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Neuronal ceroid lipofuscinosis type 1(CLN1 disease) is a rare autosomal recessive lysosomal storage disease
caused by genetic defects of palmitoyl protein thioesterase-1(PPT1), leading to accumulation of lipofuscin
granules in brain and progressive neurodegeneration. Psychomotor regression, seizures, loss of vision, and
movement disorder begin in infancy and result in early death. Currently, no disease-modifying therapy is
available.

We report a 68-month-old boy with CLN1 treated on a compassionate use basis weekly for 26 months with a
PPT1 enzyme fused to an anti-insulin receptor antibody (AGT-194), thereby enabling penetration of the blood-
brain barrier (BBB). During treatment, no side effects were observed, while seizure frequency decreased, life
quality improved, and the boy’s general condition remained stable.

This case documents for the first time that treatment of CLN1 is principally feasible by an intravenous BBB
penetrating enzyme replacement therapy using PPT1 fused with the human insulin receptor. Monitoring of side
effects raised no unacceptable or unexpected safety concerns.Observed improvement of life quality related to
ameliorated epilepsy control raises hope that further robust clinical trials including patients in earlier stages of

disease will show positive results.

1. Introduction

Neuronal ceroid lipofuscinosis type 1 (CLN1 disease) is a rare auto-
somal recessive neurodegenerative disorder caused by mutations in the
PPT1 gene that encodes the lysosomal enzyme palmitoyl protein
thioesterase-1 [1]. Accumulation of lipofuscin granules in the brain and
peripheral nerves causes regression of psychomotor development, epi-
lepsy, movement disorder, visual impairment, and premature death [2].
Although atypical forms with later onset occur, first clinical symptoms
are usually noticed during infancy [3]. The PPT1 gene was cloned nearly
30 years ago [4], enabling production of recombinant human PPT1 [5].
But since the PPT1 protein cannot cross the blood-brain barrier (BBB)
[6], enzyme replacement therapy (ERT) is currently not available for
CLN1.

Enzymes such as PPT1 can be re-engineered as IgG-enzyme fusion
proteins that cross the BBB and retain enzyme activity. The IgG domain
of the fusion protein is a monoclonal antibody (MAb) against an

endogenous receptor transporter at the BBB, such as the insulin receptor
(IR) or the transferrin receptor type 1 (TfR1) [7]. Binding of the fusion
protein to the BBB receptor triggers receptor-mediated transcytosis, and
results in biologic distribution to brain tissue [8].

Positive results have been shown by clinical trials with two BBB-
crossing enzymes, valanafusp alfa, a-L-iduronidase fused to a MAb
directed against the human IR (HIR), for treatment of mucopoly-
saccharidosis (MPS) I)) [9], and pabinafusp alfa, iduronate 2-sulfatase
fused to a MAb against the human TfR1, for treatment of MPS II
[10,11]. Recently, pabinafusp alfa has been approved in Japan.

For CLN1, a fusion protein of the HIR MAb and PPT1, AGT-194
(ArmaGen, San Diego, USA), was engineered by fusion of the human
PPT1 to the carboxyl terminus of each heavy chain of the HIR MAb with
a 31-amino acid linker (Fig. 1A). The fusion protein was expressed in a
bioreactor and purified by affinity and ion exchange chromatography to
homogeneity (Fig. 1B). The fusion protein retained high affinity binding
to the HIR and high PPT1 enzyme activity [12], which was measured
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with a fluorometric enzyme assay [13]. The general and clinical safety
and efficacy of enzymes fused to the human insulin receptor-targeting
antibody has been extensively demonstrated in preclinical studies and
a phase I/II trial in pediatric subjects with MPS I [9]. The in vitro
characterization of AGT-194 is shown in Fig. 2. Preclinical data of the
molecule will be subject to a separate publication (in preparation).

Here, we describe our experience with the first CLN1 patient
receiving AGT-194 on a compassionate use basis. ERT was commenced
after an explicit request and a written consent of his parents, and an
approval by the ethics board of the producing pharmaceutical company
based on the rapidly progressive nature, the dismal prognosis, and the
lack of effective treatment for this disease.

