SIGNIFICANCE

Our goal is to develop the first effective drug to treat traumatic brain injury (TBI), which ranges from mild
concussion to serious injury and often results in chronic neurological and cognitive deficits. TBl most common-
ly results from falls, violence, sports-related impacts, vehicle accidents, and explosions, and in addition to be-
ing the leading cause of death and disability in children and young adults, it is a major health risk for combat
military personnel and the elderly. Moderate-to-severe injuries can have a lasting impact on quality of life by
impairing important functions, such as attention, decision making, reasoning, learning, memory, movement,
vision, and hearing, and some patients develop additional long-term medical complications such as Alzhei-
mer's disease.! Other consequences may include chronic pain, emotional liability, personality changes, anxie-
ty, depression, and epilepsy. In North America alone, more than 1.7 M individuals are treated annually for TBI
at an estimated cost >$75 B; of these about 52,000 die and 275,000 are hospitalized.2 Furthermore, more than
5 million TBI victims in the US require permanent help in performing daily activities. The global scope of this
problem is even worse, as the WHO places the annual global incidence for TBI at 10 million people.

There is a ‘golden period’ of potential opportunity after TBI for therapeutic suppression of pathological bio-
chemical cascades leading to secondary neuronal damage, thereby improving functional outcomes after injury.
However, no drug for this application exists, and the standard of care for acute treatment of moderate-to-
severe TBl is limited to "off-label" use of existing drugs that merely provide transient relief of symptoms without
addressing the underlying neurodegeneration that drives the process. Despite numerous phase Il clinical tri-
als, no new drug has been approved for more than 25 years.? There is thus an urgent unmet need for a new
drug that inhibits the progression of nerve damage and prevents or attenuates the cognitive impairment asso-
ciated with serious brain injury. Notably, the commercial value of such a drug is estimated to be >$3 B annual-
ly.4 The discovery of a neuroprotective compound that mitigates the varied pathological effects of TBI by sup-
pressing secondary neuronal damage following head trauma is the "holy grail" for therapeutic intervention. Ac-
cordingly, the proposed research is directed toward studying a promising new approach to treat TBI. Our re-
search is significant because: (1) we will validate that the sigma 2 receptor (Sig2R), which has not previously
been associated with TBI, can be modulated to reduce secondary injury and improve cognitive performance
following head trauma in two different preclinical models; (2) we will discover neuroprotective compounds that
will be promising preclinical leads to treat TBI by a novel approach; and (3) we will generate tool compounds
for identification of new pathways that regulate neuronal and oligodendrocyte survival and function, thereby
leading to a better understanding of neurodegenerative processes.

INNOVATION

All efforts over the past 25 years to develop a drug to treat TBI have failed. Although multiple contributing
factors are involved, we believe numerous failed approaches resulted from insufficient “preclinical” rigor, which
can be problematic in a complex, multi-faceted injury environment. For example, many studies have employed
a single gender and TBI model and focused on a single pathological pathway. Our approach is innovative be-
cause we will address these limitations by examining multipotential® compounds in both male and female mice
using two injury models: blast and controlled cortical impact (CCl) injury. Sig2R was first identified in 1990,%
and it is implicated in cell proliferation, regulation of cytosolic calcium (Ca?*) levels, and cellular processes re-
lated to CNS disorders.” We and others have discovered that Sig2R binding ligands are neuroprotective,®° and
we have shown that such compounds reduce levels of proinflammatory cytokines and regulate intracellular
Ca?* concentration,® as well as affect synaptic plasticity (unpublished). Although previous attempts by other
groups to clone Sig2R failed,'®'" we recently isolated, cloned, and identified it as transmembrane protein 97
(TMEM97) (see Aim 1, Justification and Feasibility).'? The molecular function of TMEM97, whose sequence
identity in rodents and humans is 81% (NCBI Blast), is not well understood, but it is believed to be involved in
cholesterol trafficking and homeostasis.'® In accord with what is known about Sig2R,”? TMEM97 is upregulated
in cancer cells,' and it is expressed in various brain regions in rodents and humans, including the cortex, hip-
pocampus, cerebellum, olfactory bulb, and the subventricular zone.'® Little is known about the function of
Sig2R/TMEM97, the term we will generally use herein, in the CNS, so another innovative aspect of our ap-
proach is that we will use small molecules to modulate a biological target that has never been associated with
TBI. Our preliminary studies (see Aims 1-3, Justification and Feasibility) suggest this is a viable strategy be-
cause we have already shown that neuroprotective Sig2R/TMEM97 binding ligands improve performance in
learning and memory tasks in two animal models of TBIl. We recognize that other neuroprotective candidates
have failed in the clinic'® or are in early stages of development.'”='® However, our approach is unique because
it comprises a number of pathological processes relevant to TBI, not just neuroprotection. Examining all of the
pathways Sig2R/TMEM97 mediates (vide supra) is beyond the scope of this proposal, but we will test our nov-
el hypothesis that Sig2R/TMEM97 ligands affect adult neurogenesis, which has a significant impact on stabiliz-
ing the injury microenvironment in the cortex and hippocampus.?® A broader innovative feature of the proposed
research is that validating Sig2R/TMEM97 as a new target for treating neurodegeneration and cognitive deficits
sets the stage for applications to other neurological disorders and conditions.
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APPROACH

Overview: Modulating Sig2R/TMEM97 is a unique and promising new approach for treating patients after
TBI. This novel hypothesis is based on our findings that strongly suggest that biological processes mediated by
Sig2R/TMEM97 play key roles in neuron survival, as well as in behavior, learning, and memory after TBI. We
have demonstrated that Sig2R/TMEM97 modulators can be neuroprotective and regulate intracellular Ca%*
concentration.® We have also shown that these agents reduce levels of proinflammatory cytokines and en-
hance cognitive performance in symptomatic, transgenic Thy-1 hAPPLondSwet (Tg) mice, a standard animal
model used to assess adverse effects of AB.8 In unpublished work with Dan Johnston (The University of Tex-
as), we have discovered that different Sig2R/TMEM97 modulators can have opposing effects on long-term de-
pression (LTD) and potentiation (LTP) in neurons. These synaptic plasticity processes are critical to learning
and memory.2' Furthermore, in proof-of-principle studies relevant to TBI, we have shown that Sig2R/TMEM97
modulators significantly improve learning and memory in mice after two forms of TBI: blast-mediated and con-
trolled cortical impact (CClI) injury. One of these compounds reduces both axonal degeneration and oligoden-
drocyte death after brain injury. A significant strength of our approach is that we will use two TBI models that
mimic both acute and chronic neurological deficits seen in patients,?2 so we will be able to examine temporspa-
tial alterations in injury progression and recovery based on the specific characteristics of each model, and then
apply overlapping functional assessments for comparisons.

Our overall goal is to identify at least one selective and orally-bioavailable Sig2R/TMEM97 modulator that
mitigates secondary nerve injury and enhances cognitive performance after brain injury for advancement into
preclinical studies to treat TBI in humans. These objectives will be achieved in two phases by pursuing three
Specific Aims. In Aim 1, we will design and synthesize new Sig2R/TMEM97 modulators having different scaf-
folds. We will then determine their receptor binding profiles, functional activities, and neuroprotective properties
in order to identify neuroprotective compounds that have high-affinity (Ki <25 nM) for Sig2R/TMEM97 and high
selectivity relative to Sig1R (225:1) and non-sigma CNS proteins (250:1). Standard assays to assess metabolic
stability, permeability, efflux, brain and plasma protein binding, and CYP 450 inhibition will be performed for the
more promising compounds. Preliminary pharmacokinetic (PK) profiles and absorption-distribution-metabolism-
excretion (ADME) properties will be obtained for those compounds judged most likely to be orally-bioavailable
based upon physicochemical properties. The structure-activity-relationship (SAR) data that emerges will be
used in an iterative process that will deliver candidates for animal studies. We will identify at least three leads
during Phase | and a total of six within the first year of the Phase Il study. In Aim 2, we will evaluate our
Sig2R/TMEM97 modulators in animal studies that will include: (1) screening the six most promising
Sig2R/TMEM97 modulators in single dose studies using two brain injury models; (2) performing comprehen-
sive PK analysis of the best candidate; and (3) characterizing the efficacy of this lead candidate in dose-
response studies in the same two animal models of TBI to assess metrics of both cellular and functional out-
comes. In Aim 3, we will perform quantitative autoradiography imaging studies using our lead Sig2R/TMEM97
modulator in order to characterize its binding to Sig2R/TMEM97 in brains harvested from uninjured and injured,
as well as untreated and treated, mice from each of the injury models. This holistic approach is expected to
lead to the identification of at least one drug-like, Sig2R/TMEM97 modulator that can be advanced as a poten-
tial therapeutic agent to treat TBI by a novel mechanism of action.

