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ABSTRACT

JAKA4D, a first-in-class thyrotropin-releasing homeo TRH)-based compound, is a prospective
therapeutic candidate offering a multifaceted appinao treating neurodegeneration and other
CNS conditions. The purpose of these studies wdstermine the ability of JAK4D to bind to
TRH receptors in human brain and to evaluate itsogharmacological effects in
neurodegenerative animal models. Additionally, 48Kbrain permeation was examined in
mouse, and initial toxicology was assessedvo andin vitro. We report that JAK4D bound
selectively with nanomolar affinity to native TREceptors in human hippocampal tissue and
showed for the first time that these receptorgppaismacologically distinct from TRH receptors
in human pituitary, thus revealing a new TRH reoeptibtype which represents a promising
neurotherapeutic target in human brain. Systeamgi@istration of JAK4D elicited statistically
significant and clinically-relevant neuroprotectieects in three established neurodegenerative
animal models: JAK4D reduced cognitive deficits wiaelministered post-insult in a kainate
(KA)-induced rat model of neurodegeneration; ittpoted against free radical release and
neuronal damage evoked by intrastriatal microdialgs KA in rat; and it reduced motor

decline, weight loss, and lumbar spinal cord nealrtoss in G93A-SOD1 transgenic
Amyotrophic Lateral Sclerosis mice. Ability to ethe blood-brain-barrier and a clean initial
toxicology profile were also shown. In light oee findings, JAK4D is an important tool for
investigating the hitherto-unidentified central TRéteptor subtype reported herein and an

attractive therapeutic candidate for neurodegeiverdtsorders.

Keywords. Thyrotropin-releasing hormone; Neuroprotection; idelegeneration; TRH

receptors; JAK4D; Novel central TRH receptor-subtyp



1. Introduction

There is pressing unmet clinical and health econareed for neurotherapeutic drugs that
prevent or slow disease progression, relieve symgtand improve quality of life in acute and
chronic progressive disorders of the central nes\gystem (CNS) (Miller, 2012; Pangalos et al.,
2007). Given the complexity of multiple patholagliprocesses in neurodegeneration, it is
increasingly recognized that pharmacological irgations capable of modifying multiple
pathogenic mechanisms may offer therapeutic adgastaver strategies targeting a single injury
process (Cavalli et al., 2008; Geerts, 2009; Géidgs et al., 2011; Stoica et al., 2009). While
multifaceted intervention conceivably might be anptished by a cocktail of targeted drugs, a
single multifunctional therapeutic agent would beattractive alternative. Herein we describe
neuropharmacological evaluation of a first-in-clésgotropin-releasing hormone (TRH)-based
compound, hereafter designated JAK4D (Scalabrirab. €2007) (US Pat. 7713935 B2), which

offers such a multifaceted approach.

The central signaling system of the naturally-odogrneuropeptide TRH represents a
therapeutic target with multifaceted, neurotheréipebomeostatic, and antinociceptive effects
independent of TRH’s endocrine actions (Boschi.etl883; Gary et al., 2003). Potential
clinical application of activation of this centsfstem in treating a wide range of CNS disorders
has long been recognized (Gary et al., 2003; @1#fi1987; Kelly, 1995) and was recently
reviewed (Daimon et al., 2013). TRH’s remarkal#enoprotective actions include attenuation
of multiple constituents of secondary pathways tbad to neuronal cell death (Faden et al.,

2005; Jantas et al., 2009) and improvement of leelhioenergetics, ionic homeostasis, and



cerebral blood flow following neuronal injury (Fadet al., 2005). TRH has also been identified
in both the CNS (Gary et al., 2003) and the immsystem (Kamath et al., 2009) as a
homeostatic regulator, or ‘normalizer’ of dysregethphysiologic systems, a property of

increasing relevance in the pharmacotherapy ofausgenerative disorders.

Harnessing the clinical potential of TRH has hitbdyeen limited by its rapid degradation (by
the highly specific TRH-degrading ectoenzyme (TRE}PEC 3.4.19.6), poor bioavailability,

and unwanted neuroendocrine side effects (Kell9519 Previously-developed TRH analogs
have not sufficiently overcome these impedimeritsictural features compromising receptor
affinity and efficacy, as well as endocrine effec&snained (Scalabrino et al., 2007).
Nevertheless, clinical trials of TRH and TRH analbgve already demonstrated positive effects
in many CNS disorders (Gary et al., 2003; Kelly93p with a good safety record (Kubek and

Garg, 2002).

Our earlier studies identified JAK4D as the leathpound of a set of first-in-class
neuropeptides that uniquely incorporate a dualtffangharmacophore for potent inhibition of
TRH-DE (K; 151 nM) together with selectivity and potent affyrfor central TRH receptors in
rat brain K; 6.8 nM) (Scalabrino et al., 2007). This compoiswkadily synthesized and
chemically stable, displays high plasma stabibtyd is effective in mimicking and enhancing
well-defined central behavioral actions of TRH &b without evoking endocrine effects
(Scalabrino et al., 2007). By overcoming the abmestioned limitations of native TRH and
prior analogs, JAK4D presents an innovative mearselectively deliver the centrally-mediated

therapeutic benefits of TRH in treating neurodegatien and other CNS disorders.



Building on our previous findings, the principaie of this current work were to determine the
ability of JAK4D to bind to target receptors in hambrain and to evaluate its
neuropharmacological effects in neurodegenerativaa models. Herein it is shown that
JAKA4D binds selectively to a native TRH receptohiiman hippocampus. This human brain
receptor is pharmacologically distinct from the fampituitary TRH receptor and is reported
here for the first time. We also demonstrate d#€4D displays important statistically
significant neuroprotective effects in three animaldels of neurodegeneration, crosses the

blood-brain-barrier (BBB), and has a favorable tokgical profile.

2. Materialsand M ethods

2.1 Chemicals
JAKA4D was custom synthesized by American Peptida@amy (Sunnyvale, California, USA)
under a CDA with Trinity College Dublin. All othehemicals were purchased from sources

given in the methods or from Sigma Aldrich, Ireland

2.2 Radioligand Binding Studies

To verify that JAK4D binds to TRH receptors in hum@NS tissue, radioligand binding assays
were undertaken. Confirmation that a compoundtodts targeted receptor in native human
tissue is critical for progression to clinical demment, especially since the apparent
pharmacology of recombinant receptors may notceflet of the native human target (George

et al., 2002).



[*H][3-Me-His?]TRH (NET 705, 57.4-62.0 Ci/mmol, Perkin Elmer, U¥js used to label TRH
receptors in human hippocampal and pituitary tiseum individual non-identifiable donors

aged 45-55 years with no history of neurologicakdse. These tissues were kindly donated to
The University of Miami Brain Endowment Bank. Merabes from these tissues were prepared
at the University of Miami and purchased from Tes&olutions Limited, Scotland. Membranes
were prepared essentially as described by (Hirslt €2000) except homogenization and re-
suspension buffers were the same as those we eedptogviously (Hogan et al., 2008; Kelly et

al., 2005, 2002). Membranes were stored at -8p€itling assay.