2. Case presentation

The male patient is the only child of healthy non-consanguineous
parents. He was born spontaneously after uneventful pregnancy
without complications. Neonatal period and early infancy were normal.
At 6 months of age, slowing of psychomotor development and deceler-
ation of head circumference were noticed. The boy started crawling at
12 months, was able to speak 3 words and to stand with minor support at
15 months but lost these milestones before his second birthday. First
seizures occurred at age 18 months, when laboratory diagnostics
revealed no measurable PPT1 activity while whole exome sequencing
disclosed a frameshift (c.346_347del; p. Gln116Glyfs*45) and a stop
mutation (c.451C > T; p.Argl51*) in PPT1. Each parent was heterozy-
gous for one mutation. Neurological examination showed a spastic-
dystonic tetraparesis. Acoustically evoked potentials were normal,
whereas flash-light evoked potentials could not be elicited. The EEG was
of very low amplitudes without apparent background activity and sleep
patterns. His epilepsy worsened subsequently with numerous absences,
complex partial seizures, and myoclonic seizures as well as generalized
tonic-clonic seizures per day, prompting treatment with valproate, clo-
bazam, gabapentin, and cannabidiol.

At age 42 months, ERT with weekly intravenous AGT-194 via an
implanted port system was started. AGT-194 (1 ml = 3.87 mg) was
dissolved in 290 ml of 10% glucose solution and infused over 4 h. Blood
glucose levels (at the start, after 1 5 hours, and at the end of infusion),
heart rate, and blood pressures were regularly monitored. Following a
skin rash during one of his first infusions, the patient was pre-medicated
with 40 mg prednisolone. AGT-194 was started at a dosage of 0.4 mg/kg
body weight, which was slowly increased up to 2.6 mg/kg body weight
weekly.

At the start of ERT, the boy could not sit, had no active speech, did
not fixate or grasp, but reacted on tactile and acoustic stimuli. A cranial
MRI demonstrated severe cortical and cerebellar atrophy. The boy suf-
fered from up to 100 myoclonic and complex partial seizures per day,
and 2-3 generalized tonic-clonic seizures per week, sometimes
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necessitating interruption by chloral hydrate.

During the treatment period, the patient had suffered from pneu-
monia twice and a port infection requiring device replacement. Except
inflammatory characteristics in blood related to these infections, no
other laboratory abnormalities were noted during regular controls. The
boy’s general condition slowly improved over time. No side effects or
allergic reactions related to AGT-194 occurred, and blood glucose values
were always in the normal range. His epilepsy became distinctly better
controlled by substituting gabapentin by phenobarbitone at night, while
retaining the same dosage of cannabidiol, levetiracetam, and clobazam.
Occasional episodes of agitation had to be treated with single doses of
chloral hydrate but resolved after switching from valproate to pheno-
barbitone. The patient appears emotionally more stable and calmer than
before ERT, is more responsive to stimuli, and sometimes shows social
smiling in response to acoustic stimuli from his family members.

At the last examination at age 68 months, no generalized tonic-clonic
seizures have occurred for >12 months, although he still has some oc-
casional complex partial and myoclonic seizures. A recent MRI remained
largely unchanged compared to that at the start of ERT. Neurofilament
heavy chains (Nf-H) in the CSF, a marker of neuroaxonal damage, were
increased at start of ERT (785 pg/ml; normal range < 62.5 pg/ml) and
somewhat lower at the last examination (570 pg/ml). The boy is blind,
but his hearing appears normal. He is capable of swallowing and fed
completely orally, reflecting a preserved gag reflex. The respiratory
situation has also improved since repetitive daily mucus removal from
the airway, constituting a large problem before the start of ERT, is no
longer necessary. These positive changes have substantially improved
the psychosocial situation of the family. Life quality assessed by the
parental version of the 36-Item Short Form Survey (SF-36) improved
substantially in several domains (Fig. 3). Seizure frequency as chroni-
cled by the parents is summarized in Fig. 4.