PHASE | — AIm 1. Identify neuroprotective Sig2R/TMEM97 modulators with improved ADME/PK profiles.

Introduction. We have shown in published and unpublished work that selective Sig2R/TMEM97 ligands
are neuroprotective, mediate intracellular Ca?* levels, reduce proinflammatory cytokines, modulate synaptic
plasticity, and improve function in animal models of TBI. The objective of this aim is to prepare new selective
Sig2R/TMEM97 ligands that are neuroprotective, cross the blood-brain barrier, and have good ADME/PK
properties when administered orally. Our overall approach will involve: (1) using SAR data for current
Sig2R/TMEMS97 binders to design and synthesize new analogs predicted to have properties that align with
CNS drugs; (2) determining receptor binding profiles; (3) determining functional activity; (4) assessing neuro-
protective properties; (5) characterizing in vitro ADME profiles; and (6) performing preliminary PK analyses.
Notably, the overall process will be iterative with the developing SAR informing the design of new compounds.
We expect to identify novel Sig2R/TMEM97 modulators for animal

studies in Aim 2 and target engagement studies in Aim 3. The ra- ; R? Cbz.\-R?
tionale for these studies is that we will determine the pharmacophoric R N RLE)QN'RZ RC@
features required for potency, selectivity, and functional and neuro- T

protective activity, while also improving ADME/PK properties. The 1:n=0 3 4
positive impact of these studies is that we will identify orally- zn=t

bioavailable, neuroprotective compounds that can be used to validate | Fig. 1. Scaffolds of Sig2R/TMEM97 ligands.

a fundamentally new approach to treat patients with TBI.
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Justification and Feasibility. WWe have prepared collections of substituted heterocycles?3.24 and submit-
ted selected compounds to the NIH Psychoactive Drug Screening Program (PDSP) for screening against a
panel of CNS targets. We discovered that some norbenzomorphans 1 and homonorbenzomorphans 2 (all
compounds are racemic unless otherwise indicated) and their bicyclic analogs 3 and 4 (Fig. 1) exhibit high af-
finity and selectivity for Sig2R in radioligand binding assays.2% Although the Sig1R was known to be involved in
CNS pathophysiology, little was known about the role of Sig2R in CNS diseases and disorders.26 We thus initi-
ated a program to characterize the effects of modulating Sig2R on neurodegenerative conditions.

Sig2R had not been cloned when we started our work, so a key step in pursuing it as a therapeutic target
was to clone it, and in collaboration with Andrew Kruse (Harvard University), we identified Sig2R as
TMEMQ97.12 Briefly, a high affinity, selective Sig2R binding ligand related to 4 (Fig. 1) was used to capture can-
didate proteins that were then sequenced by high-resolution mass spectrometry (HRMS). These were ex-
pressed in HEK293 cells, but only expression of TMEM97 resulted in increased binding of [*H]-di-o-
tolylguanidine [(*H)DTG], which is highly selective for sigma receptors.® TMEM97 was then expressed in Sf9
insect cells, which lack an endogenous TMEM97 gene and show no significant (*H)DTG binding signal. Ex-
pression of TMEM97 resulted in the appearance of saturable (3H)DTG binding with an affinity corresponding to
literature values for its binding to Sig2R. Competition binding experiments with known Sig2R ligands show their
binding affinities for TMEM97 are similar to reported values for Sig2R binding. Finally, a large reduction in
(®H)DTG binding was observed after siRNA knockdown of Tmem97 in PC-12 cells, a classic Sig2R expressing
cell line. Identifying Sig2R as TMEM97, which is referred to herein as Sig2R/TMEMS97, represents a major
breakthrough that opens the door to mechanistic and biochemical studies that were previously impossible.

In order to assess whether compounds that bind to Sig2R/TMEM97 are neuro-
protective, we collaborated with J. Pierce-Shimomura (The University of Texas; see e
biosketch and letter) using his novel C. elegans model of neurodegeneration. These oy
worms carry a single copy of the human APP gene (SC_APP) and display age- 2%
dependent degeneration of cholinergic neurons.82” A number of Sig2R ligands were
identified that markedly decrease neurodegeneration. Gene knockout or knockdown - l I I
studies are useful strategies to study mechanism, but at the time this work was done, s
we had not yet cloned Sig2R/TMEM97. However, it had been suggested that the o
Sig2R/TMEMS97 receptor binding site was in a multi-protein complex containing the saso12 - -t
progesterone receptor membrane component 1 (PGRMC1),1028 a heme binding pro- | .onyma
tein that is upregulated after brain injury?® and is involved in cholesterol synthesis®

W SC_APP

20% :

degeneration

Fig. 2. Cholinergic neuron
degeneration in SC_APP

and neuroprotection.8? We therefore performed experiments in which expression of
vem-1, the worm ortholog of PGRMC1, was knocked down by RNAi (Fig. 2). SAS-
0132 (Fig. 3) reduces neurodegeneration in transgenic SC_APP C. elegans, but be-
cause it provides no further neuroprotection in animals with reduced vem-1 expres-
sion, neuroprotection arises from inhibiting a vem-1 (i.e., PGRMC1) pathway (Fig. 2).

treated with vem-17-directed
RNAI and/or  SAS-0132
shows that SAS-0132 works
by inhibiting vem-71-mediated
pathway. ***p<0.001

These findings are the first to show that Sig2R/TMEM97 binding ligands have down-

stream effects on a PGRMC 1-mediated pathway. There is no direct ortholog of Sig2R/TMEM97 in C. elegans,
but Y38H6C.16 has about 30% sequence similarity, and predicted secondary structures of Y38H6C.16 and
Sig2R/TMEM97 are conserved. A D-residue in Y38H6C.16 corresponds to the essential D56 in
Sig2R/TMEM97, and although no D-residue aligns directly with D29 in Sig2R/TMEM97, a D-residue is in the
correct region. Hence, we believe Y38H6C.16 is a putative binding site for Sig2R/TMEM97 ligands in
C. elegans, and this hypothesis is being examined in ancillary studies. The absence of a direct ortholog of
TMEMZ97 in C. elegans notwithstanding, we find this model is predictive of neuroprotection.