Binding assays were conducted essentially as pishjialescribed (Hogan et al., 2008; Kelly et
al., 2005, 2002). All assays were carried out’@tih 0.02 M sodium phosphate buffer (pH 7.5)
containing 177 pM bacitracin and 0.1% bovine seallmimin. In saturation binding
experiments approximately 225 pg of membrane prateire incubated in triplicate with
increasing concentrations 6H][3-Me-His’]TRH (0.6 - 20 nM) for 5 h in a final volume of
100ul. Non-specific binding (NSB) was determinedhe presence of 10 uM TRH.
Competition experiments were conducted under siradaditions by incubating membrane
suspensions in either duplicate (pituitary) orlicgte (hippocampus) with 10-12 nNH][3-Me-
His’]TRH and increasing concentrations of competit®'fto 10° M TRH or JAK4D).
Competitors were dissolved in dimethyl sulfoxidé{B0) at 16" M and diluted with assay
buffer such that the final concentration of DMSQalhsamples did not exceed 1%, a
concentration at which specific binding 3H[[3-Me-His’]TRH is not affected (Kelly et al.,

2002). Bound and free ligand were separated byuwradiltration using a Brandel Cell



Harvester and GF/B filters washed with ice-cold?0 MaCl solution. The radioactivity retained
on the filters was measured by liquid scintillatmyunting in a TRI-Carb 2100 TR Packard

Liquid Scintillation Analyzer. Protein was meadiif®y the method of Bradford.

2.3 Animals

All animal experiments were carried out under lggeim accordance with EC directive
86/609/EEC and local regulations for the care as&laf animals in research with full
commitment to replacement, reduction and refinemaemd to minimizing animal suffering. All
animal models employed were well-established magakegiding relevant, clear, measurable
readouts. Animals were housed in perspex cages wtahdard conditions in a temperature
controlled (21 + 1 °C), artificially lighted room 2 hr light cycle) and were allowed access to

food and watead libitum.

2.4 Systemic Kainate (KA) Model

Neuroprotective effects of JAK4D were initially assed in a rat model of kainate (KA)-induced
neurodegeneration: systemic administration of #e#t@toxic glutamate analog KA was used to
produce deficits in learning and memory charadiered human temporal lobe epilepsy (TLE),
and the ability of JAK4D to improve functional reery from KA-induced learning deficits was
evaluated using the Morris water maze (MWM) tesH@»ge and De Deyn, 2001; Gobbo and

O’Mara, 2005).

Male Wistar rats (approximately 250 g) (Comparatedicine, Trinity College Dublin, Ireland)

naive to drug treatment were used. Three indepgreo@eriments were undertaken by three



different investigators blinded to treatment. Raése randomly assigned to five different
groups. On Day 1 of the experiment, all animateneed two i.p. injections. Two groups
received saline and three groups received KA (A@r8idic, USA) (12mg/kg i.p. in saline).
Two hours later the two saline groups receivedcarsa injection of either saline or
DMSO:saline (40:60), and the three groups receitiAgvere administered either saline,
DMSO:saline (40:60) or JAK4D (1mg/kg i.p. in DMSa@lise 40:60). KA-treated rats were
observed to develop characteristic KA-induced batrayincluding wet-dog shakes, head
bobbing, forelimb clonus, foaming at mouth and wesg, for 2-3 h following KA injection. One
animal died within the first 24 h following KA trement. Following day one, all animals were
allowed to recover for 3 days before commencemkeRtWM testing. During this time, animals
were given a daily injection as per their seconedtion on day one, i.e., either saline,

DMSO:saline (40:60) or JAKAD (1mg/kg i.p. in DMS@lise 40:60).

On Day 4, testing was commenced using standard MWal4 as previously described (Gobbo
and O’Mara, 2005). Daily injections of treatmeassabove were continued through the second
day of water maze testing. Each animal undertowolals per day, with approximately 20 sec
between each trial, for 5 consecutive days. Swathg) escape latency and swim speed were
recorded by an automated tracking system (EthoNidimldus, Wageningen, Netherlands). On
the day following the last day of escape lateneyirtg, a probe test was carried out to assess
reference memory at the end of learning (Vorhees\Vditliams, 2006). In this test the platform
was removed from the pool and rats were placeldrpbol and allowed to swim for a 60 sec
period. Swim paths were digitally tracked andltbtae spent in the former zone of the platform

was recorded.



Statistical analyses of MWM data were performecbyndependent biostatistician. Data from
the three independent experiments were pooled @aigized with ANOVA using SPSS with
factors representing Day, Group and Day x Grougragtions. Since there was no heterogeneity
between control groups in which animals receivéidsainjection of saline followed by a second
injection of either saline (n=13) or DMSO:salin®@0) (n=9), these were collapsed for

analysis. Likewise, data from the two groups réogi KA followed by saline (n=10) or
DMSO:saline (40:60) (n=13) were also collapsedafmalysis. A repeated measures design was
used, employing the Greenhouse-Geisser three-gfepach to significance testing where
relevant. In this case, we report the uncorredegtees of freedom, the corrected p value and
the epsilon value of the correction factor. Past tests were calculated to follow up significant

effects.

2.5 Intrastriatal Microdialysis KA Model

The formation of highly reactive oxygen species@$3, which provides a measure of oxidative
stress commonly associated with the pathogenesigny neurodegenerative disorders (Cavalli
et al., 2008; Freinbichler et al., 2011; Zhou et2008), can be evoked in a dose-dependent
manner by local application of an excitotoxic camtcation of KA into rat striatum. hROS can

be sensitively quantified as OH-TA, the hydroxythterivative of sodium terephthalate (DA
(Freinbichler et al., 2011, 2008). This method wasd to assess the ability of JAK4D to protect
againstin vivo free radical formation induced by intrastriatafrawlistration of KA (1 mM)

during brain microdialysis. Histochemiad vivo tissue analysis was employed to assess related

apoptotic striatal tissue damage.



Male Wistar rats (200-220 g) anesthetized with i&ilbydrate (400 mg/kg i.p.) were placed in a
stereotaxic frame. A microdialysis guide cannglanCentric design, CMA/Microdialysis AB,
Stockholm, Sweden) was implanted vertically inrilght neostriatum (stereotaxic coordinates
for neostriatum, relative to Bregma, were AP 0.3.2, DV 5.5 mm). Appoximately 48 h later,
microdialysis experiments were performed on frealyving rats, always starting at 9:00 am, by
inserting the microdialysis probe (4mm exposedasaaf CMA/Microdialysis AB, Stockholm,
Sweden) into the guide cannula. The perfusiomflartificial cerebrospinal fluid (aCSF),
comprised: 140 mM NaCl, 3 mM KCI, 1.2 mM CaCl.0 mM MgC}, 1.2 mM NaHPQ,, 0.27

mM NaH,PO, and 7.2 mM glucose (pH 7.4), plus 1 mM sodiumpktealate (TA) used as a

chemical trap for highly reactive oxygen specidR@S) (Freinbichler et al., 2011).

