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METHODS: We identified inhibitors and screened the enzymatic domain of SHIP1.

A protein construct containing two domains was used to evaluate enzyme inhibitor
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1 | BACKGROUND

Alzheimer’s disease (AD) is a progressive neurodegenerative disor-
der that is characterized by the accumulation of abnormal protein
aggregates, including amyloid beta (AB) plaques and tau tangles, in
the brain. Gradual neurodegeneration leads to cognitive decline,
memory loss, and behavioral changes. Specific triggers and mecha-

nisms are not yet fully understood; however, they likely result from

potency and selectivity versus SHIP2. Inhibitors were tested against a construct con-
taining all ordered domains of the human and mouse proteins. A cellular thermal
shift assay (CETSA) provided evidence of target engagement in cells. Phospho-AKT
levels provided further evidence of on-target pharmacology. A high-content imag-
ing assay was used to study the pharmacology of SHIP1 inhibition while monitoring
cell health. Physicochemical and absorption, distribution, metabolism, and excretion
(ADME) properties were evaluated to select a compound suitable for in vivo studies.
RESULTS: SHIP1 inhibitors displayed a remarkable array of activities and cellular phar-
macology. Inhibitory potency was dependent on the protein construct used to assess
enzymatic activity. Some inhibitors failed to engage the target in cells. Inhibitors that
were active in the CETSA consistently destabilized the protein and reduced pAKT
levels. Many SHIP1 inhibitors were cytotoxic either at high concentration due to
cell stress or they potently induced cell death depending on the compound and cell
type. One compound activated microglia, inducing phagocytosis at concentrations that
did not result in significant cell death. A pharmacokinetic study demonstrated brain
exposures in mice upon oral administration.
3-((2,4-Dichlorobenzyl)oxy)-5-(1-(piperidin-4-yl)-1H-pyrazol-4-yl)
pyridine activated primary mouse microglia and demonstrated exposures in mouse
brain upon oral dosing. Although this compound is our recommended chemical
probe for investigating the pharmacology of SHIP1 inhibition at this time, further
optimization is required for clinical studies.

cellular thermal shift assay (CETSA), INPP5D, pharmacokinetics, phenotypic high-content imag-
ing assay, SHIP1, SHIP1 inhibitors

¢ Cellular thermal shift assay (CETSA) and signaling (pAKT) assays were developed to
provide evidence of src homology 2 (SH2) domain-contaning inositol phosphatase 1
(SHIP1) target engagement and on-target activity in cellular assays.

* A phenotypic high-content imaging assay with simultaneous measures of phago-
cytosis, cell number, and nuclear intensity was developed to explore cellular
pharmacology and monitor cell health.

* SHIP1 inhibitors demonstrate a wide range of activity and cellular pharmacology,
and many reported inhibitors are cytotoxic.

* The chemical probe 3-((2,4-dichlorobenzyl)oxy)—5-(1-(piperidin-4-yl)—1H-pyrazol-
4-yl) pyridine is recommended to explore SHIP1 pharmacology.

a complex interplay of genetics, environment, and lifestyle. Genome-
wide association studies (GWAS), whole genome sequencing, and
gene-expression network analyses comparing normal aged brain to
samples from patients with late-onset Alzheimer’s disease (LOAD)
have identified protective and risk genes involved in microglia function
and neuroinflammation.!#Target selection and validation based on
these studies remains a challenge. It is often unclear if a successful

therapeutic intervention would require a target to be upregulated
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or downregulated and the timing of such interventions remain
unclear.

The TaRget Enablement to Accelerate Therapy Development for
Alzheimer’s Disease (TREAT-AD) centers were established to provide
high-quality research tools and technologies to validate and advance
the next generation of drug targets for AD.”> Data, methods, and com-
putational and experimental tools are being openly disseminated and
free-of-charge to the broader research community for use in drug dis-
covery and inresearch to better understand the complex biology of AD.
Resources are made available in a Target Enablement Package (TEP)
at the AD Knowledge Portal (https://adknowledgeportal.synapse.org/
Explore/Target%20Enabling%20Resources). Here the IUSM-Purdue
TREAT-AD Center is reporting a chemical probe TEP with methods
and experimental tools that we hope will catalyze and support further
investigation into SHIP1 as a target for the treatment of AD.®