Screening about 60 racemic analogs of 1-4 in receptor binding assays at the NIH PDSP led to the discov-
ery of new potent and selective Sig2R/TMEM97 ligands (Fig. 3). All of these compounds satisfy the prevailing
pharmacophoric model,3' but comparing structures suggests there are two possible orientations for the (ho-
mo)norbenzomorphan ring in the binding site. Compounds SAS-0132, DKR-1516, and 6 are highly neuropro-
tective in transgenic C. elegans. Although we do not yet have a full understanding of the structural require-
ments for neuroprotective activity, it is notable that all N-substituted piperazine analogs of SAS-0132 tested
thus far are neuroprotective. Functional activity was assigned to some of these ligands using a protocol devel-
oped by Zeng,32 wherein the cytotoxicity on the EMT-6 cancer cell line of a compound is compared with that of
siramesine, a Sig2R/TMEM97 agonist. A ligand is considered to be an antagonist if it displays cytotoxicity
<10% that of siramesine. However, because so little is known about the biological function of Sig2R/TMEM97,
the terms "antagonist" and "agonist" should be used with caution. Accordingly, we will generally refer to these
compounds as Sig2R/TMEM97 modulators. Recognizing this caveat, norbenzomorphans SAS-0132, DKR-
1516, 6, 7, and the homonorbenzomorphan 9 are "partial agonists", whereas DKR-1051 is an "agonist". Other
compounds in Fig. 3 have not yet been evaluated in this assay.
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SAS-0132 and DKR-1516
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separable, we resolved DKR-1516 | Fig. 3. Representative Sig2R/TMEM97 ligands and their Sig2R/TMEM97-Sig1R affinities.
and found that the 1S,5R-isomer
binds with about 7-fold higher affinity for Sig2R/TMEM97 than the 1R,5S-isomer (2.7 nM vs 20 nM).

Available PK data for SAS-0132 and DKR-1516 show that they achieve high plasma and brain concentra-
tions after subcutaneous (SC) and intravenous (IV) dosing, but not after oral (PO) administration. In order to
elucidate possible origin(s) of their low PO bioavailabilities, in vitro ADME studies of SAS-0132 and DKR-1516
were performed (Quintara Discovery). Although both compounds have desirable solubility properties, the short
t12 of SAS-0132 and DKR-1516 in mouse and human liver microsomes (~3 and 11 min, respectively) suggest
that first pass metabolism is likely an issue. In a follow-up study with mouse liver microsomes, we found that
SAS-0132 and DKR-1516 primarily undergo N-dealkylation and p-hydroxylation of the phenyl group of the Cbz
moiety; N-oxidation and oxidation of aromatic ring of the norbenzomorphan ring may also occur, albeit to a
lesser extent. SAS-0132 and DKR-1516 also have favorable in vitro permeability parameters (Papp >15x10-°
cm/s) and are not substrates for P-gp efflux (efflux ratios 0.9 and 0.6, respectively). DKR-1516 achieves brain
levels of ~40 nM and a favorable brain-to-plasma ratio (3.5:1) at 4 h post 3 mg/kg intraperitoneal (IP) admin-
istration. Free levels of DKR-1516 in the brain (B,) and plasma (P.) are about 0.4% and 0.9% (B./P. = 0.44),
respectively. In a preliminary PK study (3 mg/kg, IP, four time points), DKR-1516 exhibits a half-life (¢,2) of 1.5
h, maximum plasma concentration (Cmax) of 0.2 uM, and area under curve (AUCo.irf) of 0.23 uM+h. SAS-0132
and DKR-1516 have not shown any toxic effects in animals. For example, no detrimental effects in blood
chemistry biomarkers or histopathology of the brain and vital organs were observed after dosing animals for 60
days with SAS-0132 (SC, 10 mg/kg/d). The maximum tolerated dose (MTD), commonly referred to as the "no
adverse effect level" (NOAEL), of SAS-0132 in mice is >100 mg/kg/d (SC) for 14 days. In efficacy studies (see
Specific Aim 2, Justification and Feasibility), both SAS-0132 and DKR-1516 enhance functional performance in
mice after blast injury following IP administration. Notably, DKR-1516 also improves performance, reduces ax-
on degeneration, and improves oligodendrocyte survival after CCl injury.

Research Design.

(1) Design and synthesize novel Sig2R/TMEM97 modulators. The overall goal of this aim is to identify po-
tent and selective Sig2R/TMEM97 modulators for use in the proposed animal (Aim 2) and target engagement
(Aim 3) studies. We will use existing and emerging SAR data to design and prepare new Sig2R/TMEM97 bind-
ing ligands with particular focus on improving selectivity relative to other CNS proteins and molecular proper-
ties associated with favorable ADME and PK attributes for CNS drugs.33-3 Namely, we will focus on analogs of
DKR-1516 that have comparable aqueous solubility, ClogD (pH 7.4) values of ~2 to 3.5, and total polar surface
area (TPSA) <70 A2 in order to favor brain penetration, increase free levels in the brain (i.e., non-specific pro-
tein binding), and reduce the likelihood of significant hERG channel affinity. Because there are no significant
differences in efficacy in animal studies for the enantiomers of DKR-1516 (Aim 2, Justification and Feasibility),
we will use racemic compounds. This will be an iterative process in which compounds must meet the sequen-
tial criteria set forth in parts 2—6 to be advanced.

As a guiding strategy toward enhancing oral bioavailability, we will first identify analogs that meet the crite-
ria of parts 2—4 of this aim and are expected to have improved liver microsomal stability, while maintaining oth-
er favorable physicochemical properties for CNS drugs. N-Dealkylation and N-oxidation of cyclic tertiary
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amines by cytochrome P450 (CYP 450) enzymes can be sup-
pressed by increasing steric bulk and placing electronegative atoms
proximal to the nitrogen atom, whereas oxidation of aromatic rings
can be decreased by making the ring less electron rich and/or
blocking the site of oxidation.38 Secondary amines are generally
more metabolically stable than tertiary amines. Indeed, 12 (Fig. 4,
R'=R?=H,, R3=Cbz), which has a ti2 in mouse liver microsomes of
~40 min, is neuroprotective and has high affinity (Ki= 25 nM) and
selectivity (65:1) for Sig2R/TMEM97 versus Sig1R. Accordingly, we
will first prepare about 50 exemplary compounds of the general
form 12 and 13 (Fig. 4). Analogs of 12 (R'=R2=H,, Me>) will eluci-

"X
e

12:R"=H
R2=H,, Me,
R3 = CO,CH,Ar(Het),

SO,Ar(Het), COAr(Het)

13: R" = (CHy)—X

X =H, OH, OMe; n = 2,3

X=F;,n=3

Py
N

R2 = H,, Me, R!
R3 = CO,CH,Ar(Het), N& R3
SO,Ar(Het), COAr(Het) K/N\(ﬁ\)
N

Fig. 4. Exemplary analogs of DKR-1516 likely to
exhibit improved metabolic stability.

date the SAR associated with the gem-dimethyl group and the R3
substituent. Compounds 12 (R3=p-F-Cbz, SO2Ar, COAr, etc.) will
not undergo oxidation of the phenyl ring of the N-Cbz group. We
have limited SAR for varying R?, but the activity of 7 (Fig. 4) shows
that this is a valid approach. The set of compounds 13 with a meta-
bolically stable R3 group are designed to assess the effects of the
gem-dimethyl moiety and of electron withdrawing groups on the N-
alkyl substituent. We will then use the SAR from these experiments and focus on the more promising substitu-
tions (i.e., R, R?, and R?®) to design a set of about 25 exemplary compounds 14-16, which will be more re-
sistant toward oxidation of the norbenzomorphan ring.

(2) Determine receptor binding profiles of new compounds. New compounds will be submitted to the
PDSP (see supporting letter from Professor B. Roth) for screening at Sig2R/TMEM97 and Sig1R. In order to
identify those ligands with low binding to other CNS proteins, those Sig2R/TMEM97 binding ligands with Ki <25
nM and selectivity of 225:1 over Sig1R will be advanced for profiling against a panel of about 45 CNS proteins
(e.g., ORs, DRs, 5-HTRs, CBs, nAChR, mAChR, ARs, NMDAR), neurotransmitter transporters (e.g., DAT,
NET, SERT), and ion channels (e.g., L-type Ca?*, hERG, Nav1.5).3” Toward maximizing the therapeutic index
of Sig2R/TMEM97 modulators, preferred compounds will have a 50- to 100-fold preference for Sig2R/TMEM97
relative to other targets and >500-fold selectivity for targets known to be associated with adverse side effects
and drug reactions.3® For example, hERG, 5HT2s (agonism), and Nav1.5 have been implicated in cardiac ab-
normalities, so only those modulators showing weak affinity for hERG (Ki >10 uM), 5HT2s (Ki >1 uM), and
Nav1.5 (>10 uM) will be eligible for advancement.

