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Efficacy of Phosphodiesterase-4 Inhibitors
in Juvenile Batten Disease (CLN3)
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Maria Burkovetskaya, MS,’ Kakulavarapu V. Rama Rao, PhD,’
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Obijective: Juvenile neuronal ceroid lipofuscinosis (JNCL), or juvenile Batten disease, is a pediatric lysosomal storage
disease caused by autosomal recessive mutations in CLN3, typified by blindness, seizures, progressive cognitive and
motor decline, and premature death. Currently, there is no treatment for JNCL that slows disease progression, which
highlights the need to explore novel strategies to extend the survival and quality of life of afflicted children. Cyclic
adenosine monophosphate (cAMP) is a second messenger with pleiotropic effects, including regulating neuroinflam-
mation and neuronal survival. Here we investigated whether 3 phosphodiesterase-4 (PDE4) inhibitors (rolipram, roflu-
milast, and PF-06266047) could mitigate behavioral deficits and cell-specific pathology in the CIn3*"/8 mouse
model of JNCL.

Methods: In a randomized, blinded study, wild-type (WT) and CIn3%¢7/8 mice received PDE4 inhibitors daily begin-
ning at 1 or 3 months of age and continuing for 6 to 9 months, with motor deficits assessed by accelerating rotarod
testing. The effect of PDE4 inhibitors on cAMP levels, astrocyte and microglial activation (glial fibrillary acidic protein
and CDé8, respectively), lysosomal pathology (lysosomal-associated membrane protein 1), and astrocyte glutamate
transporter expression (glutamate/aspartate transporter) were also examined in WT and CIn32®7/8 animals.

Results: cAMP levels were significantly reduced in the CIn3%*/8 brain, and were restored by PF-06266047. PDE4
inhibitors significantly improved motor function in CIn3“®*”/® mice, attenuated glial activation and lysosomal patholo-
gy, and restored glutamate transporter expression to levels observed in WT animals, with no evidence of toxicity as
revealed by blood chemistry analysis.

Interpretation: These studies reveal neuroprotective effects for PDE4 inhibitors in Cin
therapeutic potential in JNCL patients.
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uvenile neuronal ceroid lipofuscinosis (JNCL; or

CLN3 disease) is an autosomal recessive lysosomal
storage disease resulting from CLN3 mutations, with an
estimated incidence of 1 in 100,000 live births."* Chil-
dren with JNCL appear healthy at birth, with progressive
vision loss typically being the first sign of disease that
presents around 4 to 7 years of age. Later, affected chil-
dren develop motor dysfunction that manifests as
Parkinson-like symptoms, along with seizures and cogni-

tive deterioration, with a life expectancy of late teens to

20s.” Magnetic resonance imaging findings include corti-
cal and cerebellar atrophy with abnormally high signal
intensity in the white matter, reflecting moderate demye-
lination.* The protracted nature of the disease, coupled
with the current lack of effective therapeutics, highlights
the need to identify novel approaches to improve the
longevity and quality of life for these patients.

In JNCL mouse models, reactive glia are apparent
within 1 to 3 months of age and coincide with areas of
eventual neuron loss, which is significantly delayed in
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comparison (ie, 12—18 months).®” Current evidence sup-
ports non—cell-autonomous influences of diseased glia in
JNCL pathogenesis in addition to intrinsic neuronal defi-
cits. For example, Cln3**”"® microglia are primed to
produce exaggerated levels of several inflammatory medi-
ators in response to danger signals encountered in the
JNCL brain.® Likewise, molecules critical for astrocyte
glutamate regulation are dramatically reduced in
CIn3%*7"8 mice, including glutamate/aspartate transport-
er (GLAST) and glutamine synthc:tase.6 These findings
support the neurotransmitter imbalance described in
CLN3 mouse models, namely excessive glutamate and
reduced y-aminobutyric acid (GABA), which has been
implicated in neurotoxicity.”"

Cyclic adenosine monophosphate (cAMP) is a sec-
ond messenger that can regulate a variety of signaling
events involved in learning and memory and synaptic plas-
ticity.'>'? Reductions in cAMP can have broad effects,
ranging from a generalized negative impact on neuronal
homeostasis, to promotion of microglial proinflammatory
activity, to reduced glutamate transporter expression in

astrocytes. 14-16

cAMP levels are regulated by a balance
between synthesis and degradation, mediated by adenylyl
cyclase and phosphodiesterases (PDEs), respectively. There
are 11 PDE enzyme families, with PDE4 most prominent-
ly expressed in the central nervous system (CNS).'” PDE4
inhibitors have shown beneficial effects in a wide range of
neurodegenerative disorders, by limiting neuronal apopto-
sis and neuroinflammation as well as augmenting gluta-
mate transporter expression.mlg*20 Based on our previous
findings demonstrating reductions in GLAST expression in
Cln32°7’8 astrocytes,’ exaggerated proinflammatory medi-

3Aex7/ 8

ator production in Cln microglia,” and intrinsic

neuron pathology as shown by other groups,”*' we sur-
mised that PDE4 inhibitors would represent an excellent
means to target this triad of cellular dysfunction.

Here we show that cAMP levels are significantly
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reduced in several brain regions of Cln3
neuropathology occurs. Treatment of Cln animals
with 3 distinct PDE4 inhibitors (rolipram, roflumilast,
or PF-06266047) significantly improved motor function
over a 6-month period. PDE4 inhibitors also reduced glial
activation and lysosomal pathology and restored impaired
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glutamate transporter expression in Cln3
wild-type (WT) levels. Importantly, the beneficial
effects of PDE4 inhibitors were still observed when
treatment was delayed until 3 months of age, suggesting
that they are capable of improving more advanced dis-
case. This is the first study demonstrating that PDE4
inhibitors are effective at reducing motor deficits and
pathological attributes of JNCL, supporting their poten-

tial therapeutic utility.
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Materials and Methods
Mice

This study was conducted in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Institutional Animal Care and Use Committee
of the University of Nebraska Medical Center (approval ID:
11-074-08-EP). This study used male CIn3**”’® knock-in mice
(C57BL/6 background), which harbor the same 1.02kb deletion
in CLN3 that occurs in approximately 85% of mutated CLN3
alleles.”® Age-matched male C57BL/6 mice were used as WT

controls.