The inositol polyphosphate-5-phosphatase (INPP5D) gene has been
identified as a risk gene for AD by a meta-analysis of four large
genome-wide association studies (GWAS),” and has been nominated as
a therapeutic target by three teams within the Accelerating Medicines
Partnership for AD (AMP-AD).2 INPP5D deficiency has been shown
to attenuate amyloid pathology in the 5XxFAD mouse model of AD.?
INPP5D encodes the Src homology 2 (SH2) domain-containing inositol
polyphosphate 5-phosphatase 1 (SHIP1), a phosphatidylinositol phos-
phatase that regulates pathways downstream from TREM21011 and
the Fcy receptor FCyRIIB.1112

Triggering Receptor Expressed On Myeloid Cells 2 (TREM2) is a cell
surface receptor expressed on immune cells. TREM2 plays a crucial
role in modulating microglial response to neurotoxins and inflam-
mation in the brain (Figure 1A). Hypomorphic variants of TREM2
have been associated with an increased risk of developing AD, and
researchers have been exploring ways to activate TREM2 to potentially
influence disease progression; however, results directly modulating
TREM2 vary and the data are conflicting, depending on the model
system used.!31% SHIP1 is a negative regulator downstream from
TREM2. This complex, multidomain protein possesses a phosphatase
(Ptase) domain flanked by a pleckstrin-homology (PH) domain that
binds phosphatidylinositol (3,4,5)-trisphosphate [P1(3,4,5)P3] and a C2
domain that binds phosphatidylinositol (3,4)-bisphosphate [P1(3,4)P5]
(Figure 1B).2>1¢ The PH and C2 locate and orient the Ptase catalytic
site toward its PI(3,4,5)P5 substrate at the intracellular side of the
membrane. The C2 domain is essential for cellular function, and inter-
actions between Ptase and C2 modulate enzymatic activity.l” SHIP1
converts PI(3,4,5)P5 to PI(3,4)P,, which are phosphorylated phos-
phatidylinositols that play important roles in membrane structure and
identity and mediate downstream pathways such as AKT/mTOR sig-
naling. For example, PI(3,4,5)P5 binds and activates the PH-containing
proteins PLCy2, PDK1, and AKT.!® SHIP1 also contains an N-terminal
SH2 domain that binds immunoreceptor tyrosine-based inhibitory and
immunoreceptor tyrosine-based activation motifs (ITIMs and ITAMs)
on DAP121° and FCyRIIB121? and a C-terminal proline-rich domain
that binds many other proteins, including PLCy2 and the Tec and Syk
family kinases.2% Therefore, SHIP1 is also involved in protein-protein

interactions that modulate membrane structure and downstream sig-

Clinical Interventions

RESEARCH IN CONTEXT

1. Systematic Review: PubMed and SciFinder were
searched to identify src homology 2 (SH2) domain-
contaning inositol phosphatase 1 (SHIP1) and SHIP2
inhibitors reported in the literature, and we screened for
new inhibitors.

2. Interpretation: We evaluated the pharmacology of these
inhibitors, assessed their suitability for animal studies,
and discovered that not all reported inhibitors engage the
target in cells and those that do drive different pheno-
types in microglia like cell lines. One promising molecule
activated microglia toward a phagocytotic phenotype,
whereas others were cytotoxic. We characterized this
molecule in primary mouse microglia and demonstrated
that it can achieve micromolar exposures in brain tissue
upon oral exposure in mice.

3. Future Directions: The work provides a molecular start-
ing point for therapeutic lead discovery and assays for
lead optimization. We also provide recommendations and
cautions for the use of reported chemical probes that are
used to explore the pharmacology of inhibitors of SHIP1.

naling. Because SHIP1 binds receptor ITIMs and ITAMs, competes with
kinases, and converts PI(3,4,5)P3 to PI(3,4)P,, it is generally under-
stood as a negative regulator of cellular activation.!! Although the
role of SHIP1 in limiting microglial activation is not entirely under-
stood, we hypothesize based on our previously reported human?! and
preclinical? results that inhibiting SHIP1 will increase the protective
functions of microglia and reduce the rate of disease progression and
cognitive decline in patients with AD. It is important to note that
to investigate the biological function of SHIP1 and examine the con-
sequences of its pharmacological manipulation, rigorously validated
molecular tools are essential.?2 Therefore, we have characterized
reported inhibitors, developed assays, screened for novel inhibitors,
and evaluated the systemic and central exposure of a chemical probe

in mice to further advance research in this area.