(3) Determine functional activity of most potent and selective Sig2R/TMEM97 modulators. We will continue
to use the cell-based assay reported by Zeng3? to determine functional activities of Sig2R/TMEM97 binding
ligands meeting the criteria of part 2. We have found that compounds having a relative cytotoxicity ranging
from <10 to ~50% of siramesine (i.e., "antagonists" and "partial agonists") in this assay are neuroprotective, so
only those modulators fitting this criterion will be advanced.

(4) Determine neuroprotective activity of more promising "antagonists” and "partial agonists”. We will con-
tinue to collaborate with Pierce-Shimomura using his C. elegans model of hAPP-related neurodegeneration to
screen Sig2R/TMEM97 modulators for neuroprotective activity in vivo.2” Only compounds that exhibit neuro-
protective activity comparable to DKR-1516 will be advanced.

(5) In vitro ADME studies. Compounds meeting the criteria of parts 2—4 will be sent to Quintara Discovery
for in vitro assessments. Liver (mouse, rat, human) microsomal stability assays will be performed, and candi-
dates having half-lives 260 min in at least two liver microsomal preparations will be preferred. Cell permeability
will be evaluated using Madin-Darby canine kidney (MDCK) cells transfected with multi-drug resistant gene 1
(MDR1)-MDR1 cells to assess in vitro absorption properties and the potential role of P-glycoprotein (P-gp)
transport. Because MDCK-MDR1 permeability correlates well with brain/plasma exposure and area under the
curve (AUC), it is a better predictor of brain penetration than other assays.3® Compounds having Pap, values of
>10x10-% cm/s and efflux ratios <2 will be advanced. We will then determine plasma protein and brain tissue
binding (mouse), and those compounds having unbound levels of >1% in the brain will be preferred. However,
DKR-1516, which is efficacious at doses ranging from 0.3-3.0 mg/kg, is 0.4% free in the brain, so free levels
can be lower than 1%. Nevertheless, more polar analogs are expected to have improved unbound levels.

(6) Preliminary PK analysis. The preliminary PK analysis of more promising Sig2R/TMEM97 modulators
will be performed by Quintara Discovery following the same approach used for DKR-1516. Briefly, mice will be
dosed (PO) with approximately 3—10 mg/kg of modulator, and blood will be collected at four time points (5, 15,
60, and 240 min) with brain tissue being collected after terminal blood collection. Concentrations in plasma and
brain tissues will be determined to give values for ti2, Cmax, AUCo-in. Based upon data for DKR-1516 (brain
levels 4 h post 3 mg/kg IP dose ~40 nM; t2 = 1.5 h, Cmax = 0.2 pM, and AUCp = 0.23 pM-h), preferred com-
pounds will achieve brain levels >100 nM and values for t12 of >3 h, Crmax of >1 yM, and AUCqins of 1-2 uM:-h.
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We will perform CYP inhibition studies against the key CYP isoforms CYP1A2, CYP2C9, CYP2C19, CYP2D6
and CYP3A4 for those Sig2R/TMEM97 modulators selected for efficacy studies, so we can focus on candi-

dates having ICses >10 uM for all isoforms.

Pitfalls and Alternatives. We do not anticipate significant problems, but if planned synthetic routes to
specific compounds prove troublesome, we will design new ones. We may need to prepare more than the pro-
jected ~75 compounds in order to achieve our Phase | goal of identifying at least three new Sig2R/TMEM97
modulators meeting the criteria in parts 2-6; we have the personnel, resources, and experience to do so.

Criteria for Phase Il advancement and Fast-
track justification.

We know IP administration of DKR-1516 to
mice after blast and CCI injury increases oli-
godendrocyte survival, reduces axon degenera-
tion, and improves function. It is thus an excel-
lent starting point to improve ADME/PK proper-
ties. As the Milestone for Phase | studies, we
will synthesize at least 75 new norbenzomor-
phan analogs of DKR-1516 and identify at least
three novel candidates related to 12-16 that
meet Phase | criteria and can be advanced to
animal studies in Phase II. Our extensive experi-
ence coupled with our highly promising prelimi-
nary results strongly suggest that we will achieve
the Phase | goals in one year, thus justifying our
Fast-track application to develop a different ap-
proach to treat TBI in humans. A simplified over-
view of the project is given in Fig. 5.

PHASE Il — AIM 1 continued.

(7) Characterize profiles of Sig2R/TMEMS97
modulators with alternate scaffolds. It is critical
to identify candidates having structural features
different from the initial leads, which are largely
piperazino norbenzomorphans, because such
compounds are likely to have different off-target

Aim 1: Lead optimization Aim 2: Efficacy (2 TBl models)
Analog synthesis Screening
Behavior recovery
Receptor binding Injury
= |
b Functional activity
5 Full evaluation
§ Neuroprotection Metabolite profile
8 Full PK
in vitro ADME Receptor expression
Axonal damage
. Cell survival
Preliminary PK Adult neurogenesis
Pathology
Scale-up for testing Behavior recovery
Injury

Route refinement

. Years1and2
Aim 3: Target engagement . Year2?
' | | Year 3

| Years 2 and 3

Autoradiography

Fig. 5. Overview and approximate timeline for the entire project. Phase | will be
completed in one year, and a set of orally bioavailable analogs of norbenzo-
morphan DKR-1516 will be ready for advancement to Phase Il (Aims 2,3).
Phase Il will require two years during which time modulators having significantly
different structures than DKR-1516 will be prepared, and animal efficacy and
imaging studies will be completed, thereby setting the stage for toxicity studies
and a pre-IND meeting with the FDA.

profiles and ADME/PK properties. New com-
pounds will be evaluated on the basis of the
criteria outlined in parts 2-6 of Aim 1 in Phase
| studies. We will thus use the emerging SAR
data for 12—16 and focus on the more promis-
ing substituents R'-R3 to prepare a collection
of approximately 75 homonorbenzomorphans
17 (Fig. 6). We will also synthesize about 15
compounds of the general structure 18 (Fig. 6)

R2
R! J\
N Ar(Het)
S
(

17: R' = H, Me, or (CHy),—X 18:Z2= CH CForN 19:n=0,1
X =H, OH, OMe, F; n=2,3; R3=alkyl cycloalkyl,
Y=CHorN;Z=CH,CForN functionalized alkyl,
R2=H,, Me, (CHy)nAr(Het)
R3 = CO,CH,Ar(Het), SO,Ar(Het), R*=Hal, Ar, Het

COAr(Het), etc

in order to examine analogs of the highly se-

Fig. 6. Other exemplary (homo)norbenzomorphan analogs of DKR-1516.

lective Sig2R/TMEM97 binding ligand 8 (Fig.

4). Because compounds lacking a basic amino substituent on the aromatic ring of the homonorbenzomorphan
(e.g., DKR-1051 and 9 (Fig. 4) are attractive Sig2R/TMEM97 modulators, we will make a series of about 20

compounds represented by 19 (Fig. 6).

Preliminary binding data for tetrahydroisoquinolines (e.g., 10, Fig. 3) and aminotetralins (e.g., 11, Fig. 3)
show that derivatives of compounds having these scaffolds are worthy of further examination. Because the lim-

R2 R2
1 1
R‘@ R‘N&

19 20
R'=H, Me, or (CH,),—X; X =H, OH, OMe, F; n = 2,3;
Y=CHorN;Z=CH,CForN
R2 = H,, Me,
3 = CO,CH,Ar(Het), SO,Ar(Het), COAr(Het), etc

Me., .R3
N o/\
3 R R? R3
O D | T e “”Oj O CO
Z/ Z/ Z/ Z/
21

2
o SN SAr(Het) , Me.\-R

22 23 24
Z=CH,CForN R2 = alkyl(functionalized), cycloalkyl,
(CHy)nAr(Het)
R3 = Hal, Ar, Het

Fig. 7. Exemplary tetrahydroisoquinoline and aminotetralin analogs.
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ited SAR data that is available show parallels in the binding profiles of these compounds with those of their
norbenzomorphan analogs, we will rely on the SAR obtained for 12-19 to establish priorities for preparing
about 50 tetrahydroisoquinolines and aminotetralins of the general form 19-24 (Fig. 7).