PDE4 Inhibitor Treatment

The PDE4 inhibitor rolipram (Sigma-Aldrich, St Louis, MO)
was reconstituted in dimethylsulfoxide and working stocks for
subcutaneous injections were made weekly in sterile phosphate-
buffered saline (PBS). Based on studies of rolipram pharmaco-
kinetics (PK),?> we selected doses of 0.5 and 5mg/kg/day for
proof-of-principle studies. We calculated that a dose of 0.5mg/
kg would yield a concentration of around 68nM in the brain 1
hour after administration, with a half-life of 1 to 3 hours. By
extension, 5mg/kg was expected to increase CNS doses 10-fold
(ie, ~680mM). The US Food and Drug Administration (FDA)
approved PDE4 inhibitor roflumilast (Daliresp) was provided
by AstraZeneca (Wilmington, DE) and was tested at oral doses
of 2.5, 5, and 10mg/kg/day. A roflumilast stock solution was
prepared by dissolving in PEG400 (Sigma-Aldrich), and work-
ing stocks for oral gavage were made weekly by diluting in
Methocel E15 (Dow Chemical Company, Midland, MI). Based
on the PK properties of roflumilast following oral delivery,****
we calculated that the highest dose of 10mg/kg would lead to a
concentration around 50nM in the brain 1 hour after treat-
ment, with a half-life of 1 to 4 hours, although its active
metabolite, roflumilast-N-oxide, extends drug action to 8 hours.
Of note, the half-life of roflumilast is much longer in humans
(18 hours), making it amenable to once daily dosing.24’25 The
PDE4 inhibitor PF-06266047 (ABI-4) was provided by Pfizer
(Boston, MA) and evaluated at oral doses of 0.5 and 1mg/kg/
day. A working solution of PF-06266047 for oral gavage was
prepared weekly by directly dissolving in Methocel A4M. Based
on the PK properties of PF-06266047, we calculated that the
highest dose of 1mg/kg would lead to a concentration around
400nM (total) in the brain 1 hour after administration, with a
half-life of 7.5 hours.”® Importantly, because therapeutic levels
of PF-06266047 would persist in the brain for nearly 24 hours
with 1mg/kg dosing, we also examined a lower dose of 0.5mg/
kg, which equated to an approximate concentration of 200nM
(total) in the brain 1 hour after treatment. In terms of selectivi-
ty, rolipram, roflumilast, and PF-06266047 are specific inhibi-
tors of all PDE4 isoforms (PDE4A-D) in rodents and do not
affect the function of any other PDE isoenzymes.*** In addi-
tion, PF-06266047 had no activity at 10 M in> 100 off-
targets (which exceeds the highest dose examined in our study

by ~ 100-fold; patent number: US 20140235612). Our
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strategy was to evaluate several concentrations of each PDE4
inhibitor to identify the minimal effective dose that could be con-
sidered for potential clinical use. Because roflumilast is currently
available in oral tablet form and several preclinical studies with

25 we admin-

other PDE4 inhibitors have utilized oral delivery,**
istered roflumilast and PF-06266047 via oral gavage to most
closely model the mode of therapeutic delivery in JNCL patients.

Experiments were performed using the National Institute
of Neurological Disorders and Stroke recommended guidelines
to ensure the rigor of these preclinical studies.”” Briefly, age-
matched male CIn3**”’® and C57BL/6 WT mice were ran-
domized into treatment groups (WT vehicle, Cln3**7’® vehicle,
WT PDE4 inhibitor, and Cln3**""* PDE4 inhibitor; n =8/
group) and assigned numbered ear tags to ensure that all partic-
ipating research personnel were blinded to mouse genotype and
treatment group. The number of mice utilized for each experi-
ment was determined in pilot studies by identifying a sufficient
group size that demonstrated statistical significance for acceler-
ating rotarod activity (0.85; alpha =0.05). PDE4 inhibitor and
vehicle stocks were prepared and assigned generic labels, so that
treatment identity was masked to the individual administering
the compounds. The genotype and treatment status of individu-
al animals remained unknown until data analysis was complet-
ed, whereupon groups were deidentified. Daily PDE4 inhibitor
treatment was initiated in either 1- or 3-month-old mice, with
treatment continuing for 6 to 9 months. The rationale for
treating 1-month-old mice is that this roughly approximates the
age at which a genetic diagnosis of JNCL is usually made in
children (ie, 5-10 years), recognizing the caveats associated
with human-rodent age equivalent estimates.”® Delaying treat-
ment until 3 months of age was performed to determine
whether PDE4 inhibitors can impact advanced disease, because
a positive diagnosis of JNCL in children is often delayed. Body
weights were recorded on a weekly basis after drug treatment
commenced until completion of the study, because PDE4

inhibitors have been associated with weight loss.”

Accelerating Rotarod

Motor activity of mice was monitored monthly with an AccuR-
otor 4-Channel Rotarod (Omnitech Electronics, Columbus,
OH). Mice were subjected to testing over 4 consecutive days
with a training period in the morning and testing period in the
afternoon that were separated by 2 hours. All trials were con-
ducted during the same time of day for consistency. During the
training period (1 trial in the morning), mice were placed on
the rotarod, which was set to a constant speed of 4rpm for 5
minutes. For the testing period, the apparatus was set to accel-
erate from 0 to 40rpm over 5 minutes. The rotation speed of
40rpm was maintained after the 5-minute acceleration phase,
and the latency to fall was digitally recorded by the instrument.
Each mouse was subjected to 3 afternoon trials daily with at
least 20 minutes of rest between each run.

Blood Chemistry Analysis
To assess the safety profile of chronic PDE4 inhibitor dosing in
juvenile mice, blood chemistry analysis was performed at 2- to
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3-month intervals throughout the study. Blood was collected
from the facial vein into heparinized capillary tubes and trans-
ferred to Vetscan Comprehensive Diagnostic Panel rotors
(Abaxis, Union City, CA), which measured alanine aminotrans-
ferase, albumin, alkaline phosphatase, amylase, total calcium
(Ca®>"), creatinine, globulin, glucose, phosphorus, potassium
(K", sodium (Na2+), total bilirubin, total protein, and urea

nitrogen.

