

positively charged regions of a molecule interacting with negative
charges on the plasma membrane, resulting in invagination, internal-
ization of vesicles, and vesicular transport to the abluminal mem-
brane.*® This transport would first result in preferential endocytosis
of molecules bound to the luminal surface but results in vesicle-based
transport when stimulated sufficiently, effectively causing flux of sol-
utes across the BBB at rates that may result in toxicity. Alternatively,
an increased level of membrane trafficking could result in a loss of
polarity of endothelial cells, resulting in paracellular transport.

In conclusion, evidence to date indicates that K16ApoE toxicity and
efficacy are linked, as different avenues to obviate toxicity either

Table 1. Effect of K16ApoE on Distribution of rhTPP1 in the Mouse Brain

Distribution rhTPP1 Tissue/Serum Ratio (nL/g)

Without K16ApoE With K16ApoE

Parenchyma penetration 125+ 0.17 7.68 + 1.24
Capillary sequestration 0.94 + 0.48 2.15+0.28
Luminal adherence 1.97 + 0.44 1.67 = 1.31

Capillary depletion studies done with and without vascular washout determined the
'2°Llabeled thTPP1 with or without K16ApoE that entered brain parenchyma, was
sequestered by the capillary, or was adherent to the luminal surface of the capillary.
Data are corrected for vascular space using **™Tc albumin as a protein that remains
largely in the luminal space in the presence and absence of K16ApoE (see Figure 7).
Two animals were used for each of the four conditions, Data are shown as the
mean * compounded SEM. p = 0.036 for parenchymal penetration using a two-tailed
t test without multiple comparison correction.

were unsuccessful or resulted in the loss of rhTPP1 transport into
the brain. This precludes clinical development of the approach at
this time. However, it is possible that covalent or other attachment
of K16ApoE to target molecules like rhTPP1 may facilitate uptake
while diminishing the toxicity associated with the large molar excess
of free peptide to which animals are exposed using our current
methods. Regardless, the approach still has considerable value for
proof-of-principle studies of bloodstream-mediated enzyme replace-
ment therapy to the brain for LINCL, other LSDs, and possibly more
widespread diseases. In addition, peptide-mediated delivery also pro-
vides a useful route for the initial evaluation of potentially improved
protein therapeutics for the brain prior to studies using more
demanding but clinically relevant delivery methods (e.g., intrathecal
or intracerebroventricular injection). However, development of
methodology to safely achieve delivery across the BBB remains a
key goal, given relatively non-invasive administration and the broad
distribution that can be achieved throughout the brain that may
not necessarily be achievable by CSF-mediated delivery strategies.

MATERIALS AND METHODS

Materials

rhTPP1 proenzyme in artificial CSF at a concentration of 29 mg/mL
was generously provided by BioMarin and was buffer exchanged to
PBS before administration. Fluorescent Alexa Fluor 647-labeled
rhTPP1 was generated by reaction with Alexa Fluor 647 N-hydroxy-
succinimide (NHS) ester (Thermo Fisher Scientific) and purified
by buffer exchange using PD10 columns. Labeling efficiency was
0.7 mol dye/mol rhTPP1 based on absorbance using molar extinction
coefficients of €280 = 82,195 for rhTPP1 and €280 = 7,170 and
€467 = 239,000 for Alexa Fluor 647. Peptides were synthesized by
LifeTein.

Animals

Animal maintenance and use followed protocols approved by the
Robert Wood Johnson Medical School Institutional Animal Care
and Use Committee (“Preclinical Evaluation of Therapy in an Animal
Model for LINCL,” protocol 109-0274-4). Tppl ™~ mice were geno-
typed as described previously* and were in a C57/BL6 background.
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Table 2. K16ApoE and Peptide Variants

Peptide Sequence

K16ApoE K;6LRVRLASHLRKLRKRLLRDA

K16ApoE(130-149) K;6TEELRVRLASHLRKLRKRLL

K16ApoE(130-149)K143E K;6TEELRVRLASHLRQLRKRLL

K16ApoE(130-149)scram K;6LREKKLRVSALRTHRLELRL

K16ApoE_rand K;,RAKDRARLRLRVRLKLHLSL

K16R10W6 Ki{GRRWWRRWRRWRRWWRR
R16ApoE R;sLRVRLASHLRKLRKRLLRDA
H16ApoE H,;c,LRVRLASHLRKLRKRLLRDA

PEGI12-K16ApoE PEG12-K;c,LRVRLASHLRKLRKRLLRDA

TAMRA K16ApoE TAMRA-K;(LRVRLASHLRKLRKRLLRDA

FITC-K16ApoE FITC-K;sLRVRLASHLRKLRKRLLRDA

Numbering in parentheses is based on mature human ApoE.