After a 60 min stabilization period, the dialysatemples were collected every 20 min. Initially,
two fractions were collected to determine basatlev At 60 min, the two KA-treated groups
received an i.p. injection of either vehicle (15%180 in saline) or JAK4D (10 mg/kg in
vehicle); the control group, not receiving KA, wadministered JAK4D i.p. (10 mg/kg in
vehicle). The rats were anesthetized (chloral &igdd00 mg/kg i.p.) just before KA (1 mM) was
applied to the neostriatum for 20 min from 100-13@ through the dialysis probe to the two
KA-treated groups. Reverse phase high presswialcdhromatography analysis of 2-
hydroxyterephthalate (OH-TA) in microdialysates wasried out using a Shimadzu instrument
(Italia S.r.l., Milan, Italy) with a fluorescencetgctor fex = 315 nmjem = 435 nm)

(Freinbichler et al., 2011).



48 h after KA administration, animals were killeg decapitation, the brain removed, and the
isolated neostriatum fixed in 4% paraformaldehydphosphate buffer solution for 72 h.
Following paraffin inclusion, slices of the neoattm (5 micron thick) were cut with a
microtome. Terminal deoxynucleotidyl TransferasetiB-dUTP Nick End Labeling (TUNEL)
immunohistochemistry, using the Klenow fragELMT DNragmentation Detection Kit (Inalco,
Milan, Italy), was applied to identify apoptoticalai. For Caspase-3 analysis, slices, after
deparaffinization and rehydration, underwent petigation with 0.1% Triton X-100,

followed by inactivation of endogenous peroxide&@ rhin in 0.3% HO, in PBS) and serum
blocking (5% donkey serum in PBS). They were tinenbated overnight with the primary
antibody (1:200 Anti-Active Caspase 3 (Promega}) tre next day forl h with the secondary
antibody (1:500 Biotin Conjugated Donkey Anti-rafgbiAB (Jackson ImmunoResearch)). For
both TUNEL and Caspase-3, quantitative image arsalyas performed using the public domain
software Scion Image (Scion Corporation, Fredefi¢k, USA) using a Nikon Eclipse ES800
microscope (Nikon Instruments S.p.A., Firenze yhtalquipped with a JVC SLR camera. For
TUNEL and Caspase-3 analyses, three to six and throur fields were counted respectively,
corresponding to approximately 2000-5000 nucleir IBA1 immunolabeling to detect
microglial activation, sections were first depairgéifed, gradually hydrated, and finally washed
twice in 0.01M PBS solution pH 7.4. The tissue s treated with 0.3% O, for 10 min to
block endogenous peroxidase activity, then withi@3étking donkey serum in PBS for 5 min to
reduce background or unspecific staining. Sectea® incubated overnight at 4°C with the
primary antibody (1:500, Anti-IBA1 (WAKO ChemicadmbH, Germany)) diluted in 0.1M
PBS, 5% donkey serum. The following day, sectwase washed twice with PBS and then

incubated for 10 min with the secondary antibod$@0, Biotinylated anti-Rabbit IgG Antibody



(Jackson ImmunoResearch Laboratories, USA)) in (PB&. The antigen-antibody complex
was then visualized by the Vectastain ABC peroxadas(1:200, Vector Laboratories, USA).

Finally, sections were washed and developed usbig® DAB (Sigma-Aldrich, Milan, Italy).

2.6 G93A-SOD1 Transgenic Mouse Model

Therapeutic effects of JAK4D were also assessé#teitransgenic G93A-SOD1 mouse, an
established model of Amyotrophic Lateral SclergsisS) (Gurney et al., 1994; Ludolph et al.,
2010, 2007), employing rotarod performance, bodigiteand histological analysis of spinal

cord tissue as readouts of potential therapeutiefiterom JAK4D treatment.

A randomized, blinded, gender-, weight- and agechet study in male G93A-SOD1 mice was
performed according to current guidelines for grecél animal research in ALS. Gender-
specific testing was undertaken, given recognizsulgr differences in disease survival and

onset (Kalmar et al., 2008).

Forinvivo measurements, 26 male G93A-SOD1 transgenic fdrili& mice (high copy

number; B6SJLTg (G93A-SOD1) 1Gur/J; The Jacksorotatory, Bar Harbor, ME, USA) were
shipped at 5 weeks of age and allowed one weekdorate before being assigned to the study.
Treatment with JAK4D (2mg/kg i.p. 5 days/week) ehicle (DMSO: Saline 20:80) was

initiated in 2 randomly assigned groups (n=13 peup) 6 weeks after birth and continued until
end stage. End stage was defined by death oeasdhility of an animal to right itself within

30 s if laid on either side (both sides were tésted



Beginning at 9 weeks of age, motor function wagsssd with a rotarod apparatus (Ugo Basile,
Italy), using an accelerated rotarod protocol (24 over a ramp period of 180 s). During an
adaptation period of 3 days, all but one mouse m#deon the rotarod for the defined maximum
test duration of 500 s. From the outset, one mal#gugh physically in good condition and

not displaying any neurological signs of ALS umtgek 17, would not stay on the rotarod for
500 s and was excluded from rotarod analysis. rBdteesting was assessed twice per week
until the animals could no longer carry out théktalice carried out the test three times on each
day of testing with at least a 10 min rest perietiheen tests. Two investigators performed the

experiment, one blinded to treatment.

The body weight of all mice was measured on intak@ then weekly from 7 weeks of age until
12 weeks of age when it was measured twice per wéékghing was always performed
between 10 am and 1 pm to avoid diurnal variatiohls mice were on a teklad global 18% diet

(Harlan U.K.).

Separately, for histological analyses, male G93A3%®@ansgenic familial ALS mice were
treated from 6 to 16 weeks of age with either JAK2Dng/kg i.p. 5 days/week) or vehicle
(DMSO: Saline 20:80) (n=5 per group). Five siblman-carriers (controls) were similarly
treated with vehicle. At 16 weeks mice were trandially perfused with 0.1M PBS followed by
4% buffered paraformaldehyde and spinal cords wagilly removed following euthanasia.
Spinal cord was fixed in formalin for a minimum48 h. Following fixation caudal lumbar
spinal cord was paraffin embedded and sections¢domthick) were cut and stained with

haematoxylin and eosin. For evaluation, all vértoain neurons were counted from within the



ventral horn below a lateral line across the spuoadl from the central canal (Klivenyi et al.,
1999). Total counts for both ventral horns wetaldshed. Evaluations were undertaken by an

accredited research pathologist blinded to theyspudtocol.