2 | METHODS

2.1 | Ligand identification

The complex, multidomain, multifunctional nature of SHIP1, mediat-
ing multiple protein-protein interactions while serving as an interfacial
enzyme at the intracellular side of the microglia membrane, motivated
us to pursue multiple and orthogonal ligand identification strate-
gies with the premise that engaging the target in multiple ways
with different types of ligands would provide the array of molecu-

lar tools necessary to explore the pharmacology of SHIP1 inhibition.
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We screened the SHIP1 Ptase domain,?® analyzed a publicly avail-
able fragment-based screen,?* and completed a thorough evaluation
of SHIP1 and SHIP2 inhibitors reported in the literature.2> Our screen
using only the catalytic domain of SHIP1 was biased toward identifying
orthosteric, active site inhibitors. Our analysis of the fragment-based
screen?* focused on compounds that bind in an allosteric site at the
interface between the Ptase and C2 domains. Our literature evaluation
focused on identifying starting points with drug-like properties and the
synthesis of analogs to explore their potential for brain penetration.
In each case, we prioritized chemical scaffolds that showed evidence
of target engagement in cellular and in vivo biological contexts, with
the expectation that ligands that engage the target differently would
have different pharmacological activities depending on the biological

context, timing, and the endpoints being evaluated.

2.2 | Invitro assay development

Once compounds were identified, they were evaluated in a series of
SHIP1-related assays (Figure 1C). Due to the multidomain and mul-
tifunctional nature of SHIP1, we anticipated that discrepancies may
arise between enzyme and cell assays, which could subsequently con-
found the interpretation of cellular results, as has been reported
previously.2627 However, because enzyme activity is easily measured
and provides evidence of target engagement, we elected to use the
malachite green assay using PtdIns(3,4,5)P3-diC8 as a substrate and a
minimal enzyme construct containing the Ptase-C2 domains. This assay
is standard in the field and is amenable to automated high-throughput
screening.?®2? The Ptase-C2 protein is well behaved, can be expressed
and purified to a high degree of purity, and contains the allosteric
site at the interface between the Ptase and C2 domains. For compar-
ison and to assess potential species differences, inhibitors were tested
against nearly full-length and stable SHIP1 protein constructs contain-
ing all ordered domains of the human and mouse proteins. We used a
SHIP1 cellular thermal shift assay (CETSA) to provide evidence of tar-
get engagement in cellular assays. Because THP1 cells are employed
frequently as a model of monocyte cells and SHIP1-dependent AKT

signaling has been observed previously in this cellular context,3°:31

a
signaling assay was established using THP1 cells measuring total AKT
(tAKT) and phospho-Akt (pAKT) levels, which provides further evi-
dence of on-target pharmacology. A phenotypic high-content imaging
assay with simultaneous measures of phagocytosis, cell number, and
nuclear intensity was used to ensure that the compounds are affect-
ing desired cellular pharmacology without cytotoxicity.32 Model cell
lines, BV2 and HMC3, were used to provide adequate throughput for
structure activity relationship (SAR) studies. Primary mouse microglia
were used to ensure that observations in BV2 cells reflect primary cell

activity.

2.3 | In vivo evaluation

To support therapeutic target validation studies of pharmacological

SHIP1 inhibition in vivo, we selected a chemical probe with desired cel-

lular pharmacology, analyzed its absorption, distribution, metabolism,
and excretion (ADME) properties in silico, assessed key physico-
chemical and ADME properties in vitro, and utilized the results to
predict plasma pharmacokinetics (PK) profiles. We then conducted a
single-dose PK study to confirm that systemic peripheral and central

exposures can be obtained in mice upon oral administration.