Histology and Quantitation of Ocular Inclusions
As another assessment of safety/toxicity of PDE4 inhibitors in
juvenile mice, organs were collected following sacrifice for his-
topathological assessment by a board-certified pathologist with
expertise in mouse toxicology studies (Samuel M. Cohen). The
following tissues were fixed in 10% formalin and sent to AML
Laboratories (Baltimore, MD) for sectioning and hematoxylin
and ecosin staining: kidney, stomach, liver, lung, spleen, heart,
cervical lymph nodes, testes, thymus, trachea, muscle, spinal
cord, larynx, pancreas, adrenal gland, aorta, bladder, colon,
esophagus, small intestine, and femur/bone marrow.

To evaluate ocular inclusions, eyes were dissected under a
microscope to remove the cornea and lens. Dissected eye cups
were washed in PBS and embedded in acrylamide, whereupon
cryostat sections (8 um) were prepared to include the optic
nerve. The most central optic nerve section was chosen for each
eye, where a series of sequentially overlapping X 10 images were
taken covering the entire section using fluorescence microscopy
(tetramethylrhodamine filter). Inclusions from each retinal layer
were counted in a masked fashion using Image] software (NIH,

Bethesda, MD).

cAMP Quantitation

Various brain regions that are known to be affected in JNCL
mice (ie, somatosensory barrel field cortex [SIBF], visual cortex
[VC], hippocampus [HPC], and thalamus [TH]) were dissected

AS78 mice at 7 and

from vibratome sections of WT and Cln3
12 months of age (n =5-10 per group), whereupon cAMP lev-
els were quantified using a cAMP enzyme-linked immunosor-
bent assay (ELISA) kit (Enzo, Farmingdale, NY). cAMP
concentrations were normalized to the amount of total protein
collected to account for differences in tissue size. In some
experiments where only tissue sections were available, cAMP

levels were assessed by immunofluorescence staining as

described below.

Immunofluorescence and Confocal Microscopy

Coronal brain sections were prepared from vehicle or PDE4-
inhibitor—treated WT and Cln3*“7’® mice at the end of the 6-
month dosing period as previously described with minor modi-
fications.® Briefly, animals were deeply anesthetized using sodi-
um pentobarbital and transcardially perfused with saline
followed by 4% paraformaldehyde (PFA). The brain was
removed, postfixed in 4% PFA overnight, and cryoprotected
with 30% sucrose overnight prior to embedding in optimal cut-
ting temperature medium. Free-floating cryostat sections
(30 pm) were incubated overnight at 4°C with antibodies
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specific for cAMP (1:200; Santa Cruz Biotechnology, Dallas,
TX), glial fibrillary acidic protein (GFAP; 1:500; Dako, Car-
pinteria, CA), GLAST (1:200), lysosomal-associated membrane
protein 1 (LAMP1; 1:250), or CD68 (1:200; all from Abcam,
Cambridge, MA) followed by appropriate biotin-streptavidin—
conjugated secondary antibodies (Jackson ImmunoResearch,
West Grove, PA) and detection with either streptavidin—Alexa
Fluor 594 or streptavidin—Alexa Fluor 488 (Invitrogen, Carls-
bad, CA). TrueBlack (Biotium, Hayward, CA) was used to
quench autofluorescent inclusions in Cln3*“7’® tissues. Immu-
nofluorescence staining was visualized using a Carl Zeiss (Ober-
kochen, Germany) LSM 710 META confocal microscope with
a X40 oil immersion objective in a 450 X 450 pm field of view
(FOV; X 200 magnification) or 225X 225um FOV (X400
magnification). Tile images were acquired to visualize the entire
S1BF (810 X 1,080 um) or TH (810 X 810 uum) of each section
(2 tssue slices per brain region per mouse). Tile images for
GLAST quantitation were acquired at 270 X 270 um for greater
resolution. For image quantification, 200 X 200 um nonover-
lapping regions of interest (ROIs) were positioned throughout
the S1BF (total of 9 ROIs) and TH (total of 6 ROIs) using Axio-
Vision software (Zeiss), whereupon total values from all 6 to 9
ROIs were averaged for each of the 2 sections per mouse. Individ-
ual slice values per mouse were analyzed using SPSS (IBM,
Armonk, NY) to evaluate statistical significance using a mixed lin-
ear model approach. Results are reported as the mean intensity
staining values (GFAP and GLAST) or area (CD68 and LAMP1)
determined by a custom software program incorporating the
Visual Basic function of AxioVision (developed by Dr Nikolay
Karpuk, University of Nebraska Medical Center). To quantify
cAMP expression levels in the brain, 6 nonoverlapping X 40
images in the TH, HPC, and VC from 5 mice per group were
acquired. Images were processed as described above, and results

are reported as the mean staining intensity values.

Statistics

All assays were blinded throughout the entirety of data collec-
tion and analysis. For body weight comparisons, weights were
averaged for mice in each treatment group and were analyzed
by repeated measures analysis of variance (ANOVA) followed
by a post hoc Tukey test. Quantification of CD68, GFAP,
LAMP1, and GLAST immunofluorescence staining was assessed
using a mixed linear model, where the variables included group,
animal, slice, and staining area or intensity. Statistical signifi-
cance between groups for each brain region was analyzed in
SPSS. For accelerating rotarod analysis, results from all trials
were averaged for each mouse in each treatment group and
were analyzed by a mixed linear model in SPSS. Quantification
of cAMP was assessed by 1-way ANOVA in Prism (GraphPad,
La Jolla, CA).