2.7 Brain Permeation

Passage of JAK4D across the blood-brain-barrielBBB favored by its greater lipophilicity
compared to TRH (as reflected by respective ratarttmes of 17 min and 9 min on reverse
phase high pressure liquid chromatography (Scalalai al., 2007)). Moreover, passage is
strongly indicated by the behavioral and neuroplaaotogical effects elicited by JAK4D
((Scalabrino et al., 2007) and herein). To exarbir@én permeation more directly, JAK4D
levels in mouse brain and spinal cord were assassad LC-MS-MS following a single
peripheral injection. An advantage of LC-MS-MS ptree use of a radiolabelled compound in
such an experiment is that it allows the intactenole to be unambiguously identified.
Capillary depletion, modified for mouse brain, veasried out according to the method of
Pardridge adapted from (Triguero et al., 1990) éasure JAK4D levels in brain capillaries and

parenchyma following peripheral administration.

2-4 month-old C57/BJ6 (Harlan, UK) male mice wemnected either i.v. (via tail-vein) or i.p.
with 320ul of JAK4D (2mg/kg) in 20% DMSO in salife = 3 for each group). 10 min post i.v.
injection and 5 and 10 min post i.p. injection, ewgere anesthetized, the thorax opened, and
blood collected from the vena cava using a hepagthsyringe. The blood was slowly
transferred to an eppendorf containing 7.5 pl hegard centrifuged at 14,000 rpm (Hettich

Mikro 22R) for 5 min at 4 °C. 50 pl of translucgathsma was removed and transferred to a



cryovial and snap frozen in liquid nitrogen. Migere perfused for 5 min with 0.9% saline.
After decapitation the brain was removed, weighmad guickly transferred to a glass
homogenizer on ice. The tissue was homogenizddMitfull strokes in a 4-fold volume of cold
phosphate-buffered saline (PBS). 1.2 volumes &6 40ld dextran in PBS buffer were added
and the tissue was further homogenized using 3ftdkes. 0.2 ml of homogenate was
removed, transferred to a cryovial, and snap frozdiquid nitrogen for LC-MS-MS analysis to
give total brain JAK4D levels. The remaining horangte was divided between two 2 ml
microcentrifuge tubes and centrifuged at 4 °C fandin at 6000 rpm (Hettich Mikro 22R). The
resulting parenchyma layers in each microcentritugpe were removed using a Pasteur pipette,
combined, and transferred to a cryovial and snagefn until analysis. The same was carried out
for the dextran layers. The remaining pellets ammig the brain capillaries were frozen at —20
°C until analysis. Spinal cord was also removédlbfang perfusion, transferred to a cryovial,
and snap-frozen in liquid nitrogen. Samples (psspinal cord, homogenate, parenchyma
layer, and brain capillaries) were then transpoatedlry ice to Charles River, Edinburgh, U.K.

for analysis by LC-MS-MS.

A research-grade Turbo lon Spray LC-MS-MS assaydeagloped and employed by Charles
River Preclinical Services U.K. to measure JAK4Rha mouse tissue samples described above.
Standard and quality control samples were prepargd/e a range of matrix concentrations of
0.5-50,000 ng/ml. In the initial set up, samplémouse brain and plasma were ‘spiked’ with 10
to 30,000 ng/ml of JAK4D. The amount of JAK4D drésl gave values between 96% and
118% of theoretical. Chromatography gave a clsharp peak for JAK4D and the calibration

curve was linear over the range 5-50,000 ng/minpéasThe limit of detection was 0.5 ng/ml.



2.8 Toxicology Sudies

Adverse events in response to systemic adminigtrati an acute single dose or chronic daily
dosing of JAK4D were monitored during the coursenafivo studies. Food and water intake
and postmortem liver weight were measured in raré@ide information regarding tolerability
and toxicity of chronic daily dosing of JAK4D (5 kg i.p. in DMSO:saline 40:60) over a
period of 24 days. Cytotoxicity was examined irc@2 cells and erythrocytes. Caco-2
monolayers were prepared according to previousadstfRyan et al., 2009). Cytotoxic effects
of JAK4D (3.63x10' M) were examined in these cells by measuring taalehydrogenase
(LDH) release (Sigma-Aldrich, UK). Erythrocytesnagrepared from blood obtained from
male Wistar rats via cardiac puncture using hepagthsyringes immediately following
euthanasia. These were collected by centrifugg#680g, 5 min, 4 °C) and washed 3 times
with a solution of sodium chloride (150 mM) in 3%hsodium phosphate buffer, pH 7.0. The
final pellet was resuspended in the same buffgnte 4% w/v erythrocyte suspension. 100
samples of suspension (n=6) were plated in 96-wigtotitre plates and incubated with 5%
DMSO, with or without JAK4D (3.63xIHM) for 60 min at 37 °C. Following centrifugation a
1000 g for 5 min, aliquots of the supernatant weaesferred to a fresh 96-well microtitre plate
in which hemoglobin was measured spectrophotonadiyiat 414 nm. Positive and negative
controls in this test were TritonX-100 (which gaM@% hemolysis) and phosphate buffered
saline (which gave 0% hemolysis). Percent hemehysis calculated as described by (Shin et

al., 2001).

2.9 Satistical Analysis



Unless otherwise stated, non-linear regressioryaesilof data were carried out using the
computer program Prism (Graph Pad Software Irfstatistical analyses were performed using
two-tailed Student’s t-test when comparing two grewor analysis of variance (ANOVA),
followed bypost-hoc test as specified in the text, for comparison oftiple groups. To
compare independent groups where outcome measareswt normally distributed, non-
parametric tests were carried out employing SP&S Chicago, lllinois, U.S.A.). The Mann-
Whitney test was used for pair-wise comparisonskngkal-Wallis where there were three or

more groups.

3. Results

3.1 JAK4D binds to human central TRH receptors revealing a novel TRH receptor subtype

In human hippocampal tissuéH][3-Me-His’]TRH specific binding was saturable (Fig. 1A)
with a Kp of 8.97 + 2.90 nM (n=3), a value comparable td teported previously for human
amygdala (Manaker et al., 1986; Parker and Capalel@i84). Displacement oH][3-Me-
His’) TRH binding from human hippocampal and pituitasgtie by TRH and JAK4D is shown
in Fig. 1B and 1C. TRH fully displacetH][3-Me-His?]TRH binding from matched human
hippocampal and pituitary membranes with simildindfes (hippocampal pl§ = 6.09 + 0.20;
pituitary plGyo = 6.84 £ 0.20 (n=3)). JAKA4D displayed very weaknpetition in human
pituitary tissue, with 1® M displacing less than 25% 6H][3-Me-His*JTRH binding. In
contrast, in hippocampal tissue, JAK4D was moremothan TRH in displacingHi][3-Me-
His’)TRH (pICso = 7.79 + 0.15 (n=3)). Corresponding\&lues for TRH and JAK4D in human

hippocampus were 3.62 x 1@nd 7.19 x 18 M, respectively. These results confirm the apilit



of JAK4D to bind selectively with high affinity teative hippocampal TRH receptors in human
tissue and show for the first time that these TRReéeptors are pharmacologically distinct from

those in human pituitary.