3 | RESULTS

As described in our Screening Target Enablement Resource,?® 95K
compounds were screened at 10 uM using the SHIP1 Ptase domain
and produced three chemical series that were selected for further
study (Figure 2A). The oxazyl pyrrole scaffold is represented by TAD-
0058585 (1), the dihydrothienopyridine scaffold is represented by
TAD-0058656 (2), and the tetrahydroquinoline scaffold is represented
by TAD-0058581 (3). Because this screen was run using only the cat-
alytic domain of SHIP1, these inhibitors are assumed to be orthosteric.
Further elaboration and characterization of these scaffolds will be
described elsewhere. Our analysis of the fragment-based screen by X-
ray crystallography focused on reported compounds 4 (x-0524) and
8 (x-0101), which showed interpretable electron density in a binding
pocket (Site 3) near Cys505 in the interface between the Ptase and
C2 domains (Figure 2B). Studies with SHIP2 have demonstrated that
the C2 domain is essential for cellular function, and its rigid inter-
face with the Ptase domain enhances enzymatic activity.l” Because
the reported fragments did not inhibit SHIP1, we prepared analogs
with improved activity. Adding a cyano group (5, 6) to x-0524 proved
effective, demonstrating increasing potency in the enzyme assay. The
addition of 4-methyl benzoate (7) also improved enzyme inhibitory
activity. Because this binding site contains a potentially reactive cys-
teine, we added the reactive functional group acryloyl to x-0101 to
give compound 9, which inhibited the enzyme, was active in CETSA,
and vyielded a crystal structure of the covalently modified protein
(deposited in the Protein Data Bank [PDB 8UMS5]). This structure
is overlaid with the co-crystal structure of x-0101 and SHIP1 (PDB
5RWL)3 in Figure 2B. These data provide evidence for binding in
allosteric site 3 in the interface between the Ptase and C2 domains.
SHIP1 and SHIP2 inhibitors reported in the literature?> are
described in Figure 2C. Metabolically stabilized analogs of
PtdIns(3,4,5)P; such as 10, are stable, are not degraded by phos-
phatidylinositol phosphatases, and act as inhibitors®*; however, they
are neither selective for SHIP1 nor do they have the physicochemical
properties required for studies beyond cellular assays. Likewise,
phosphorylated polyphenols,®® such as 11 and 12, were deemed
inadequate for our purposes because they are highly charged and
are, therefore, unable to cross cell membranes. Consequently, we did
not characterize these compounds. The aminosteroid 13, known as
3a-aminocholestane (3AC), was first reported by the Kerr group3®
and is the most widely used SHIP1 inhibitor.2>3¢-3? We also prepared
and evaluated the more soluble aminosteroid analog K116 (14)4041
and several analogs of a tryptamine scaffold (15-17) reported by
the Kerr group.®” We obtained AS1949490 (18) and AS1938909
(19), a thiophene scaffold described by Astellas Pharma®243® as a
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FIGURE 1
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Plasma and brain exposure

(A) Triggering Receptor Expressed On Myeloid Cells 2 (TREM2) binds amyloid beta (AB) and apolipoprotein E, which activate

microgliosis and phagocytosis. DNAX activation protein of 12kDa (DAP12) mediates TREM2 activation through Spleen tyrosine kinase (SYK) and
phosphatidyl inositol-specific phospholipase C-y2 (PLCy2). Src homology 2 (SH2) domain-containing inositol polyphosphate 5-phosphatase 1
(SHIP1) completes with SYK and modulates PIP3-dependent PLCy2 and AKT signaling downstream from TREM2 by converting P1(3,4,5)P5 to
P1(3,4)P,, both of which can activate AKT through PDK- and mTOR-dependent mechanisms depending on cell context. (B) Multi-domain structure
of SHIP1 containing an N-terminal SH2 that binds immunoreceptor tyrosine-based inhibitory and immunoreceptor tyrosine-based activation
motifs (ITIMs and ITAMs), a phosphatase (Ptase) domain flanked by a pleckstrin homology (PH) domain that binds PI(3,4,5)P3, and a C2 domain
that binds PI(3,4)P,, and a disordered C-terminal end that binds many other proteins. (C) Flow of assays developed to assess SHIP1 inhibitors. The
development of a cellular thermal shift assay (CETSA) to ensure cellular target engagement and a phenotypic assay with simultaneous measures of
microglia activation (phagocytosis) and health (cell number and nuclear intensity) were critical for identifying compounds that engaged SHIP1 and

resulted in desired pharmacology.

selective SHIP2 inhibitor with minimal activity against SHIP1. We
also prepared NGD61181 (20), which was discovered by NeoGenesis
Pharmaceuticals** using mass spectrometry-based affinity screening
of a combinatorial library. Researchers at the University of Toyama
noted similarities between the compounds reported by Astellas and
NeoGenesis and used them as a starting point for a ligand-based design
effort, culminating in the synthesis and evaluation of a pyridyl-based
scaffold best represented by N-[4-(4-chlorobenzyloxy)pyridin-2-
yll-2-(2,6-difluorophenyl) acetamide (CPDA, 21).*> A similar pyridyl
scaffold has been reported based on the observation that crizotinib,
a multi-targeted kinase inhibitor, also inhibits SHIP2.#¢ We pre-
pared several analogs from this report, including compounds 22 and
23.