3. Discussion

Here we report the first patient with CLN1 treated with recombinant
human PPT1 fused with a monoclonal antibody against the human in-
sulin receptor (AGT-194) on a compassionate use basis over a period of
26 months. Under pre-medication with steroids no allergic reactions, no
hypoglycemia, and no other treatment related adverse events have been
observed, suggesting no substantial side effects related to this therapy.
Statements about efficacy are difficult to make since this single patient
was in an advanced state of disease at the start of ERT. Moreover, no
assay was available allowing measurement of PPT1 activity in the CSF,
although the BBB-crossing enzyme is believed to be all but consumed
within neuronal cells in the brain parenchyma, leaving few or no rem-
nants to be secreted into the CSF [14]. However, along with the AGT-
194 administration, epilepsy markedly improved over time. Most
notably, generalized tonic-clonic seizures abated completely, hence

Fig. 1. A: AGT-194. The mature human PPT1
enzyme (NP_000301) was fused via a 31-amino acid
linker to the carboxyl terminus of each heavy chain
of the HIRMAD. Fig. 1B: SDS-Polyachrylamide gele-
lectrophoresis comparing AGT-194, HIRMAb and
BSA. Reducing gradient SDS-PAGE gel shows the
separate heavy chain (HC) and light chain (LC) of
AGT-194 and the HIRMADb, in comparison to 5% BSA.
AGT-194 and the HIRMAD share the same LC; the HC
of AGT-194 is ~40 kDa larger than the HC of the
HIRMAD owing to fusion of the PPT1 enzyme.
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Fig. 2. Biochemical characterization of AGT-194. A, schematic depiction of the fusion protein consisting of an anti-human insulin receptor antibody (AGT-1) and PPT
1, fused by a linker peptide. B, SDS-PAGE of purified AGT-194. Endotoxin content was <0.07 EU/mg and CHO host cell content 1 ppm. C, Affinity to human insulin

receptor as measured by ELISA and enzymatic activity of AGT-194.
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quality of life much improved. Although these improvements have to be
interpreted cautiously since paradoxical reduction of seizure frequency
in CLN1 during its course of disease has been described [15], it can be
speculated that ERT with AGT-194 had positive effects in this patient
despite its start at an advanced stage of CLN1.

Intravenous ERT with recombinant human enzymes is widely per-
formed in an increasing, albeit still limited, number of LSD at large.
While ERT has been shown to significantly improve organ functions,
increase quality of life and prolong survival in several types of LSD,
those with additional or exclusive CNS involvement (e.g. MPS I, II, III,
CLN1, CLN2) receive little or no benefit from conventional ERT since the
recombinant enzymes do not cross the BBB. The problem of passing the
BBB can be circumvented by direct intracerebroventricular adminis-
tration of enzymes via a Rickham device as with cerliponase alfa in
CLN2 [16,17]. However, this technique requires repetitive strictly
aseptic punctures of the implanted device preferably by an experienced
team at a specialist hospital to avoid CNS infections. The Trojan horse

PHYPA

PSYC VITA

strategy [8], i.e. the coupling of a recombinant human enzyme with an
antibody directed against a BBB transporter as already approved for MPS
II [11], is a least invasive and highly convenient ERT that can also be
performed as home infusion therapy.

The advanced stage of disease in our patient has markedly limited
clinical and laboratory evaluations to examine efficacy of the drug.
However, this first experience with AGT-194 treatment suggests its po-
tential as a feasible, safe, and effective therapy for CLN1, which is hoped
to be added to the list of treatable LSD in near future. Further studies will
be worthwhile to assess safety and efficacy in larger cohorts of patients
with CLN1 of younger age by applying robust clinical and paraclinical
endpoints.

Details of ethics approval

No specific ethics approval was necessary according to the local
ethics committee (medical faculty of the Justus-Liebig-University at
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Fig. 4. Time course of myoclonic seizure frequency after the treatment with AGT-194.

Giessen, Germany, since a single patient was treated on a compassionate
use basis).

A patient consent statement

Written consent was obtained from the parents of the patient
regarding the enzyme replacement therapy with AGT-194.

Data availability statement

data supporting the results reported in the article can be provided on
request from the authors.
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