Results

Brain cAMP Levels Are Significantly Reduced

in CIn3%**7/8 Mice
Reductions in cAMP-mediated signaling have been
shown to impact neurobehavioral and cognitive function
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FIGURE 1: Cyclic adenosine monophosphate (cAMP) levels
are decreased in vulnerable brain regions of CIn32°*7/% mice.
CIn32*7/% and wild-type (WT) mice (n=5-10/group) were
sacrificed at 7 (top panel) or 12 months of age (bottom pan-
el), whereupon cAMP levels were quantified in the thalamus
(TH), hippocampus (HPC), visual cortex (VC), and somato-
sensory barrel field cortex (S1BF) by enzyme-linked immu-
nosorbent assay and normalized to total protein to account
for differences in tissue size. Results are combined from 2
independent experiments, and significant differences
between WT and CIn32°*"’% mice are denoted by asterisks
(p<0.05).

in normal aging, as well as in neurodegenerative dis-
cases.'>'? In addition, decreased cAMP levels are associ-
ated with proinflammatory responses and reductions in
glutamate transporter expression,'®'> which agrees with
our prior findings of increased inflammatory mediator pro-
duction by Cln3**”’® microglia and decreased GLAST
expression in the Cln3**7""® brain.®® To determine wheth-
er these changes may be linked to alterations in cAMD,
cAMP levels were quantitated by ELISA in brain regions
where neuropathology occurs in Cln32*7® mice.” cAMP
was significantly reduced in the TH of CIn3“*7’® mice at
7 months, whereas the HPC and VC showed a similar
trend but did not reach statistical significance (Fig 1, upper
panel). At 12 months, significant reductions in cAMP were
observed in the TH, HPC, and VC of Cln3%*""® mice
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compared to WT animals (see Fig 1, lower panel). Immu-
nofluorescence staining for cAMP confirmed the reduc-
tions in 7-month-old mice (data not shown). cAMP levels
were similar in the SIBF of WT and Cln32*"’® mice at
both ages examined, emphasizing the region-specific neu-

ropathology that is observed in JNCL.

PDE4 Inhibitors Reverse Motor Deficits in
CIn32°7/8 Mice

As previously mentioned, PDE4 inhibitors improve cog-
nitive and motor function in various acute and chronic
neurodegenerative diseases, including traumatic brain
injury, spinal cord injury, Alzheimer disease, and Parkin-
son disease.'®2%2°3! In our hands, Cln3**"’® mice dis-
played significant impairments in motor function, as
evident by reduced latency to fall on the accelerating
rotarod (Fig 2),% which has been attributed, in part, to
excessive glutamatergic input.lo’ay35 We utilized this
rotarod deficit to determine whether 3 distinct PDE4
inhibitors, including an early generation (rolipram),36
second generation (roflumilast),>* and third generation
(PF-06266047) inhibitor could improve motor function
in Cln3**7® mice over a 6-month treatment period.
Administration of each PDE4 inhibitor was initiated in
WT and Cln3%*7’® mice at 1 month of age, and motor
activity was assessed by repeat testing at monthly inter-
vals throughout the study.

We began our analysis with the first generation
PDE4 inhibitor rolipram as proof of principle, because
the compound has demonstrated beneficial effects in a
wide range of neurological disorders but was halted from
further clinical development because of its adverse side
effects.'® 292! Rolipram exhibited a dose-dependent

effect on motor behavior in Cln32°7’®

mice, where the
highest concentration examined (5mg/kg/day) significant-
ly improved motor function within the first month of
treatment, which extended out to 4 months (see Fig 2A).
This benefit was negated with a lower drug concentration
(0.5mg/kg/day). Interestingly, WT mice receiving 5mg/
kg/day rolipram displayed increased rotarod performance
as compared to vehicle-treated WT animals at 2 to 6
months (see Fig 2A). A recent study demonstrated that
long-term rolipram treatment in WT mice enhanced
mGluR-mediated long-term depression,37 which could
account for our findings in WT animals, although this
remains speculative. As mentioned above, rolipram was
not used for subsequent mechanistic studies in the
CIn3%*7"® ‘model, because it is not a clinically viable
agent due to its adverse side effects.

Roflumilast (Daliresp) is an FDA-approved PDE4
inhibitor used to reduce the risk of exacerbations in

patients with chronic obstructive pulmonary disease.””
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Because roflumilast is FDA approved, this offered the
possibility of repurposing the compound for JNCL,

38718 mice were

should efficacy be demonstrated. Cln
treated with 3 different concentrations of roflumilast
(2.5, 5, and 10mg/kg) via daily oral gavage, with effects
on motor function evaluated at monthly intervals. Only
the highest doses of roflumilast tested (5 and 10mg/kg/
day) led to significant improvements in rotarod activity,
whereas the lower concentration (2.5mg/kg/day) was not
effective (see Fig 2B and data not shown). The groups of
WT and Cln32*”’® vehicle-treated mice used to assess
5mg/kg/day roflumilast did not differ from each other
dramatically in accelerating rotarod performance, which
was unusual (see Fig 2B). Nevertheless, treatment of
Cln32*7" animals with 5mg/kg/day roflumilast did sig-
nificantly improve motor performance compared to
vehicle-treated Cln32<7/8

the beneficial effects of roflumilast on motor activity

mice. Compared to rolipram,

were not observed until 3 months of treatment, which
may be explained by the lower blood-brain barrier per-
meability of roflumilast.>*?>