3.1 | Evaluation of enzymatic inhibition

SHIP1 is an Mg2t-dependent inositol 5-phosphatase that converts
P1(3,4,5)P; to PI(3,4)P, at the intracellular side of the cell mem-

brane. Although our initial high-throughput screen relied on the
Ptase-only catalytic domain, we used two-domain, hSHIP 1375898 and
hSHIP2420-878 ptase-C2 proteins for routine SAR studies of enzymatic
inhibitory potency and selectivity because the C2 domain modulates
the enzymatic activity of the Ptase,” and this protein contains both
the catalytic site and a potential allosteric binding pocket at the inter-
face between the domains. Using this protein allowed us to study
both orthosteric and allosteric inhibitors. Although SHIP1 is an inter-
facial enzyme, we chose the soluble substrate PtdIns(3,4,5)P3-diC8.
To account for the possibility that some inhibitors may have slow
association rates, we preincubated compounds with the enzyme for
20 minutes before adding the substrate. We ran the reaction under
initial velocity conditions, with the substrate concentration at the
Km value to identify inhibitors (competitive, non-competitive, and
uncompetitive). To minimize run-to-run variability, we also optimized
the reaction to produce enough phosphate so that the malachite
green reagent would provide sufficient signal-to-noise. Taking the
initial rate and sufficient product for detection into account, we

chose a 10-minute reaction time. The final reaction concentration of
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FIGURE 2 (A)SHIP1 Ptase domain inhibitors identified by high-throughput screening. (B) Fragment-based scaffold. Fragments 4 (x0524) and
8 (x0101) did not inhibit SHIP1. Adding cyano and 4-methyl benzoate groups to x0524 (5-7) increased enzyme potency and cellular target
engagement. Compound 9 reacted with Cys505 and provided a crystal structure PDB 8UMS5 (overlayed with PDB 5RWL). (C) SHIP1 inhibitors

reported in the literature.
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TABLE 1 Enzyme inhibition of the two-domain, hSHIP1375-898. and hSHIP2420-878 Ptase-C2 proteins.
human SHIP1 Ptase-C2 human SHIP2 Ptase-C2
IC5q Upper Lower Upper Lower
cmpd Name (M)  SE (uM) (M) N 1Cs50 (M) SE (uM) (M) N Selectivity
1 TAD-0058585 8.99 1.07 10.3 7.9 3 166 1.09 197 141 2 18.5
2 TAD-0058656 18.6 1.05 20.4 17.0 3 >300 2 >16
3 TAD-0058581 268 1.08 31.5 228 3 >900 2 >33
5 930 1.10 1119 773 2 1700 1 1.8
[ 91.9 1.10 111 76.2 2 400 1 4.3
7 440 1.08 51.5 37.5 3 NT 0
9 108 1.25 168 69.6 3 >800 1 >7
13 3AC 201 1.20 291 139 13 >900 4 >4
14 K116 122 1.26 193 77.3 8 151 1.54 358 64 4 1.2
15 K160 167 1.09 196 141 3 >500 S >3
16 K149 491 1.09 584 413 7 128 1.21 188 87 4 2.6
17 K103 138 1.08 162 118 3 288 1.02 302 274 2 21
18 AS1949490 49.6 1.25 77.3 31.8 6 >900 4 >18
19 AS1938909 371 126 59.1 23.3 6 >900 4 >24
21 CPDA 319 1.09 38.1 26.8 6 >900 4 >28
22 Cmpd 43 794 113 102 62.0 15 >800 5 >10
23 Cmpd 10 h 251 1.13 321 197 6 252 1.06 281 225 4 1

SHIP1 and SHIP2 inhibitory potency values reported as the geometric mean of the inhibitory concentration at half maximum ICsq (M) with the geometric

standard error, multiplicative 95% confidence limits, and number of repeats (N).