(8) Scale-up synthesis of Sig2R/TMEM97 modulators. The six most promising candidates emerging from
parts 1-7 will be prepared in sufficient quantities for screening for injury and behavior recovery in blast and CCI
injury models (Aim 2, Research Design, part 1). The selected lead compound will then be synthesized in quan-
tities sufficient to complete full PK and efficacy evaluation (Aim 2, Research Design, parts 2,3). We will synthe-
size an analog of this lead that has either a C—C double bond or two bromine atoms on an aromatic ring so it
can be isotopically labeled by catalytic tritiation and used in the autoradiography studies in Aim 3.

(9) Modify synthesis of lead Sig2R/TMEM97 modulator for translational studies. The current synthetic
strategy for preparing new Sig2R/TMEM97 modulators for screening is specifically designed to facilitate the
synthesis of small quantities of analogs from advanced intermediates. It is not the most efficient route to a sin-
gle compound. There are also late stage transition metal-catalyzed reactions, which are undesirable for prepar-
ing active pharmaceutical ingredients (API) according to good manufacturing practice (GMP). Accordingly, we
will develop an alternate synthetic approach that can be scaled up and performed in a GMP facility to prepare
the quantities needed for toxicology and other preclinical studies.

Expected Outcomes. We expect to identify and synthesize quantities for testing of at least six new
Sig2R/TMEM97 modulators that meet the criteria set forth in parts 2—6 that can be advanced to the animal
studies in Aim 2. We will synthesize quantities of modulators for efficacy and autoradiography studies and de-
velop an alternate synthetic route to our lead that is suitable for scale-up to prepare API in accord with GMP.

Pitfalls and Alternatives. If six new compounds for efficacy testing in animal studies do not initially
emerge from Aim 1, we will synthesize additional candidates related to 12—24 using available SAR data.

AIM 2. Evaluate effects of Sig2R/TMEM97 modulators in two animal models of TBI.

Introduction. Our critical proof-of-principle experiments show that treating mice with Sig2R/TMEM97
modulators after blast and CCI brain injury reduces axonal degeneration and oligodendrocyte death and en-
hances performance in learning and memory tasks to levels seen in sham-injury control animals. Because the
sequence identity of Sig2R/TMEM97 in mice and humans is 81% (NIH Blast), we believe efficacy studies in
mice provide a valid model for the human condition and that

Sig2R/TMEM97 is a fundamentally new and promising biological tar- ik

get for treatment of TBI in humans. The objective of this Aim is to | so- —
identify a promising, orally-bioavailable Sig2R/TMEM97 modulator |z ™

that mitigates secondary nerve damage, improves motor function and “g’

cognitive performance of mice after brain injury, and can be advanced |¢ 301

to preclinical toxicity studies. Our approach will involve: (1) screening |z _ |

the six most promising Sig2R/TMEM97 modulators identified in Aim 1 |

in single-dose (PO) studies to assess cell survival and behavioral out- 10 1

comes in male and female mice using blast and CCI injury models; (2) 5

determining the PK parameters (PO) of the best candidate; (3) per- L e e W nb
forming dose-response (PO) studies of the best Sig2R/TMEMS7 5= 5qformance in Bames maze test after blast
modulator in blast and CCI injury models to assess neurofunctional |injury. Animals treated with DKR-1516 (10 mg/kg)
outcomes; (4) performing ex vivo studies to evaluate Sig2R/TMEM97 222;??5?;?)(13?1 gnglgt%)nijer?;;?f: ggnmtfsra;a;% ;o
expression levels, _ t|§sue sparing, neuron/ohg.odendroc_yte survival, | co0 (10 mgrkg). *,p<305’ o Fr):<0.01, #%5<0.001.
axonal damage, gliosis, and adult neurogenesis. We will be able to

examine temporospatial alterations in injury progression and recovery M 1

based on the specific characteristics of each of the two models and thus 61 L
enable us to apply overlapping functional assessments for comparison.
The rationale for these studies is that we will fully characterize the neu-
rofunctional and pathophysiological effects of treating mice with a
Sig2R/TMEM97 modulator after two different types of brain injury. The
positive impact of these studies is that they will deliver an efficacious
Sig2R/TMEM97 modulator for preclinical toxicology studies and enable
a pre-IND meeting with the FDA for approval to further develop a drug to 1
treat TBI in humans by a novel mechanism of action.

D 1 % af
Justification and Feasibility. The search for new drugs having o e . - S DR

novel mechanisms of action to treat TBI by intervening in the numerous (SR)-DKR-1516

5 4

Platform crossing

biological pathways that ensue following initial injury has been largely [Fig. 9. Performance in Morris water maze test

unsuccessful, so it is critical to evaluate all promising possibilities. It is | after blast injury. Blast animals dosed with 0.3,
R ; iy . . 1.0, and 3.0 mg/kg of (1S,5R)-DKR-1516.

thus significant that we recently identified Sig2R/TMEM97 as a promis-
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ing target for developing therapeutic agents to treat TBI by a mechanism of ac-
tion fundamentally different from all previous methods. A key element of our
approach is that we will use animal models of TBI that mimic both mild and
moderate neurologic deficits that are seen in human patients.2

We collaborated with Andrew Pieper at the University of lowa (see bi-
osketch and supporting letter) to assess the effects of SAS-0132 and DKR-
1516 in a mouse model of blast-induced TBI. Several reports demonstrate that
the key consequences of human TBI are faithfully recapitulated in this model.40
For example, Pieper and others have shown that blast-mediated TBI in mice
causes visual, cognitive and motor dysfunction phenotypes that mirror blast-
TBIl damage in patients.'7240 |n key proof-of-principle studies, we discovered
that animals treated with SAS-0132 (10 mg/kg, IP) and DKR-1516 (10 mg/kg,
IP) after blast injury performed much better in the Barnes maze test of hippo-
campal-dependent spatial learning and memory than did vehicle-treated, in-
jured animals (Fig. 8). Indeed, treated animals functioned on par with both the
sham blast group (vehicle) and the injured group treated with the highly potent
positive control P7C3-A20, a well-established, neuroprotective aminopropyl
carbazole.'” In a followup dose-response study with (1S,5R)-DKR-1615, and
(1R,5S)-DKR-1516, treatment with as little as 0.3 mg/kg of (1S,5R)-DKR-1615
significantly enhances performance of blast-injured mice in the Morris water
maze test for hippocampal-dependent spatial learning and long-term memory
(Fig. 9); (1R,5S5)-DKR-1516 was similarly effective (data not shown). Silver
staining of cortical tissue shows DKR-1516 markedly reduces axon degenera-
tion after TBI (Fig. 10).

A second set of studies with Daniel Liebl at the University of Miami (see bi-
osketch and supporting letter) was performed to assess the effects of DKR-

450 -
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8
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5
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Sham Blast Blast
vehicle vehicle (SR)-DKR-1516

Fig. 10. Optical densitometry of visible
light transmitted through silver-stained
cortical brain tissue (n=5/group) used
to quantify extent of axonal degenera-
tion. The specific tissue area was
manually delineated, and signal was
quantified for 18 sections spaced 480
UM apart for each animal. A greater
value correlates to protection and de-
creased axonal degeneration because
increased light penetrance through the
section results from less silver staining.
Data are represented as mean %
SEM. ‘p< 0.05 compared to blast-
injured animals treated with vehicle.