The final compound examined was a third genera-
tion PDE4 inhibitor PF-06266047 (patent number: US
20140235612). A phase 1 clinical trial has recently been
completed to assess the safety and tolerability of PF-
06266047 in healthy human subjects (ClinicalTrials.gov
identifier: NCT02539550). Unlike roflumilast, PEF-
06266047 has superior blood—brain barrier permeability
and better rodent PK, which translated into lower dos-
ages for our 7z vivo studies. CIn3%*7® and WT mice
received 0.5 or Img/kg of PF-06266047 via daily oral
gavage beginning at 1 month of age, with monthly
rotarod assessments performed. Cln3“*7’® mice treated
with the lowest dose of PF-06266047 (0.5mg/kg/day)
displayed significant improvements in rotarod activity as
early as 1 month post-treatment, which was not observed
with the higher dose (see Fig 2C and data not shown).
One possible explanation for this dosage-dependent effect
is that the PK profile of PF-06266047 indicated that
therapeutic levels would be maintained for ~24 hours at
the 1mg/kg dose. Reducing the dose by a factor of 2
would inhibit enzyme activity for approximately 12
hours, which was considered more desirable to allow for
some PDE4 activity that is likely needed to maintain
homeostatic functions. Therefore, we interpreted the
inability of the higher dose to provide benefit to be due
to it completely preventing PDE4 action throughout a
24-hour period. Based on this, PF-06266047 was exam-
ined at 0.5mg/kg/day for all subsequent studies. We also
demonstrated that this dose of PF-06266047 restored
cAMP in the TH, VC, and HPC of CIn3**’® mice to
levels seen in WT animals (Fig 3).
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FIGURE 2: Phosphodiesterase 4 (PDE4) inhibitors improve motor function in CIn32*”’% mice. CIn3*®7/% and wild-type (WT)
mice (n=8/group) received vehicle or (A, D) rolipram (RO; 0.5 or 5mg/kg), (B, E) roflumilast (RF; 5mg/kg), or (C, F) PF-
06266047 (PF; 0.5mg/kg) beginning at 1 month of age, after which motor activity was assessed by accelerating rotarod testing
at monthly intervals. Across all comparisons, significant differences between vehicle-treated WT and CIn32**7’% animals are
denoted by asterisks. (A) Significant differences between CIn32°*”/8 yehicle-treated versus CIn32°*”/8 5mg/kg/day rolipram are
indicated by hash signs, CIn32*7/8 yehicle-treated versus CIn3***”’® 0.5mg/kg/day rolipram are denoted by daggers, and WT
vehicle-treated versus WT 5mg/kg/day rolipram are indicated by ampersand signs. (B) CIn3**X/% yehicle-treated versus
CIn32%7/8 roflumilast-treated mice are indicated by hash signs, and WT vehicle-treated versus WT roflumilast are indicated by
ampersand signs. (C) CIn32°*7/8 yehicle-treated versus CIn3<*7/® PF.06266047-treated mice are indicated by hash signs, and
WT vehicle-treated versus WT PF-06266047-treated mice are indicated by ampersand signs. (D-F) Weights of CIn32*?/% and
WT mice during PDE4 inhibitor treatment. (D) Significant differences between CIn32**”/8 yehicle-treated versus CIn3**”’% 5mg/kg/day
rolipram are indicated by hash signs, CIn3**<7/8 yehicle-treated versus CIn3**<”/8 0.5mg/kg/day rolipram are denoted by daggers, and
WT vehicle-treated versus WT 5mg/kg/day rolipram are indicated by ampersand signs. (E) Significant differences between WT vehicle-
treated and WT roflumilast are indicated by ampersand signs. (F) Significant differences between CIn3**7/® yehicle-treated versus
CIn32°*7/8 PF.06266047-treated mice are indicated by hash signs, and WT vehicle-treated versus WT PF-06266047-treated mice are
indicated by ampersand signs. For all comparisons, *, #, &, 1 reflect p<0.05; **, ##, &&, 11 denote p<0.01; ***, ###, &&&, 111 reflect
p<0.001; and ****, ####, &&&& represent p<0.0001.

To the best of our knowledge, chronic PDE4 inhib-
itor administration has not been examined in any juve-

the various PDE4 inhibitors over the 6-month treatment
period, with histopathology on multiple organs at the
time of sacrifice. Both WT and Cln3%*"’® mice that

received PDE4 inhibitors weighed less than their vehicle-

nile species. When considering the possible utility of
PDE4 inhibitors in JNCL patients, safety/toxicity assess-

ments are needed. To this end, weekly weight measure-
ments and blood chemistry profiles (every 2-3 months)
were conducted on WT and Cln3**7% mice receiving
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treated counterparts; however, the rate of weight gain was
similar between the groups (see Fig 2D-F). Blood chem-
istry analysis did not reveal any significant abnormalities

Volume 80, No. 6
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FIGURE 3: PF-06266047 restores cyclic adenosine mono-
phosphate (cAMP) levels in CIn32**7% mice. CIn3**7/8 and
wild-type (WT) mice received PF-06266047 (PF; 0.5mg/kg)
or vehicle via daily oral gavage beginning at 1 month of
age, whereupon animals were sacrificed 6 months later for
cAMP quantitation by immunofluorescence staining in the
thalamus, visual cortex, and hippocampus (n = 5/group). Sig-
nificant differences between groups are denoted by aster-
isks (***p<0.001; ****p<0.0001).

in liver, kidney, or pancreatic function throughout the 6-
month treatment period (data not shown), indicating
that the compounds do not induce overt toxicity when
chronically administered to juvenile animals. In addition,

histopathological assessments of numerous organs did
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not reveal any evidence of toxicity as assessed by a board-

certified pathologist (S. M. Cohen; data not shown).

PDE4 Inhibitors Attenuate Disease-Associated
Pathology in CIn3°*7’8 Mice
Prior work from our laboratory and others has identified

Aex7/8 :
mice

early microglial and astrocyte activation in Cln3
that precedes and predicts regions of eventual neuronal
loss.®” Additionally, CIn3“*7'® astrocytes show reduced
expression of the glutamate transporter GLAST and glu-
tamine synthetase, indicating altered glutamate recycling
capacity, which supports the neurotransmitter imbalance
associated with JNCL.*"" We have also reported that
Cln3%*7’® microglia are primed toward a proinflamma-
tory phenotype when exposed to danger signals present
in the CIn3"*7'® brain.® Given these findings and prior
reports documenting the utility of PDE4 inhibitors to
dampen microglial proinflammatory activity and
enhance glutamate transporter expression in astro-
cytes,"”*® we examined whether PDE4 inhibitors affect-
ed glial activation and glutamate transporter expression
in CIn3“*7"® mice. We limited our analysis to roflumi-
last and PF-06266047 for these studies, because both
agents demonstrated beneficial effects on motor func-
tion in Cln34*7"®
consider for use in JNCL patients (see Fig 2B, C).
Cln3**7"® and WT mice were sacrificed after the

6-month PDE4 inhibitor treatment period, whereupon

animals and are viable therapeutics to

effects on microglial and astrocyte activation were exam-
ined by immunofluorescence staining for CD68 and
GFAP, respectively. CDG68 reactivity was significantly ele-
vated in the SIBF and TH of Cln3“*7’® animals, which
was attenuated following roflumilast treatment (Fig 4A,
B). PF-06266047 also led to significant reductions in
microglial activation (see Fig 4C, D). GFAP immunore-
activity was significantly enhanced in the S1BF and TH
of Cln3%*7"® mice as compared to WT controls, in
agreement with previous observations from us and
others.®” Roflumilast significantly reduced GFAP immu-
noreactivity in both brain regions of Cln3*“7® mice
(Fig 5A, B). Similar findings were obtained with PF-
06266047, which significantly attenuated GFAP levels in
the S1BF and TH of Cln3"*”"® animals (see Fig 5C, D).
Importantly, neither roflumilast nor PF-06266047 altered
CD68 or GFAP expression in WT mice, supporting spe-
cific disease-modifying effects.