Mice were anesthetized with isoflurane using an anesthesia inhalation
system (VetEquip) and were administered rhTPP1 and/or K16ApoE
in 200 uL PBS by tail vein or retro-orbital injection. Animals were
pretreated by intraperitoneal administration of 5 mg/kg cyprohepta-
dine to prevent infusion-related anaphylaxis from the second or third
dose onward. Mice were housed singly from age 6 weeks (asymptom-
atic animals) and were gently handled to avoid fatal startle seizures.
Locomotor function was measured by biweekly gait analysis.””
Animals anesthetized with Euthasol (pentobarbital sodium and
phenytoin sodium, Delmarva Laboratories) were euthanized by
exsanguination/transcardial perfusion with PBS and dissected. Half
of the brain was rapidly frozen for enzyme activity and other
biochemical analyses and the other half was drop-fixed in 4% parafor-
maldehyde (PFA) for histopathology as described.” To determine
whether administered fluorescent rhTPP1 crossed the capillary wall
of the brain vasculature to enter the brain parenchyma, capillary
depletion** was conducted as modified for the mouse.””

For imaging experiments using fluorescent rhTPP1 or NHS-sulfo-
biotin, the PBS perfusion was followed by perfusion with 4% PFA.
Sections were prepared for whole-slide imaging as described.'® Biotin
staining was conducted as described.>

Experimental Design for Survival and Gait Studies

Survival and gait data were obtained using three concurrent cohorts
of LINCL mice that were treated with rhTPP1 and K16 ApoE, or either
rhTPP1 or K16ApoE alone. Survival data were compared to historical
results from 1,560 untreated C57BL/6 LINCL mice, while stride-
length data were compared to an earlier analysis of a cohort of
wild-type animals. Our experimental plan was to allow most animals
to die naturally but to euthanize two at an early 119-day time point
(17 weeks) and all survivors at a predetermined study endpoint of
294 days (42 weeks), for biochemical and histopathological analyses.

Gait was analyzed using a random-effects model fitted to the stride
data, with “stride” as the response variable and “days” as the predic-
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Figure 10. Efficacy of K16ApoE Variant Peptides

LINCL mice were treated with i.v. injection of 17 nmol (1 mg) rhTPP1 with the
indicated peptide doses in a volume of 200 uL. Mice were euthanized 24 hr later and
TPP1 activity was measured in the brain. Two or three animals were used per
peptide dose. (A) Dose response for selected peptides. The highest dose shown is
the MTD, as 2-fold higher levels resulted in toxicity. (B) Variants tested at MTD
(indicated) except H16ApoE, which was not toxic and was tested at 100 nmol. The
dashed line represents 100% wild-type activity. Note that peptide amounts were
based on weight of synthetic peptides and should be considered approximate.
Three animals were used per peptide. Significant differences in rhTPP1 uptake with
peptide variants compared to treatment with rhTPP1 alone were determined
using one-way ANOVA with the Dunnett multiple-comparisons test. *p < 0.01;
***p < 0.005; ***p < 0.001. WT, wild type.

tor, with separate predictions for each of the four animal types. In the
hierarchical model, observations were nested within animals. The
“Ime” function in the “ImerTest” R package (R Project for Statistical
Computing) was used to fit the random-effects model.

Microscopy
For imaging experiments using fluorescent rhTPP1, animals were
perfused and sections were prepared for whole-slide imaging as



www.moleculartherapy.org

A 5500 KABAPOE (uM)
o 40
e 20
[}
Q
=
S o 10
<
g 5
iy oo 25
N SN oe8s0 1.25
o
60 120 180 240
Time (min)
B 100 o
s 81 & ki6R10WE //.
(]
8 604 R16ApoE
= - K16ApoE
g 404 -® H16ApoE
&
204
A=
0
0.1 1 10 100

Peptide Concentration (uM)