1516 after CCl injury. Over the past 10—15 years, the Liebl lab has developed and refined a moderate CCl inju-
ry model in mice in which temporospatial analysis of neuron and oligodendrocyte survival can be compared to
anatomical and behavior outcome measures. Figure 11 shows CCI injury-induced loss of oligodendrocytes re-
siding in the corpus callosum/external capsule (Fig. 11c) and the cortical penumbra (Fig. 11d). These tem-
porospatial profiles are important for evaluating the timing of compound administration, and suggest that deliv-
ery prior to six hours post-injury (hpi) is important to maximize the protective effects in oligodendrocytes. Neu-

ronal counts are pending. CCl inju-
ry also leads to behavioral deficits, = |
in which pronounced losses in mo- ;f.':g L]
tor function (using Rotarod as- E:f-\
sessment) can be reversed follow- '

ing drug administration.*! To ex- ‘ ’ ' ‘
amine whether the compound
DKR-1516 was effective in
preserving cognitive/learning
behavior after CCl-injury, we l
evaluated the efficacy of 3 |c
mg/kg/day IP administration for six
days post injury (dpi) and ob-
served significant improvements in
learning behavior using a novel
object recognition (NOR) test. CCl
injury results in reduced recogni-
tion of a novel object as compared
with the familiar object (i.e.,
Recognition index) at 7 dpi, which o
is reversed following DKR-1516
administration (Fig. 12a). We also
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show that these improvements in

learning and memory are associ-
ated with improved oligodendro-
cyte survival in the cortical white
matter tracts that reside directly

Fig. 11. CCl injury leads to temporospatial differences in OL cell loss. (a) Schematic of brain re-
gions used for stereology. (b) PLP-GFP cortex, corpus callosum and external capsule in sham
and CCl injured mice at 7 dpi. Stereological OL (c) and neuron (d) counts at 2, 6, 24 hpi and 7 dpi.
n=8-14 per group. * compared to sham, # compared to 2 hpi. **# p<0.05, ** p<0.01, *** p<0.001.
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below the injury epicenter, where significant reductions in oli-
godendroctyes are observed following vehicle-treated CCI injury,
but not DKR-1516-treated CCI injured mice at 7 dpi (Fig. 12b).
Similar findings are observed in the corpus callosum (not shown),
although greater numbers of mice are needed for all groups.
Collectively, previous findings in our lab coupled with these
critical proof-of-principle studies show that Sig2R/TMEM97
modulators have excellent bioavailability and brain exposure, are
non-toxic over extended periods of daily exposure, regulate in-
tracellular Ca?* levels, affect synaptic plasticity, reduce proin-
flammatory cytokines, reduce axon degeneration, improve oli-
godendrocyte survival, and enhance cognitive performance after
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E

Novel object recognition
e
-
o

Recognition index
»
b

&
&
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Fig. 12. DKR-1516 administration reverses CCI injury-
induced deficits in NOR (a) and oligodendrocyte cell
death (b). n=4-5/group; * p<0.05.

brain injury in two different injury models. These results provide
compelling support for the exciting potential of Sig2R/TMEM97 modulators as potential drugs to treat TBI by a
new mechanistic pathway.

Research Design

(1) Screen effects of six Sig2R/TMEM97 modulators in blast and CCI injury models. The blast-injury
model of TBI will be conducted in the Pieper laboratory, whereas the CCl model will be done in the Liebl labor-
atory. In order to identify a candidate for full evaluation, we will first screen the six most promising compounds
emerging from Aim 1 in single-dose/day experiments. These will focus upon assessing the ability of each
Sig2R/TMEM97 modulator to enhance behavioral recovery after injury in both the blast and CCI injury models,
as well as axon integrity in the blast model and cell survival in the CCI injury model. During these experiments,
we will monitor mice for any adverse neurological or health effects through standard observational procedures
for preclinical studies in the Pieper and Liebl labs. The PK studies in Aim 1 will enable us to determine the
dose (PO), and based upon our previous work we anticipate doses will be between 1-10 mg/kg/day.

a. Assess the effects of six Sig2R/TMEM97 modulators on recovery in blast injury model. We will
screen the six most promising Sig2R/TMEM97 modulators by assessing behavioral outcomes (n=15/group, for
each sex). Briefly, we will divide male and female C57BI/6j mice into four groups (sham/vehicle, blast/vehicle,
sham/compound, blast/compound). Blast injury will occur on day-0, and daily PO administration of test com-
pounds and vehicle will begin one hour after injury and continue once daily for six consecutive days. On days 4
and 5 we will evaluate motor behavior using an open field test, which is part of the NOR training period. NOR
will be tested on day-6 (1 h following training) and day-7 (24 h following training) to evaluate both short- and
long-term recognition memory. NOR is a particularly attractive screening test since it does not require external
motivation, reward or punishment, and it is thought to closely reflect parameters for the recognition memory
test in human TBI patients.*2

b. Assess the effects of six Sig2R/TMEM97 modulators on injury and recovery in CCI injury model. Using
a CCl injury model, we will screen the same six Sig2R/TMEM97 modulators, as described for blast injury, and
assess cell survival and behavior outcomes (n=15/group). Briefly, we will divide male and female C57BI/6j
mice into four groups (sham/vehicle, CCl/vehicle, sham/compound, CCl/compound). CClI injury (4 m/s, 0.5 mm
depth) will occur on day-0, and daily PO administration of test compounds and vehicle will begin one hour after
injury and continue once daily for six consecutive days. On days 4 and 5 we will evaluate motor behavior using
an open field test, which is part of the NOR training period. As with the blast-model, NOR will be tested on day-
6 (1 h following training) and day-7 (24 h following training) to evaluate both short- and long-term recognition
memory. On day-7 we will harvest brain tissues in behaviorally tested animals for stereological counts of neu-
rons and oligodendrocytes (see section 3d below).

(2) Determine metabolite and full PK profile of lead Sig2R/TMEM97 modulator. The metabolite profile of
the lead will be characterized in rat, dog, monkey, and human to identify any differences in profiles in humans
and in animals that will be used in toxicology studies. Detailed PK studies of the Sig2R/TMEM97 modulator
having the best oral ADME/PK parameters and the best results in the single-dose animal injury studies (see
part 1 above) will be performed by Quintara Discovery. Briefly, three escalating doses, which will be guided by
the preliminary PK studies (see Aim 1, Research Design, part 6) of compound will be administered (PO) to
C57BI/6j mice (n=3/group). A 7-point PK curve will be generated by euthanizing mice at 5, 15, 30, 60, 120, 240
min, and 24 h after administration of the Sig2R/TMEM97 modulator at which times blood and brain tissue will
be collected. Concentrations will be determined to give ti;2, Cmax, and AUC in both blood and brain tissue at dif-
ferent time points. The results of these studies will enable us to identify the range of daily oral doses for the
dose-response studies in the two injury models, which will be conducted in parallel.