JNCL is characterized by progressive lysosomal dys-
function, which is most pronounced in neurons.?”*°
LAMP1 is widely used as a readout of lysosomal patholo-
gy and is often considered a more sensitive indicator
compared to inclusion burdens.®"*? Therefore, we evalu-
ated the effects of PDE4 inhibitors on lysosomal
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FIGURE 4: Phosphodiesterase 4 inhibitors attenuate microglial activation in CIn3***”/% mice. CIn32*7’% and wild-type (WT) mice
(n = 4-8/group) received vehicle, (A, B) 5mg/kg roflumilast (RF), or (C, D) 0.5mg/kg PF-06266047 (PF) via daily oral gavage
beginning at 1 month of age, whereupon animals were sacrificed 6 months later for quantitative assessments of microglial acti-
vation in the somatosensory barrel field cortex (S1BF) and thalamus by immunofluorescence staining for CD68. Significant dif-
ferences between groups are denoted by asterisks (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).

pathology by LAMPI immunostaining. As has been
shown for other lysosomal storage disorders, "%
LAMP1 expression was increased in vehicle-treated
CLN3**"’® mice compared to WT animals in the S1BF
and TH (Fig 6). Similar to what was observed for glial
activation, both roflumilast and PF-06266047 signifi-
cantly reduced LAMP1 levels (see Fig 6A, B and C, D,
respectively), reflecting reduced lysosomal pathology.
Interestingly, neither roflumilast nor PF-06266047 had
any effect on autofluorescent inclusions in either the
brain or the retina (data not shown). This could be
explained by the drug treatment not ensuing until signifi-
cant inclusion burdens had already developed at 1 month
of age, and although the observed reductions in LAMP1
suggest improvements in lysosomal biology, this was not
sufficient to clear established inclusion material. Howev-
er, the contribution of inclusions to neuronal death
remains uncertain, because many inclusion-positive neu-
rons are not lost in the disease." >

As previously mentioned, we recently reported sig-
nificant reductions in the astrocytic glutamate transporter

916

GLAST in 3-month-old Cln3**”’® mice,® which could
represent one mechanism accounting for excessive gluta-
mate levels in JNCL that have been implicated in neuron
excitotoxicity.'>**> This finding was extended in the
current study, where significant reductions in GLAST
expression were observed in the SIBF and TH of
CIn3%*7"8 mice at 7 months of age (Fig 7). Importantly,

Ae7I8 nimals with either roflumilast

treatment of Cln3
or PF-06266047 beginning at 1 month of age restored
GLAST expression in both brain regions to levels similar
to those seen in WT mice (see Fig 7A, B and C, D,
respectively). Recent studies attributed elevated glutamate

Aex7/8 11,34
S 34 and our

levels to rotarod deficits in Cln mice
results support a potential link between increasing the
expression of molecules critical for glutamate homeostasis
and improvements in motor activity in Cln3"*7'® ani-
mals. Importantly, neither roflumilast nor PF-06266047
altered LAMP1 or GLAST expression in WT mice, sup-
porting specific disease-modifying effects. Collectively,
these results demonstrate the ability of two distinct

PDE4 inhibitors to reverse some pathological features of

Volume 80, No. 6
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FIGURE 5: Phosphodiesterase 4 inhibitors reduce astrocyte activation in CIn32°*”/% mice. CIn3*7/% and wild-type (WT) mice
(n=4-8/group) received vehicle, (A, B) 5mg/kg roflumilast (RF), or (C, D) 0.5mg/kg PF-06266047 (PF) via daily oral gavage
beginning at 1 month of age, whereupon animals were sacrificed 6 months later for quantitative assessments of astrocyte acti-
vation in the somatosensory barrel field cortex (S1BF) and thalamus by immunofluorescence staining for glial fibrillary acidic
protein (GFAP). Significant differences between groups are denoted by asterisks (*p<0.05; **p<0.01; ***p<0.001;

***kp <0.0001).

C1n3Aex7/8
in motor behavior suggests that these compounds may
offer therapeutic benefit in JNCL patients.

mice, which when coupled with improvements

PDE4 Inhibitors Are Capable of Improving
Motor Activity in CIn3*7/% Mice with
Advanced Disease

Although roflumilast and PF-06266047 were capable of

improving motor activity and disease-associated features
in CIn3**7"® mice when treatment was initiated at 1
month of age, we next examined whether delayed admin-
istration would be efficacious. This is an important issue
in terms of translational potential, because a JNCL diag-
nosis can often be delayed and patients would have
already experienced increasing disease burden. To this
end, we began PDE4 inhibitor treatment in 3-month-old
animals, which display more advanced disease in terms
of increased lysosomal pathology and motor deficits.
Delayed treatment with both roflumilast (5mg/kg/day)

December 2016

and PF-06266047 (0.5mg/kg/day) significantly improved

A . . ..
78 mice, with activity

rotarod performance in Cln3
restored to near levels observed in WT animals (Fig 8A,
B, respectively). Both WT and Cln327"® mice receiving
delayed PDE4 inhibitor treatment weighed less than their
vehicle counterparts; however, weight gain occurred in all
groups (see Fig 8C, D). One interesting difference was
observed with early versus delayed roflumilast treatment
of CIn3297"® mice, with 3 months of treatment needed
to demonstrate an effect when drug administration began
at 1 month of age (see Fig 3), whereas in animals with
more advanced disease (ie, 3 months), roflumilast