the PI(3,4,5)P3-diC8 substrate was 52 uM, whereas the concentra-
tions of the enzymes were 10 nM for SHIP1 and 50 nM for SHIP2.
Reactions were quenched with Malachite BioMol Green and then incu-
bated for 30 minute at room temperature and absorbance (620 nm)
measured. Inhibitory potency at half maximum (ICsg) values were cal-
culated by fitting absorbance versus inhibitor concentration and are
reported in Table 1 for the compounds described earlier. Because
full-length SHIP1 contains multiple folded domains and what is pre-
dicted to be a disordered C-terminal region, expression constructs
containing the ordered domains were created to assess potential dif-
ferences in activity compared to the two-domain Ptase-C2 protein.
Furthermore, both human and mouse (hSHIP11899 and mSHIP11-861)
proteins were expressed, purified, and characterized to assess poten-
tial species differences. Enzymatic inhibitory potencies (ICsq) were
determined for a subset of compounds as described earlier with
the following changes: the reaction time was 2 minutes and the
substrate concentration was 40 uM. The results are reported in
Table S1.

3.2 | Demonstration of target engagement in cells

The multidomain and multifunctional nature of SHIP1 carries certain
risks to lead optimization efforts; specifically differences between
cell-free enzyme assays and cellular potencies can confound interpre-

tation of SAR.2627 Therefore, we enabled a cellular target engagement
assay to provide evidence that observed pharmacological activities
were on target.*”48 CETSA has become a routine assay to assess
cell-based target engagement by quantifying changes in protein
thermal stability upon ligand binding to endogenous proteins in intact
cells.*? A split Nano Luciferase (SplitLuc CETSA) version of the assay
was used to provide sufficient throughput for SAR studies.>%°1 HMC3
cells were stably transfected with HiBit-INPP5D to express full-length
human SHIP1 protein in a physiologically relevant cellular context.
The thermal stability of this HiBit-labeled protein in intact cells was
measured in two formats. In screening mode, cells were treated with
a single concentration of compound (40 to 100 M) or fragments (200
uM) at 37°C for 60 minutes and then exposed to 3-minute isothermal
heating at 44.2°C, the experimentally determined melting tempera-
ture (Tm) of HiBit-SHIP1 (n = 28). In dose-response mode, cells were
treated with decreasing concentrations from 100 uM (compounds) or
200 uM (fragments) with 1:3 serial dilutions to generate a percent of
control 8-point curve. A half-maximum loss of luminesce (ACsg) was
calculated using a four-parameter logistic curve regression model.
Percent luminescence remaining at the highest concentration is also
reported for the compounds when the difference from dimethyl
sulfoxide (DMSO) vehicle control is greater than 3 times the standard
deviation (SD). Otherwise, an ACso was not calculated. Results are
reported in Table 2 and example concentration-response curves for
compounds 14 and 23 are shown in Figure S1.
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TABLE 2 Cellular thermal shift assay (CETSA) and AKT signaling assay.
CETSA Signaling

Cmpd Name ACsg (uM)! %> TE® ICso (uM)* SE Upper Lower N
1 TAD-0058585 NC 92 No >60 1
2 TAD-0058656 46 +5(2) 30+7(2) Yes 12.4 1.36 22.98 6.72 2
3 TAD-0058581 173 63+12(2) Yes 5.60 1.34 10.01 3.13 2
5 NT NT =

[ NT NT - >60 1
7 NC 77 No >60 1
9 41 5 Yes >60 1
13 3AC NT NT =

14 K116 97 + 16 (4) 40 +20(4) Yes 2.93 1.12 3.7 2.3 1
15 K160 46 14 Yes 5.82 1.06 6.54 5.18 2
16 K149 NC 104 - 411 1.12 5.17 3.27 2
17 K103 89+11(2) 46 +21(2) Yes 4.59 1.14 6.00 3.52 2
18 AS1949490 NC 84 No 37.9 1
19 AS1938909 NC 75+0(2) No >60 1
21 CPDA NC 92+5(2) No 28.0 1
22 Cmpd 43 NC 92 No 5.85 1.14 7.58 4.52 2
23 Cmpd 10 h 54+ 15(3) 27 +15(3) Yes 6.52 1.03 7.06 6.16 2

1Concentration (uM) that induced a half-maximum loss of luminesce (ACs,) compared to control.

2Percent luminescence at the highest dose (100 uM).

STarget engagement was considered significant if change in melting temperature (ATm) difference from control at highest dose was >3SD, otherwise ACs,

was not calculated (NC). NT = not tested.