(3) Fully characterize the effects of Sig2R/TMEM97 modulators on blast and CCI injury and recovery.
Having identified the optimal Sig2R/TMEM97 modulator, we will examine receptor expression, tissue sparing,
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axonal damage, neuronal and oligodendrocyte survival, neurogenesis, and behavioral recovery between
groups. If sex differences are observed between test compounds, we will continue to evaluate both male and
female mice. If no differences are observed, we will limit our dose-response analysis to male mice. Indeed, a
compound that shows efficacy in both sexes is optimal. With the exception of the expression studies, we will
then examine all tissue and behavioral parameters using three doses based upon PK studies and varying
overall by a factor of 10.

a. Examine Sig2R/TMEM97 expression in blast and CCI injured tissues. We will examine
Sig2R/TMEM97 expression in sham, blast-injured, and CCl-injured brains at 1, 3 and 7 days post-injury (dpi)
using Western blot analysis and immunohistochemistry (n=6/group). These time points were chosen based on
the acute changes in cell survival, gliosis, tissue loss and neurogenesis described below. Western blot studies
will be performed on cortical and hippocampal lysates using anti-Sig2R/TMEM97 antibodies, while immuno-
histochemistry studies will require serial cryostat sectioning throughout the region of injury. With CCI, this will
be the region surrounding the site of impact. With blast-injury, this will be bilateral examination of serial sec-
tions in the anterior-posterior axis, as the blast wave affects all regions of the brain.'” Co-staining studies will
employ neuronal (anti-NeuN) and OL (anti-CC1) antibodies to identify cellular localization. Based upon the Al-
len Brain Atlas, we anticipate finding Sig2R/TMEM97 mRNA in several regions of the naive adult brain, includ-
ing the cortex, hippocampus, and subventricular zone (SVZ).152

b. Evaluate effects of Sig2R/TMEM97 modulators on tissue pathology following CCI injury. An overall
assessment of cortical tissue sparing and gliosis will be performed with three drug doses (n=6/group) using
protocols we previously developed.20 Metamorph software (Molecular Devices) will be used to quantify the vol-
ume of remaining haemotoxylin and eosin (H&E) stained cortical tissue volume at 7 dpi as well as a more
chronic recovery period of 28 dpi to determine whether acute affects are maintained over chronic periods. In
these same animals, the volumetric area of astrocyte reactivity (i.e., gliosis) in the cortex will also be measured
using anti-GFAP antibodies. Brains will be fixed, serially sectioned at 50 um, stained, and examined in a non-
biased blind manner. Only the CCI injury model will be assessed in this capacity, since it contains defined inju-
ry borders as compared to the diffuse nature of the blast model.

c. Evaluate effects of Sig2R/TMEM97 modulators on axonal damage following blast and CCI injury. An
overall assessment of axon degeneration will be performed at three compound doses (n=6/group) using proto-
cols we previously developed.'”2 For blast injury, we will perform silver staining of serial sections in the anteri-
or-posterior axis after behavioral testing is complete. Histologic examination with silver staining of brain tissue
at this stage after TBI reveals prominent axonal degeneration in the absence of cell death or acute inflamma-
tion.’72 Automated optical densitometry of silver-stained tissue is routinely used to quantify the magnitude of
staining, such that greater impedance of light through the section reflects greater axonal degeneration.'”@ This
method correlates with a previously established method of quantifying silver staining through manually deline-
ating the area of interest and determining optical density of silver staining on the same section through NIH
Image J software.*3 In the CCI injury model, serial sections of callosum/external capsule regions in and around
the injury epicenter at 7 and 28 dpi will be sent to the Pieper Lab for analysis using a similar approach as de-
scribed for the blast injured tissues.

d. Evaluate effects of Sig2R/TMEM97 modulators on cell survival of neurons and oligodendrocytes fol-
lowing CClI injury. We will quantify cell numbers using non-biased stereology in the cortical penumbra, corpus
callosum/external capsule and hippocampus (DGC, CA1, and CA3 pyramidal cells) in sham and CCI injured
mice at three drug doses to compare vehicle and drug treatment (n=8/group) as previously published.4!44 Ste-
reoinvestigator software (MBF Bioscience) will be used to quantify the numbers of neurons and oligodendro-
cytes at 7 and 28 dpi using fluorescent reporter mice [i.e., Thy-1-YFP (neurons) and PLP-GFP (oligodendro-
cytes)] and/or immunohistochemistry. We will also quantify the number of TUNEL and/or activated caspase-3
positive cells at 1 and 3 dpi in neurons and oligodendrocytes using co-immunohistochemistry. We will only as-
sess cell survival in the CCI injury model because temporospatial losses in cell numbers are well-defined (see
Fig. 11), whereas they are not in the diffuse blast injury model.

e. Examine the effects of Sig2R/TMEM97 modulators on adult neurogenesis following blast and CCl in-
jury. Because adult neurogenesis has a significant impact on stabilizing the injury microenvironment in both the
cortex and hippocampus, we will examine the adult neurogenic response to CCl injury in the SVZ and hippo-
campus as previously published.20442.45 \We will evaluate neural stem/progenitor cell proliferation and survival to
compare vehicle- and drug-treated sham with blast-injured and CCl-injured mice at three drug doses. Mice will
be pulsed with 50 mg/kg of EdU on 1, 3, 5 dpi and sacrificed at 7 and 28 dpi for tissue analysis (n=8/group).
For proliferation, serial sectioned brains will be stained for EAU and co-labeled with the neuroblast marker anti-
double cortin (DCX) to quantify the number of proliferating neuroblasts at 7 dpi in SVZ tissues and the dentate
gyrus of the hippocampus. For neuronal differentiation, we will examine the number of EdU positive cells that
differentiate into NeuN positive neurons in the olfactory bulb and dentate gyrus at 28 dpi. For survival, we will
examine the number of TUNEL positive-EdU labeled neuroblasts (DCX positive) and neurons (NeuN positive)
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in the SVZ and dentate gyrus at 3 and 7 dpi. Non-biased Stereolnvestigator analysis will be used for all quanti-
tative measurements.

f.  Determine whether Sig2R/TMEM97 modulators enhance behavioral recovery after blast injury. We
will determine whether Sig2R/TMEM97 modulators improve functional recovery in sham and blast-injured mice
using four behavioral assessments of sensorimotor function and learning behavior at three compound doses at
28 dpi. We will test two measures of sensorimotor function (i.e., open field and Rotarod assessment) and two
measures of cognitive/learning behavior (NOR and Morris water maze) to evaluate the effects of drug treat-
ment (n=25/group) as previously published.” Open field and NOR will be measured in the first week (as de-
scribed above) together with Morris water maze at 13 dpi. Rotarod assessment will be performed on separate
groups of animals (n=25/group) at 3, 7, 14 and 28 dpi since pre-injury training is required.

g. Determine whether Sig2R/TMEM97 modulators enhance behavioral recovery after CClI injury. We will
determine whether Sig2R/TMEM97 modulators can improve functional recovery in CCl-injured mice using the
same four behavioral assessments (n=15/group) as described for the blast model and previously pub-
lished.172.2041.44 \We will evaluate three drug doses at the 7 dpi time point, but only evaluate the optimal dose at
28 dpi time point to minimize excessive animal usage. For the 7 dpi analysis, open field and NOR analysis will
be performed, whereas Rotarod and Morris water maze analysis will be examined in the 28 dpi mice
(n=15/group). Rotarod analysis will be tested at 3, 7, 14 and 28 dpi, while Morris water maze animals will be
tested at 13 dpi, since pre-training is required for both behavioral assessments.

Expected Outcomes. We expect to identify at least one orally-active Sig2R/TMEM97 modulator with ex-
cellent ADME/PK properties that is neuroprotective and improves learning and memory in mice after brain inju-
ry in two distinct models. We anticipate that this candidate will be suitable for further for assessment of hERG
trafficking, CYP induction, and full ADME-toxicology that will lead to its advancement as a clinical lead to treat
TBI in humans by a new mechanism of action. Brains from animals (sham/vehicle, sham/drug, injured/vehicle,
and injured/drug) from both injury models will be frozen for use in Aim 3.

Pitfalls and Alternatives. Based on our experience with the TBI models and proposed analyses for each
laboratory, we do not anticipate any problems meeting our goals in this aim. We recognize that
Sig2R/TMEM97 may also influence calcium homeostasis, synaptic functions, and inflammation, as well as
AB and Tau production, but these experiments are beyond the scope of this proposal. Our focus on the core
issues of tissue integrity, cell survival, neurogenesis and functional recovery are achievable within the 2-year
time frame based on the personnel requested.

AIM 3. Characterize binding of a Sig2R/TMEM97 modulator to receptors in the brain.