3.2 JAK4D provides significant protection against kainate-induced cognitive deficitsin rat

Fig. 2A shows mean escape latency for vehicle-, ¥ehicle-, and KA+JAK4D-treated groups
over five days of MWM testing from three independ&dies. A significant main effect of Day
on escape latency was found (k2s= 51.805, p<0.0001). The Day x Group interactewvealed

a significant difference in learning for the dié@t groups (& 1228= 4.261, p<0.0001). The post
hoc contrast test for group comparisons showeddgs 1-5 a statistically significant difference
in mean values between KA+vehicle (n=23) and saimeicle (n=22) groups (p<0.0001, Tukey
HSD post ANOVA test) and between KA+vehicle and KIAKA4D (n=17) groups (p=0.005,
Tukey HSD post ANOVA test). Comparison of the @&ckatency slopes over the course of the
testing period showed that JAK4D treatment, adrrenesl two hours post KA, resulted in a
prolonged, two-fold reduction in KA-induced coguéideficits (Fig. 2A). There were no
significant differences in swim speed between gsoupeach day of testing (two-way ANOVA,

Tukey post ANOVA test), indicating that escapenatewas not influenced by swim speed.

Data from the probe test, assessing the abilith@fnimal to recall where the platform had been
located in the escape latency test, were combimed the three independent studies by
standardizing the time spent in the platform zop&AB-treated animals as a proportion of the
mean of the vehicle-treated control group (Fig..2Rpn-parametric analysis of combined

groups revealed a statistically significant diffece between KA+vehicle and KA+JAK4D



groups (p=0.011; n=40; Mann Whitney U test). ThAK4D treatment significantly attenuated

both KA-induced recall deficits and KA-induced @& in acquisition in this model.

3.3. JAK4D protects against free radical release and cell death induced by intrastriatal KA
Systemic administration of JAK4D (10 mg/kg i.p.) din prior to KA application significantly
reduced the formation of OH-TA (Fig. 3A), whichlesfts the production of hROS in rat striatal
extracellular space (one-way ANOVA; 5= 9.3, p=0.0043, post hoc Tukey multiple
comparison test, p<0.05 for KA+vehicle vs KA+ JAK4Dd p<0.01 for KA+vehicle vs control,

n=4-5).

Ex vivo analysis of striatal tissue showed that JAK4D tpeatment also significantly reduced
KA-induced apoptosis, as measured by TUNEL immuraliag (one-way ANOVA, Fi3=

21.3, p=0.0002, post hoc Tukey multiple comparisst, p<0.001 for both, KA+vehicle vs KA+
JAKA4D and KA+vehicle vs control, n=4-5) and caspasetivation (one-way ANOVA, 3=
24.39, p<0.0001, post hoc Tukey multiple comparisst, p<0.001 for both KA+vehicle vs
KA+ JAK4D and KA+vehicle vs control, n=4-5). Faasstical analysis the number of TUNEL-
positive cells or caspase 3-activated cells wepgessed as a percentage of total cell counts (Fig.
3B left and right panel, respectively). Qualitatimmunohistochemical examination of striatal
sections obtained from KA-treated rats indicatexldbcurrence of microglial activation,
identified by the presence of cells showing incega8A1 immunoreactivity, characterized by
enlarged and/or amoeboid cell bodies and partiaborplete loss of thin elongated processes
(Fig. 3C). Tissue from rats pre-treated with JAKgliibwed less intense immunolabelling. In

striatum of control rats, no activated microglialls were observed.



3.4 JAK4D significantly reduces motor decline, weight loss and cell death in ALS mouse model
Mean rotarod performance was essentially constatiitanset of symptoms (Fig. 4A).
Concurring with (Knippenberg et al., 2010) symptanserged at 100 days as a sudden 11%
reduction in motor performance in both groups.ldwaihg onset, motor function and mean body
weight rapidly deteriorated in vehicle-treated aalBn(Fig. 4A and B). Analysis of data to first
death (day 118) shows that, after disease onsgtl@@), JAK4D treatment consistently and
significantly improved rotarod performance and mtlweight loss compared to that of vehicle
treatment. Analysis of rotarod data from onsdirtd death using two-way repeated measures
ANOVA (including both treatment group and trialfastors) revealed that the overall interaction
between Day and Treatment Group was significan® @38). Post-hoc analysis (Newman-
Keuls) showed that JAK4D treatment significantlyproved rotarod performance compared to
vehicle-treated animals on consecutive test dags 1@7, 112 and 114 (p<0.01, see Fig. 4A). In
particular, rotarod performance in the JAK4D-trelageoup was enhanced by 21% at first
measurement (day 105) following onset and by 108%ast day of measurement (day 114)

before first death.

Comparison of changes in mean weight in the pdrmd symptom onset to first death between
groups (treatment versus vehicle) was carried suguone-way repeated measures ANOVA.
Results showed a significant effect for group vertsme interaction (Wilk’'s Lamba =0.360,
F(421) p<0.0001, see Fig. 4B), indicating a significdifterence in mean change of weight over
time between the two groups. The multivariatesefi@ared value was 0.640, signifying a large

effect for JAK4D treatment on this outcome measiedian survival for the control group was



126 days (95% CIl 123.4-128.6, SE 1.3), comparabl? days reported by (Gill et al., 2009).
For the JAK4D-treated group, median survival waeeded to 132 days (95% CI 130.0-133.1,
SE 0.5). The difference between the two groupsdideach statistical significance (log-rank

test p=0.520; Fig. 4C), most likely due to redupeder.

One-way ANOVA comparing mean neuron counts in tetral horns of the caudal lumbar
spinal cord sections from vehicle-treated and JAKated G93A-SOD1 mice and sibling non-
carrier controls at sixteen weeks of age showedtasscally significant between-group
difference (p=0.002). Post-hoc comparisons usimkey HSD showed that the mean neuron
count in the vehicle-treated G93A-SOD1 mice (8%3,22.2) was significantly lower than that
observed in both the control group (126.8, SD p=0.002) and the JAK4D-treated group
(109.8, SD 13.6, p=0.033). The mean count in At€dD-treated group did not differ
significantly from the control group (p=0.232, $&g. 4D). These data demonstrate that JAK4D

treatment attenuates neuronal cell loss in G93A-E@iize.