Figure 11. Cytotoxicity of K16ApoE

(A) Kinetic assay. CHO-K1 cells were cultured in DMEM complete medium (with
10% fetal bovine serum, 100 U/mL penicillin, 100 ng/mL streptomycin, and 2 mM
L-glutamine) containing 20 uM propidium iodide and the indicated concentrations
of K16ApoE. Fluorescence was monitored at 1-min intervals. (B) Endpoint assay.
CHO-K1 cells in complete medium with propidium iodide were cultured with
the indicated concentration of peptide for 2 hr. Fluorescence was determined
before the addition of peptide (Fo), after incubation with peptide (Fp), and after
cells were permeabilized with digitonin (Fd). Cell death is calculated as (Fp — Fo)/
(Fp — Fd).

described previously in detail."” Whole-slide images were acquired
using an Olympus VS120 whole-slide scanner equipped with an
Olympus XMI10 cooled monochrome 14-bit camera. NHS-sulfo-
biotin staining was conducted as described.”*

SCMAS Immunoblotting

Mouse brain samples were homogenized in 1:50 volumes (w/v)
of 0.15 M NaCl/0.1% Triton X-100 using a Polytron tissue homoge-
nizer (Kinematica). One hundred microliters of each homogenate
(~1.5 mg protein/mL) was centrifuged at 14,000 x g for 30 min to
fractionate the insoluble storage material containing SCMAS. Pellets
were resuspended in 100 pL homogenization buffer and re-centri-
fuged. The pellet was dissolved in reducing lithium dodecyl sulfate
PAGE buffer and 4- and 8-pg equivalents of the initial homogenates
were analyzed by immunoblotting as described.’

Pharmacokinetic Studies

thTPP1 was radioactively labeled with '2°I using the lactoperoxidase
method and separated from unincorporated iodine over a column of
G-10 Sephadex (GE Healthcare).”” Albumin was radioactively
labeled with '>'T using the chloramine T method®® or with
99mT37. in both cases, labeled rhTPP1 was separated from the unin-

corporated label over a column of G-10 Sephadex.*® Mice were anes-
thetized with urethane given intraperitoneally and the right jugular
vein and the left carotid artery exposed. Mice received an injection
into the jugular vein of lactated Ringer’s solution containing
10° cpm '*’I-rhTPP1 and 10° cpm "*'I-albumin with or without
40 nmol K16ApoE or 1 mg unlabeled rhTPP1. The carotid artery
was severed between 1 and 20 min after the iv. injection, arterial
blood was collected, and the mouse was immediately decapitated.
The arterial blood was centrifuged and 50 pL arterial serum was ob-
tained for determination of the levels of radioactive '*°I and "*'I.
Whole brains, a kidney, and a portion of liver were removed and
weighed, and the levels of these isotopes were determined using a
gamma counter. Tissue/serum ratios were determined and plotted
against exposure time to determine the unidirectional uptake rate

. . . . +. 38,39
using multiple-time regression analysis.

Statistical Analyses
Statistical analyses were conducted using Prism 5.03 (Graph-Pad
Software) and R 3.3 software.*’

EEG Analysis

Female B57/Bl6 mice were implanted with a hippocampal-depth
electrode (six-pin surface mount connector; Pinnacle Technology)
placed at 2.2 mm posterior to the bregma, 1.7 mm lateral to the
midline at a depth of 2.0 mm under continuous isoflurane anes-
thesia (2% in 95% O, and 5% CO,) delivered through a nose
cone. Video-EEG recordings were performed 5 days after electrode
implantation. Following 10-min baseline EEG recording using a
100x gain preamplifier system (8200-K1-iSE3; Pinnacle Technol-
ogy), K16ApoE was injected and the EEG was monitored for elec-
trographic seizures. Electrographic seizures were defined as repeti-
tive spike and sharp-wave discharges with a frequency of > 1 Hz,
amplitude of activity more than two times over baseline with a
duration > 5 sec.”’

TPP1 Assay

Mouse brain extracts were prepared in 0.15 M NaCl /0.1% Triton
X-100 and TPP1 activity was measured and normalized to the protein
concentration as described previously.”

Mass Spectrometry

To determine the relative albumin content, a 10-pug protein equivalent
of each extract was fractionated by SDS-PAGE and digested in-gel
with trypsin and peptides were extracted as described.*” Data-depen-
dent mass spectrometry was conducted on duplicate 0.5-pg protein
equivalents of digested peptides using a Thermo Scientific LTQ Orbi-
trap Velos mass spectrometer, protein assignment was conducted
using a local implementation of the GPM,* and relative albumin
levels were calculated by spectral counting** after normalization to
the total spectral counts assigned to each sample.

SUPPLEMENTAL INFORMATION

Supplemental Information includes one table and can be found with
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