Aex7I8  animals after

improved motor function in Cln3
only 1 month of treatment (see Fig 8). The reason for
this difference is not known; however, it could result
from altered blood-brain barrier permeability with
increasing disease burden at the time of treatment or PK
differences in juvenile versus adult animals. Collectively,

these findings demonstrate the utility of PDE4 inhibitors
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FIGURE 6: Phosphodiesterase 4 inhibitors attenuate lysosomal pathology in the CIn32°*7’% prain. CIn32**”/® and wild-type (WT)
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somal-associated membrane protein 1 (LAMP-1) expression in the somatosensory barrel field cortex (S1BF) and thalamus. Sig-
nificant differences between groups are denoted by asterisks (**p<0.01; ****p<0.0001).

to treat advanced disease, suggesting that they may offer
therapeutic benefit to JNCL patients at later stages of the

disease process.

Discussion

Motor defects are a hallmark of JNCL,?” some of which are

Aex7/8 2
78 mouse model,*? as demon-

recapitulated in the Cln3
strated by the rotarod deficits described in the current study.
Prior reports using CLN3 knockout mice revealed height-
ened glutamate levels and reduced GABA in the cortex and
cerebellum, and N-methyl-D-aspartate or a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor block-
ade could improve motor function in these animals, lending
support to the excitotoxic theory of neuronal loss in
JNCL.'>'33 Our recent work also supports this possibility,
in that the expression of key molecules involved in gluta-
mate clearance/detoxification from the synaptic cleft
(GLAST and glutamine synthetase, respectively) were signif-
icandly reduced in the CIn3**”"® brain. In addition, we
recently demonstrated transient hemichannel opening in
CIn3"*7’® mice, which could exacerbate extracellular gluta-

mate accumulation and promote excitotoxic neuronal

918

death.® A second potential insult that may contribute to
neuronal loss in JNCL is aberrant inflammatory activity that

Aex7/8 microglia.8 These

our laboratory has described in Cln3
potential non—cell-autonomous effects of dysfunctional
astrocytes and microglia in JNCL are expected to synergize
with intrinsic neuronal defects to culminate in cell loss.*®
These changes led to our interest in investigating the utility
of PDE4 inhibitors, because prior studies have shown their
efficacy in attenuating microglial proinflammatory activity,
augmenting astrocyte glutamate transporter expression, and
delivering prosurvival signals to neurons.'>'®*® Our find-
ings support a key role for cAMP in dictating motor dys-
function, glial activation, and lysosomal pathology in the
CIn3“*7’® brain, and support the feasibility of PDE4 inhib-
itors as potential therapeutics for the treatment of JNCL
patients.

To our knowledge, this is the first report demonstrat-
ing significant cAMP reductions in the CIn3“*7’® brain in
vivo. cAMP is a critical second messenger involved in regu-
lating synaptic activity, glutamate homeostasis, and bioen-

13,16

ergetic functions. cAMP influences transcriptional

events by binding to cAMP-responsive element binding
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cant differences between groups are denoted by asterisks (*p<0.05; **p<0.01; ****p<0.0001).

protein, a ubiquitous transcription factor that controls the
expression of a variety of genes, including synaptic proteins
and glutamate receptors that are involved in glutamate
release.®* Therefore, it is possible that generalized reduc-
tions in cAMP could affect downstream events responsible
for optimal synaptic activity, behavior, and neuronal sur-
vival in JNCL. This was supported by our findings, where
3 distinct PDE4 inhibitors (rolipram, roflumilast, and PF-
06266047) were capable of restoring motor activity of
Cln3%*”"8 mice to performance levels near or equal to WT
animals. Because prior work has implicated excessive gluta-
mate stimulation as a major factor responsible for rotarod
deficits in CLN3 knockout mice,!'"* this suggests that
PDE4 inhibitors may be modulating glutamatergic path-
ways. This was supported by our findings where chronic
treatment of Cln3“*7® animals with PDE4 inhibitors
returned GLAST expression to levels observed in WT mice,
which would be expected to help clear extracellular gluta-
mate from the synapse and improve motor coordination.
Importantly, both roflumilast and PF-06266047 were
capable of improving motor activity in Cln3**”’® mice
when treatment was delayed until 3 months of age, reveal-
ing the ability of both compounds to benefit more

December 2016

advanced disease. With regard to roflumilast dosing, the
group of WT and Cln3“"® vehicle-treated mice used to
assess Smg/kg/day roflumilast (see Fig 2B) did not differ
from each other dramatically in accelerating rotarod per-
formance, which was unusual. Nevertheless, treatment of
CIn3**7’® animals with 5mg/kg/day roflumilast did signif-
icantly improve motor performance compared to vehicle-
treated Cln3“*""® mice, and when considered in conjunction
with its ability to attenuate microglial and astrocyte activa-
tion and lysosomal pathology, this indicates that roflumilast
exerts beneficial effects on CNS pathology at this dose.
Increasing roflumilast to 10mg/kg/day improved accelerating

Aex7/8 mice, which

rotarod performance even further in Cln3
still reduced glial activation (data not shown); however,
10mg/kg in mice is nearing the maximal tolerated dose in
humans of 500 pg/day**** and resulted in more weight loss
in both WT and CIn3*7’® animals compared to 5mg/kg/
day (data not shown). This suggests that the dose required to
improve motor activity may fall slightly above that needed to
attenuate glial activation and lysosomal pathology and would
require regular clinical assessments of JNCL patients to iden-
tify the optimal dose to improve motor coordination while

minimizing known side effects of the compound (ie, nausea
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and weight loss). To date, roflumilast is only FDA approved
for adult use; however, one report examined the PK proper-
ties of a single roflumilast dose in children and adolescents
with stable mild to moderate asthma and found that the
drug was well tolerated with PK parameters similar to those
of adults.”® Chronic roflumilast dosing in children has not
yet been performed, but the authors speculated that this
would be well-tolerated, which is supported by our findings,
where chronic dosing of juvenile animals was not associated
with severe adverse events.