3.5 JAK4D crosses the blood brain barrier

Values shown for JAK4D in plasma were 3.7% to 4af%he single injected dose (2 mg/kg),
equivalent to approximately 2.1-3.1 uM in a 25 gus®(Table 1). Capillary depletion produced
a clear separation of brain capillaries from pahgnta, but the presence of varying amounts of
residual dextran (used in the separation procedunta)th layers precluded reliable measurement
of wet tissue weights, thus accurate calculatiodd4D concentration in these two fractions
was not possible. Nevertheless, it is clear tmaimounts of JAK4D (in ng) in parenchyma +

capillaries are sensibly consonant with the vablgained for whole brain (Table 1). Calculated



concentrations based on wet weight of tissue sl D present in the range of 10-22 nM in
brain and spinal cord. Therefore, following pegpd administration of a single dose, intact
JAK4D crosses the BBB and within minutes reache$ €bhcentrations commensurate with its

affinity for the targeted receptor.

3.6 JAK4D displays a clean initial toxicology profile

No adverse events were observed in response &r ahacute single dose or daily dosing (for
up to 3 months) of JAK4D in rat (up to 5 mg/kg).pt mouse (up to 2 mg/kg i.p.), including
wild type C57 B1/6J mice and G93A-SOD1 mice. Daitiministration of JAK4D (5 mg/kg i.p.)
in rat for 24 days had no effect on food or watéake or liver weight (Table 2). Toxicological
screening undertaken using standard methods empgl@aco-2 monolayer cells and

erythrocytes indicate that JAK4D is not cytotoxi@ble 2).

4. Discussion

Neuropeptides such as TRH offer many advantagaswastherapeutic molecules. Among
these are diverse pleiotropic actions, exceptipotncy (typically displaying nM affinity
compared to uM affinity associated with classiclimotransmitters and, as agonists, requiring
only 5-20% receptor occupancy to be effective), saféty generally (Gonzalez-Rey et al., 2007;
Portelli et al., 2012; Vlieghe et al., 2010). Napeptides, though, are often susceptible to
proteolytic degradation, which is a major impeditertheir therapeutic use (Vlieghe et al.,
2010). Inthe case of TRH, susceptibility to delgtéon and potential for endocrine side effects

have critically limited its clinical application @ly et al., 2000, 2005; Kelly, 1995; Scalabrino et



al., 2007). By overcoming the inadequacies of Tdrid prior TRH analogs, JAK4D now
presents the possibility of realizing the benedifered by activation of the central TRH

signaling system in the treatment of CNS disord®csalabrino et al., 2007).

Two G Protein-Coupled Receptor (GPCR) subtypesgdated TRHR1 and TRHR2, have been
identified to date in mediating TRH actions in nmnmman mammalian species (Cao et al., 1998;
Itadani et al., 1998; Sun et al., 2003). Recentkrout studies in mouse indicated that TRHR2
receptors account for no more that 5% of total inigdh brain and that the CNS effects of TRH
and TRH analogs were lost in mice in which TRHRBwaleted (Thirunarayanan et al., 2013).
In addition, a third putative TRH receptor (XTRHR®s cloned irXenopus laevis (Bidaud et

al., 2002). It was subsequently suggested thatHiHRis likely a receptor for another peptide,
since the affinity of XTRHR3 for 3-Me-Hi§RH was >0.1uM and very low affinity was
exhibited for TRH and TRH analogs (Lu et al., 200B) later studies, xTRHR3 was found to be
distributed exclusively in the intermediate lobexehopus laevis pituitary and to be involved in
adaptation of frog skin to background color (Bidaacl., 2004). TRHR3 sequences have also
been identified in teleosts, and putative TRHR3usages have been found in some mammals,
for example dog, but not in humans, (Saito e24l11). In humans only one of these receptors,
TRHR1, has been found. Yamada et al (1997) idedtd novel gene TRHR transcript in tissue
from human pituitary tumors. This was formed fraliernative splicing of TRHR1 mRNA and
corresponded to a C-terminal truncated proteinclvthiey designated HTRHR2. When
expressed in Chinese hamster ovary cells, thigprdhowever, displayed neither significant
binding of PH][3-Me-His?]TRH nor an intracellular calcium response to TRihinistration. It

is known that human TRHR1 is approximately 90% hlagous with rat TRHR1 at the cDNA



and amino acid level (Sun et al., 2003). It iakcognized that TRHR2 is not present in
humans (Gloriam et al., 2007; Sun et al., 2003k algo confirmed independently using the
blastp algorithm [http://blast.ncbi.nim.nih.gowiat no ortholog exists in human for mouse or rat
TRHR2. Phylogenetic analyses indicate the mole@ualution of TRHR in vertebrates derives
from a common ancestral origin (Saito et al., 20With the lack of TRHR2 in primates,

chicken and fugu suggesting that it has been ihalgpendently in three lineages (Gloriam et al.,

2007).

TRH displays a similar affinity for TRHR1 and TRHR& does 3-Me-Hi$RH, although more
potently than TRH. Therefore, these ligands cabeatsed to discriminate pharmacologically
between the two receptors (Kelly et al., 2002; Gildeet al., 2000; Sun et al., 2003). Our
previous studies in rat show that JAK4D displaceg[B-Me-His?]TRH binding to native
cortical and hippocampal tissue, yet it does ngpldice this radiolabel in rat pituitary tissue
(Hogan et al., 2008; Scalabrino et al., 2007), Imclv TRHR1 is highly expressed (Sun et al.,
2003). If TRHR1 were the only TRH receptor in humtigsue, it could be surmised from these
rat studies that JAK4D would not bind to TRH receptin either human pituitary or brain.
Indeed, we found JAK4D displays very weak displagetof PH][3-Me-His?]TRH in human
pituitary tissue. The opposite was found in hurhigapocampal tissue, with JAK4D binding
with nanomolar affinity to TRH receptors. Thesadings are important because, not only do
they confirm that JAK4D binds to target receptorfiiman brain, they reveal for the first time
that PH][3-Me-His’]TRH labels a population of TRH receptors in hurbaain that are

pharmacologically distinct from those in human péry. Furthermore, JAK4D is shown to be a



high-affinity, discriminating ligand for these humhrain sites. We conclude from these results

that JAK4D is binding to a hitherto-unidentified FIReceptor subtype in human brain.

The nature of the hippocampal TRH receptor subiypeesently unclear and awaits structural
identification, which would enable structural seslisuch as site-directed mutagenesis, to be
undertaken, leading to a greater understandinig@afdl-receptor interactions, as well as
interspecies comparisons to be made. The hippcalahifH receptor subtype could be a variant
of TRHR1 or a different, previously-unknown bindisige for TRH. (Daimon et al., 2013)
surmised that, similar to gonadotropin-releasingriame receptor, TRHR1 in humans may exist
in more than one conformation and that differemtragis may bind selectively to one or other
conformer leading to activation of different downestm signals. Alternatively, differences in
signal activation may be attributable to differemaethe quaternary structure of receptors, e.g.,
polymeric assemblies (George et al., 2002). Tossibility of dissimilar conformers or
assemblages for TRH receptors, enabling one gextkigirto give rise to different
pharmacological outcomes, warrants further invasibg. JAKA4D, given its selectivity for this

central TRH receptor, would be a useful experiménta in such studies.