Introduction. Although our compounds bind to Sig2R/TMEM97 in rat liver homogenates, it is critical to
show that they bind to Sig2R/TMEMS97 in the brain. Accordingly, the objective of this aim is to characterize the
binding of a Sig2R/TMEM97 modulator in the mouse brain. Our approach will be to characterize how our lead
Sig2R/TMEM97 modulator binds to different brain regions of animals (sham/vehicle, sham/compound, in-
jured/vehicle, injured/compound) in blast and CCI injury models using quantitative autoradiography. The ra-
tionale for these studies is that we will learn how our lead candidate binds to Sig2R/TMEM97receptors in
brains of uninjured and injured animals and whether treatment affects binding levels in those regions. The posi-
tive impact of these studies is that we will establish "target engagement" by
showing that our compounds bind to Sig2R/TMEM97 in brain regions associat- py.co o OMé]
ed with cell survival and functional improvements. N,\/\,N(:@

Justification and Feasibility. Autoradiography studies using tritiated si- H
ramesine, a Sig2R/TMEM97 binding ligand, show a high density of Me
Sig2R/TMEM97 in the motor cortex and hippocampus.#¢ Sig2R/TMEM97 is also o [*H]-RHM-1
a marker for cell proliferation associated with cancer, and highly selective
Sig2R/TMEM97 binding ligands have been used to image brain tumors.4” Mach
has shown that a Sig2R/TMEM?97 fluorescent probe binds to cultured rat hippo-
campal and cortical neurons.?® It has also been shown that Sig2R/TMEM97
binds AP oligomers in cultured neurons in vitro, and compounds that that block
Ap binding to Sig2R/TMEM97 are neuroprotective.® Importantly, these com-
pounds, which also improve cognitive performance in Tg mice, were shown in
autoradiography studies to bind to human anterior cortex tissue. 0

We will collaborate with Jinbin Xu (Washington University in St. Louis; see Rlotkpiod A GSeN
supporting letter and biosketch), who has extensive experience in quantitative - D_KR_'1516["M'_
autoradiography and imaging of Sig2R/TMEM97 receptors in brains from hu- Eggra;:{itf,‘;angitﬁg&a”;g;i‘;'f’gg"ﬁg‘f
mans, nonhuman primates, and rodents.®48 In a critical preliminary experiment | 1516 displaces PHIRHM-1 (10 nM)
to establish target engagement, we found in a competitive binding assay that | from Sig2R/TMEMS7 in rat brain

unlabeled DKR-1516 displaces [PH]JRHM-1 (Fig. 13), a highly selective and high [ Sectons (Cso = 3.4 nM);in triplicate.

OMe)

100
= IC, =3.4nM
60

40

% Specific Binding

20
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affinity Sig2R/TMEM97 ligand, from Sig2R/TMEM97 in whole rat brain : ABion Kot
sections with an ICsp = 3.4 nM, an affinity that closely mirrors the ob- BN

served affinity of DKR-1516 in rat liver homogenate (Ki = 5.7 nM) (Fig.
13). This finding shows DKR-1516 has high affinity for
Sig2R/TMEMS97 receptors in rodent brain, which is 81% identical to
the human receptor. In a receptor occupancy study carried out with
Robert Mach (University of Pennsylvania; see supporting letter and
biosketch) using positron emission tomography (PET), we find that
DKR-1516 rapidly crosses the blood brain barrier and displaces the
known Sig2R/TMEM97-selective ligand [""C]JCTX from receptors in
the anterior cortex and other brain regions (not shown) of a rhesus | __
monkey (Fig. 14). These key preliminary studies establish target en- ¢ * x B 8 M
gagement and the feasibility of the proposed imaging experiments to

characterize brain binding profiles in uninjured and injured mice (un- | Fig. 14. Displacement of radiotracer ["'CJCTX
treated and treated) using a radiolabeled analog of our lead | (S'92FVTMEMS7, K=8.5 nM)with DKR-1516 from

- receptors in anterior cortex of anesthetized rhe-
Sig2R/TMEM97 modulator. sus monkey. DKR-1516 (0.1 mg/kg) administered

Research Design at 10 min post-injection of radiotracer (red arrow).

eak

zed to P

Normali

(1) Preparation of radioligands. A tritiated analog of the lead Sig2R/TMEM97 modulator used in Aim 2 (see
Research Design, part 3), which is designated as [?H]STM-lead for this discussion, will be custom synthesized
by American Radiolabeled Chemicals (St. Louis, MO; see email) from a precursor we will provide (see Aim 1,
Research Design, part 8) and used for systematic autoradiography studies. [(HJRHM-1, a selective
Sig2R/TMEM97 radioligand that has been well characterized by Xu’'s group,*® will also be synthesized by
American Radiolabeled Chemicals.

(2) Preparation of postmortem brain tissue sections. Brains will be collected from animals in the blast and
CCl injury studies in Aim 2, fresh frozen using dry ice, and shipped to Xu’s laboratory. Four different animal
groups (n=6, sham/vehicle, sham/STM-lead, injured/vehicle, and injured/STM-lead at a single time point 7dpi;
total of 48 animals) will be used for the autoradiography imaging studies. Serial coronal sections (20 ym thick)
will be cut using a cryostat through the whole brain and stored at —80 °C until used for autoradiography.

(3) Competitive binding assay of unlabeled Sig2R/TMEM?97 ligands with radioligands. Mouse brain sec-
tions will be incubated with [BHJRHM-1 and [*H]STM-lead (single concentration ~K,) and unlabeled
Sig2R/TMEM97 ligands (RHM-1, siramesine, and STM-lead) at concentrations ranging from 0.1 nM to 10 uyM
will be added to acquire competition inhibition curves with [*HIRHM-1 and [°*H]STM-lead. Data from these ex-
periments will be modeled using nonlinear regression analysis to determine the concentration of inhibitor that
inhibits 50% of the specific binding of the radioligand (ICso value). Competitive inhibition constants (K; values)
will be calculated from the I1Csp values using the Cheng and Prusoff equation.3°

(4) Determining the binding affinity and binding density using autoradiography. Slides containing adjacent
coronal cryosections from mouse brain after blast and CCI injury and age and sex-matched sham control co-
horts (n=48) will be incubated with [P(HJRHM-1 and [*H]STM-lead at a concentration of 0.1~20 nM and imaged
using the Beta Imager. Quantitative analysis of the autoradiography will be done with the Beta-Image Plus
software. Regions of interest will be outlined and results expressed as dpm/mm?. A standard [*H]Microscale
slide obtained from American Radiolabeled Chemicals will be counted with the slides containing tissue for
quantitative analysis of the radioactivity. Binding density will be measured for each concentration, and the
dose-response curve will be generated and transformed into Scatchard plots. The corresponding dissociation
constant (Ky) and binding density (Bmax) in different brain regions (cortex, hippocampus, striatum, thalamus,
cerebellum and brain stem) will be determined by a linear regression analysis of the transformed data accord-
ing to formula (1).5" Adjacent tissue sections will be stained with myelin marker and g 1 1
scanned using a NanoZoomer digital scanner to obtain the high quality bright field FS:—?BJFBW M
anatomical image to identify the regions of interest for autoradiography analysis. d d

Expected Outcomes. We expect to show that STM-lead binds selectively to Sig2R/TMEM97 in rodent
brains with high affinity and receptor density that are in agreement with the known Sig2R/TMEM97 binder
[FBHIRHM-1. We will learn whether there are differences in Sig2R/TMEM97 binding and distribution in the differ-
ent brain regions of animals after two types of TBI compared to their sham controls. We will also learn whether
this Sig2R/TMEM97 modulator can restore Sig2R/TMEM97 density and homeostasis and reduce axonal and
oligodendrocyte death in injured animals.

Pitfalls and Alternatives. Given our experience and preliminary work, we do not anticipate any problems.
Future efforts will be directed toward using postmortem human tissues to conduct imaging studies to validate
the Sig2R/TMEM97 engagement in humans suffering from acute or chronic TBI.
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