One interesting observation was that both roflumi-
last and PF-06266047 also increased motor performance
in WT animals. The reason for this is not clear, but may
be explained by compensation in cAMP signaling. For
example, the neuronal network maintains an optimal
range for cAMP signaling in the brain.’! Therefore,
chronic cAMP elevations in WT mice, which would
occur with continued PDE4 inhibitor treatment, likely
increased cAMP-mediated signaling above the optimal
range. This could result in an altered set point and mani-
fest as improved motor performance, which was observed

920

in the current study. Although WT mice demonstrated
improved accelerating rotarod activity with chronic
PDE4 inhibitor administration, this did not translate to
changes in glial activation, glutamate transporter expres-
sion, or lysosome biology, which were identical between
WT animals treated with vehicle or PDE4 inhibitors. In
contrast, all 3 PDE4 inhibitors reduced disease-associated
Aex718

pathology in Cln3 mice across all of the neurologi-
cal readouts examined in this study, which suggests that
they are disease-modifying rather than symptomatic treat-
ment. From a therapeutic perspective, PDE4 inhibitors
would not be used in healthy individuals, but the inclu-
sion of WT animals in the current study design was for
completeness and to evaluate the potential toxicity of
PDE4 inhibitors in juvenile animals, which has not yet
been examined over a prolonged (6-month) interval.
This was an important issue to address, because treat-
ment of JNCL patients would require chronic dosing to
impact disease progression. To this end, we did not
observe any significant differences in blood chemistry val-
ues or tissue histopathology after a 6-month dosing

Volume 80, No. 6



period, although animals receiving PDE4 inhibitors
weighed less than vehicle controls, but still showed
weight gain throughout the study.

Another feature of JNCL is neuronal loss, which is
more limited in Cln3 mouse models compared to human
disease.”>* A prior publication reported thalamic neuron
loss in Cln32"’® mice on a mixed 129Sv/Ev/CD1 back-
ground at 12 months’; however, this reduction was rela-
tively modest and we have not observed any differences
in neuron counts of Nissl-stained sections in a 1 in 6
series using unbiased stereology between vehicle-treated
WT and Cln327’® animals on a C57BL/6 background,
which is known to harbor milder disease phenotypes.
That we could not demonstrate evidence of neuronal loss
in CIn3%7"® mice at this time point precluded our abili-
ty to assess the effects of PDE4 inhibitors on promoting
neuronal survival. Therefore, our analysis has instead
focused on other quantifiable pathological outcomes,
including glial activation and lysosomal pathology. Nev-
ertheless, at the conclusion of each dosing trial, brains
were weighed and normalized to total body weight to
account for weight loss resulting from chronic PDE4
inhibitor treatment. There were no significant changes in
brain:body weight ratios either between vehicle-treated
WT and Cln3%*”’® mice or with any of the 3 PDE4
inhibitors tested, demonstrating that chronic PDE4
inhibitor dosing did not adversely affect neuron survival
as measured by total brain weight.

In addition to augmenting glutamate transporter
expression, it is also possible that the beneficial effects of
PDE4 inhibitors in Cln3*7"® mice may be mediated, in
part, by dampening neuroinflammatory responses that
are suggested to occur in JNCL,*®3 because PDE4
inhibitors have been shown to reduce inflaimmation in
other neurological conditions.'”'*?*2¢ The ability of
PDE4 inhibitors to significantly reduce astrocyte and

microglial activation in Cln3%7/8
g

mice supports this
tenet. Neuroinflammation could be a risk factor in
JNCL, because Cln32<7/8 microglia were shown to pro-
duce numerous proinflammatory cytokines (including
tumor necrosis factor-o [TNF-¢] and interleukin-1f [IL-
1f]) when exposed to danger-associated molecular pat-
terns (DAMPs) encountered during the disease process.8
Another possibility is that Cln3*7"® microglia could
release DAMPs that induce reactive astrocytosis and
impair glutamate homeostasis and other astrocyte func-
tions.*® Glial crosstalk could also occur via TNF-o and
IL-1 production by CIn3**7® microglia that are
known to induce astrocyte hemichannel opening,>*

3Aex7/ 8

which we have also shown occurs in Cln mice and

can lead to extracellular glutamate release.®>>
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Although lysosomal inclusions form throughout the
body in JNCL due to the ubiquitous expression of
CLN3, the primary site of disease manifestation is within
the CNS. However, cardiac dysfunction is also observed

¢ and it remains

in children as the disease progresses,
unknown what systemic effects PDE4 inhibitors may
exert in this context. Of note, besides the CNS, PDE4
isoforms are expressed in the cardiovascular system, the
reproductive organs, the gastrointestinal tract, and the
immune system, where PDE4 inhibition has been associ-
ated with anti-inflammatory effects.”” Because inflamma-
tion has been linked to pathology in JNCL, it is likely
that PDE4 inhibitors may dampen inflammation, which
would be desirable in the CNS to limit deleterious
inflammation in response to dying neurons and autoanti-
body formation that is characteristic of the disease.”®>’
We did not examine potential systemic effects of PDE4
inhibitors in the current report, because there are no
peripheral biomarkers that have been identified in JNCL
and the few systemic changes reported to be altered in
CIn3%*”"8 mice are modest in nature.®® However, we did
not observe any adverse effects on blood chemistry values
throughout the 6-month duration of PDE4 inhibitor
treatment in either CIn3**7"® or WT animals. Impor-
tantly, clinical studies have not revealed any severe
adverse effects of roflumilast on the cardiac, reproductive,
or gastrointestinal systems.24’25

In summary, this study is the first to demonstrate
the utility of PDE4 inhibitors to limit disease-associated
attributes of JNCL. In particular, PDE4 inhibitors were
found to improve motor function as well as mitigate
astrocyte and microglial activation, reduce lysosomal
pathology, and restore glutamate transporter expression
in Cln3%*”’® mice. Although the precise mechanisms
whereby PDE4 inhibitors exert these beneficial effects are
not known, targeting PDE4 represents a novel therapeu-
tic strategy for JNCL patients.
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