Discovery of this novel TRH receptor subtype in lamnbrain is a major finding. It opens up
new opportunities for exploring the neuropharmagial actions of TRH and, importantly,
identifies an attractive neurotherapeutic recefgaget. The high affinity binding of JAK4D to
TRH receptors in human brain is also a positivéciamr for the translation potential of this

compound.



Since animal models of CNS disorders cannot whellizect the human condition, efficacy in
more than one clinically-relevant model, includprgferably a non-transgenic and a transgenic
model, together with evidence of disease-relevathanism of action, increases confidence in
the translation potential of a drug candidate (Eama Williams, 2009; Markou et al., 2009).

Both are demonstrated herein for JAK4D.

In the rat model characterized by KA-induced dé&ian hippocampal-dependent learning and
memory, JAK4D treatment administered two hours+rwsilt significantly improved functional
recovery. The pathophysiology that underpins saagnitive deficits, which are the hallmark of
this model, is unclear. Cognitive deficits in respe to KA, as well as to other agents that give
rise to memory impairment, have been observeddaroegith and without hippocampal cell loss
(Chronopoulos et al., 1993; Sun et al., 2009; Z#ioal., 2007). This aligns with the notion that
perturbations in cellular and network function nieysufficient to produce neurological
impairment in the absence of cell loss, as sugddsteneurodegenerative disorders, including
Alzheimer’s disease (AD) (Huang and Mucke, 2012¢pat al., 2006). Accordingly, it has
been proposed that drugs capable of maintainimgstoring the integrity of impaired networks
may provide functional benefit against acquiredrokagical deficits (Huang and Mucke, 2012;
Mucke and Selkoe, 2012; Palop et al., 2006). Thhifaceted, homeostatic therapeutic effects
associated with activation of the central TRH slgrgasystem, which oppose CNS
perturbations, may be relevant to providing cellaiad network resilience (Gary et al., 2003).
Whatever the underlying pathobiological mechanidhestherapeutic benefits achieved by
JAK4D show that it significantly reduces excitotoxnduced cognitive deficits, even when

administered post insult. Such a therapeutic scen@ay be relevant in neurodegenerative



conditions in which hippocampal pathology has b&®mwn to play a role, such as in AD (Palop
and Mucke, 2009), and C9orf72-related motor nediisaase and frontotemporal lobe dementia
(Al-Sarraj et al., 2011; Cooper-Knock et al., 2018 well as possibly chronic traumatic

encephalopathy (CTE) (McKee et al., 2013).

In a second model, systemic administration of JAKgBhown to protect against free radical
production and neuronal damage brought about bgstritatal infusion of KA by microdialysis

in conscious rats. In this study, central admiatgin of an excitotoxic concentration of KA
reliably induced apoptotic cell death in striatastie, as evidenced by TUNEL and caspase-3
activation. JAK4D treatment reduced both pararmseden level of statistical significance.
JAKA4D also appeared to decrease microglial acowath recognized pathogenic factor in CNS
disorders. Additionally, the increase in hROS icelliby KA excitotoxicity was significantly
decreased, suggesting that reduction of oxidatress is one means by which JAK4D may exert
neuroprotective effects. This result also providgmssible mechanistic rationale in support of

the therapeutic potential of JAK4D in neurodegetmnezalisorders.

Further proof of concept is provided by demonstratf significant beneficial effects in the
transgenic G93A-SOD1 mouse model of ALS. This nedagenetically engineered to express
multiple copies of the mutant human SOD1 gene tiafogical factor in a portion of patients
with familial ALS (Kenna et al., 2013). In line thicritical appraisal of this aggressive model
(Scott et al., 2008), it is increasingly recognitieat readouts such as rotarod performance and
body weight may be more indicative predictors @r#peutic benefit than survival (Knippenberg

et al., 2010; Scott et al., 2008). Our resultsastiat JAK4D treatment elicits statistically



significant and clinically-relevant positive effedh these two important functional measures of
therapeutic benefit in G93A-SOD1 mice, accompabigdttenuation of neuronal loss in lumbar
spinal cord. The significant reductions in motecihe and weight loss observed in JAK4D-
treated versus vehicle-treated G93A-SOD1 mice lgghthe potential of JAK4D to slow

disease progression and thereby improve functitynatid hence quality of life of ALS patients.

The presence of the BBB represents a crucial himcdecomplishing drug delivery to the brain
(Pardridge, 2009, 2005). Using LC-MS-MS, we denaited directly the ability of JAK4D to
cross the BBB and to reach its target at viablerphaological levels. In addition to its activity
at targeted receptors, it is conceivable that ttieity of JAK4D in inhibiting TRH-DE might
also play a contributory role in the manifestatodrthe neuropharmacological effects of this
dual-action peptide. However, since thddf the receptor is in the nanomolar range antlftita
the enzyme is two orders of magnitude higher it ip@anticipated that the interaction with the
receptor would predominate. As we have noted ptesly, inhibition of TRH-DE by JAK4D
might also be anticipated to increase the amouahdbgenous TRH available to the pituitary
(Scalabrino et al., 2007). As anterior pituitanshl TRH-DE levels are very low, TRH-DE
inhibition is expected to have minimal influencemtuitary hormone secretion (Scalabrino et
al., 2007). We have previously shown that TSHIewee unaffected in rat by JAK4D treatment
(Scalabrino et al., 2007) reflecting both this &mellow affinity of JAK4D for the pituitary TRH

receptor.

Toxicity is another major impediment to CNS drugelepment (Kola and Landis, 2004).

Peptide-based compounds, such as JAK4D, typicegiyhighly specific and have low systemic



toxicity (Vlieghe et al., 2010). TRH for instanbas been shown to have a good safety profile
and to be tolerated well by most patients, fromrmptal to elderly (Kubek and Garg, 2002). The
ability of JAK4D to counter weight loss in the G3FOD1 mouse shows that it does not induce
hypermetabolism, concurring with our earlier finglihat this compound does not stimulate TSH
release in rat (Scalabrino et al., 2007). Intiadervations point to a clean safety profile for

JAKA4D, bothin vitro andin vivo.

In summary, we describe a first-in-class, centratlfing TRH-based compound, which offers an
innovative, multifunctional approach to treating £Nisorders. Demonstrated herein for
JAKA4D are: (i) selective binding with high affinitg a hitherto-unidentified receptor subtype in
human brain, which is pharmacologically distinarfrthe human pituitary TRH receptor and
which represents a promising, druggable neurotleestaptarget; (ii) significant therapeutic
benefit in three CNS disease-related animal moaihsmultiple clinically-relevant efficacy
endpoints; (iii) pharmacological responses appaterio the pathological condition; (iv) ability
to cross the BBB; and (v) a clean initial safetgfipe. All are key indicators for building
confidence in the potential for successful tramstabf JAK4D from preclinical studies to human
clinical trials. Set against a background of gieical and clinical knowledge of TRH, these
findings are a solid foundation of evidence and peltimg rationale for continued development

of JAK4D as an attractive and much-needed neurapleertic drug candidate in the CNS arena.
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Tablel

Amounts of JAK4D in whole brain, whole spinal cocdpillaries, parenchyma, and plasma of

mice at indicated times following i.p. or i.v. icj@n (2 mg/kg).

Brain Spinal Cord Capillaries  Parenchyma Plasma
Post-injection
. ng nM ng nM ng ng ng/ml
time and route
5 min post-i.p. 6.4+1.2 22+3.3 0.63+0.2 12.7+1.5 91D.8 3.240.4 2353+133
10 min post-i.p. 3.6£1.0 12.2+3.6 0.9+0.14 13.4+1.9 2.6+0.3 3.310.2 2163+46

10 min post-i.v. 3.840.5 12.2#1.5 0.5%0.1 9.7¢1.6 .47M00.1 3.15+0.6 1863+159

Values are mean £ s.e.m. (n =3 in all cases). @unations (nM) are based on wet weight of

tissue, assuming 19 is equivalent to 1ml. It maispossible to calculate molar concentrations in

capillaries or parenchyma (see text).

Table2

Effects of JAK4D on cell viability and rat physigjical parameters.

Treatments Caco 2 cells Erythrocytes Food intak&Vater intake Liver weight

©) (ml) (9)

Vehicle 26.5+5.9 5.7+1.2 29.4+1.7 47.61+4.4 11.3310.

Vehicle + JAKAD  29.2+5.8 6.2+1.6 26.7+1.3 43.6+4.3 10.49+0.42

For cell data, vehicle is 5% DMSO in HBSS + 10 mMRES buffer and the concentration of
JAK4D is 3.63x10-4 M; values are % damaged relative positive control (Triton X-100) (n =
6). Data for rat shows average food and watekenpger animal per day, as well postmortem

liver weights. Animals were administered daily. iqgections of either vehicle (DMSO:saline,

40:60, n=7) or JAK4D (5 mg/kg in DMSO:saline,40:688) over a period of 24 days.



FIGURE LEGENDS

FIGURE 1: Binding to TRH receptors in human tiss(#&) Saturation binding ofH][3-Me-
His?JTRH to human hippocampal membranes showing t@),(non-specific (NSB) and
specific binding (SB). Points are mean * s.e.m=8 individual donors. The specific binding
isotherm was analyzed using non-linear regressfkdso shown are competitive radioligand
binding curves for the displacement &l][3-Me-His’) TRH binding in human hippocampal and
pituitary membrane suspensions [®) TRH and C) JAK4D. Points are mean + s.e.m. of n=3

individual donors.

FIGURE 2: Effects of JAK4D on KA-induced memorgsoin rat. ) Spatial learning in the

rat determined by mean escape latency in MWM owdays of testing. Data are expressed as
mean + s.e.m. pooled from three independent expetsn(n=17-23). KA treatment
significantly impaired memory and learning (p<0.008 vehicle treatment, Tukey HSD post
ANOVA test), showing only an 18% decrease in esdaj@ncy over the five days compared to a
60% decrease for vehicle-treated animals. JAK4Btment significantly reduced the KA-
induced cognitive deficits (p=0.005 vs KA+vehiclatkey HSD post ANOVA test), reflected by
a 36% decrease in escape latency over 5 d®8)sTukey box and whisker plots of probe trial
performance from the three independent experimerite. time spent in the platform area by
KA-treated groups was standardized as a propodiidine control mean time. The median
standardized time in KA-treated rats was 0.076 aregbto 0.30 for KA+JAK4D-treated rats;
the difference between these two groups was statigtsignificant (p=0.011, Mann Whitney U

test, n=40). Circles indicate outliers.



FIGURE 3: Effects of JAK4D on responses to intiattl microdialysis of KA in rat. A)
Changes in the extracellular concentration of OH{M®) versus time. Points represent mean +
s.e.m. (n=4-5). Basal levels were unaffected bi4Ia pre-treatment in the control group. In
KA-treated groups 1 mM KA was applied during th@® in fraction collection period and the
effect of KA stimulation was evaluated in termdioé KA-stimulated area under the
concentration-time curve minus its basal value ¢thermeriod 140-260 m. OH-TA levels were
significantly increased compared to controls in Ki&hicle-treated animals; this increase was
significantly reduced by pre-treatment with JAK41<0.01 for KA+vehicle vs control and
p<0.05 for KA+vehicle vs KA+ JAK4D, Tukey multiplsomparisons test, n=4-5)BY Ex vivo
analysis of striatal tissue showed that JAK4D digantly reduced the observed KA-induced
apoptosis as measured by TUNEL and caspase-3 tamti&*p<0.001, Tukey multiple
comparisons test, n=4-5)C) Typical images of IBA1 immunolabelling for theéle treatment
groups. JAK4D pre-treatment appears to reduce mdrted microglial activation, as indicated
by the presence of a greater number of cells nmemsely immunopositive for IBAL in the KA-
stimulated animals compared to the JAK4D pre-tcegteup. IBAl-immunolabelling was

undetectable in the control group.

FIGURE 4: Effects of JAK4D in G93A-SOD1 ALS mic@ll comparison analyses were
carried out from symptom onset (day 100) to firshtth (day 118). A) Latency to fall off

rotarod measured in triplicate for vehicle- and dKtreated mice (n=13 and 12, respectively).
Data represent mean * s.e.m. for each group. JA#K&dment significantly improved rotarod

performance following onset (**p<0.01 versus veditkated group, Newman-Keuls post hoc



test). B) Changes in mean weight for vehicle- and JAK4[xted groups over time. Points
represent mean values (n=13 for each group). JAKd&@ment significantly reduced change in
weight loss over time from onset to first deathQ®901). C) Kaplan-Meier survival plot for
vehicle- and JAK4D-treated ALS mice (log-rank tes0.520). D) Histological analysis of
caudal lumbar cord. Significant differences wemnenid in neuron cell counts between sibling
non-carrier controls and vehicle-treated G93A-SOmde, as well as between vehicle-treated
G93A-SOD1 mice and JAK4D-treated G93A-SOD1 micegpg0.01, *p<0.05 Tukey’s multiple

comparisons test, n=5 per group).
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Fig 4. Two column fitting
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Highlights

* First-in-class TRH-based compound JAK4D detects new receptor subtype in human brain
* JAK4D elicits statistically significant effects in neurodegenerative animal models

e JAKAD crosses the blood-brain-barrier and has a clean initial toxicology profile

* JAKAD is a tool to study central pharmacologically-distinct TRH receptor subtype

* JAK4D is an attractive therapeutic candidate for neurodegenerative diseases