4Reduction in the ratio pAKT/tAKT determined by Alpha SureFire assay and reported as the geometric mean of the inhibitory concentration at half maximum
1Cs50 (M) with the geometric standard error, multiplicative 95% confidence limits, and number of repeats (N) indicated.

3.3 | Cellular pharmacology

SHIP1 modulates AKT signaling because it converts PI(3,4,5)P;
to PI(3,4)P, and both phosphatidylinositols bind and activate PH-
containing proteins such as PDK1 and AKT.111852-54 Therefore, we
established an AKT signaling assay in THP1 cells to provide further
evidence of on-target activity. Cells were treated with inhibitors for
90 minutes and then the levels of phosphorylated and total AKT
(pPAKT/tAKT) were detected using the Perkin Elmer Alpha SureFire
Ultra Multiplex PhosphoAKT (S473) kit. Results are reported in Table 2
and example concentration-response curves for compounds 14 and
23 are shown in Figure S2. Reduction in AKT phosphorylation was
observed consistently in this cellular context when target engagement
was confirmed by CETSA, except for compound 22, a notable outlier
that potently reduced pAKT but failed to destabilize the HiBit-SHIP1
protein.

Compounds that demonstrated significant cellular target engage-
ment and changes in AKT signaling were evaluated in a phenotypic
high-content imaging assay with simultaneous measures of phago-
cytosis, cell number, and nuclear intensity to assess both cellular
pharmacology and cell health in parallel.2 Model cell lines BV2 and
HMC3 were used to provide adequate throughput. Microglia iso-
lated from mouse brain were used to verify that results from the

BV2 and HMC3 cells are mechanistically similar to those obtained
with primary cells. Cells were treated with compounds for 24 hours
and then seeded with pHrodo dye-labeled myelin. After 20 hours,
nuclear staining solution was added, and the plates were incubated
for another 30 minutes and then scanned with an ArrayScan XTI high-
content analysis reader (Thermo Scientific), and the associated image
data were analyzed with Thermo Scientific HCS Studio. Nuclei were
stained with Hoetchst 33342 just before final high-content imaging
scan. Because the assay is mix-and-read without liquid change, the
imaging cell count is reliable. Mean total phagocytosis spot intensity
per cell, total cell counts per well, and mean average nuclear inten-
sity per cell for cell health were measured. Cellular potencies for
each endpoint (ECsq for phagocytosis, ICsq for cell count) were calcu-
lated using a four-parameter logistic curve regression model. Results
are described in Figure 3 and Tables S2 and S3, and for compounds
that demonstrated cellular target engagement as determined by
CETSA.

Increased uptake of pHrodo-myelin, calculated as an effective con-
centration at half maximum (ECsg), is interpreted as a measure of
microglial phagocytosis activation. Decreased cell count, calculated as
an ICsg, is interpreted as decreased cellular proliferation and cell loss
caused by mechanisms such as apoptosis. Cell counts are increased

(calculated as an EC5g) or nuclear intensity is decreased (calculated as
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FIGURE 3 Effect of SHIP1 inhibitors on cell count (@), nuclear intensity (ll), and phagocytosis (&) in BV2 and HMC3 cells. n represents

number of experiments.

an ICsq). The nature of these changes in cell count or nuclear inten-
sity may be interpreted as early or late apoptosis, but further study
such as TUNEL and caspase activation would be required to confirm.
Compound 2 was inactive, demonstrating changes in BV2 and HMC3
cellular phenotypes only at the highest concentrations, consistent with
high-dose cytotoxicity. Compound 3 increased phagocytosis at high
concentrations probably due to cell stress; however, BV2 cell counts
were reduced and early apoptosis may have been induced in HMC3
cells. Compound 14 may have caused late apoptosis of BV2 cells, as
suggested by a reduction in cell count and nuclear intensity with an
I1C50 of 1 uM. In HMC3 cells, compound 14 decreased cell counts with-
out increasing phagocytosis. The phenotype arising from treatment
with compounds 15 and 17 was similar to that observed with com-
pound 14, although the effects of 17 were milder and are worth further
investigation. Compound 23 consistently induced phagocytosis of both
BV2 and HMC3 cells at concentrations that did not result in significant
changes in either cell count or nuclear intensity. At high concentrations,
cell counts were reduced and the compound appeared to induce late
apoptosis (decreased nuclear intensity) in BV2 cells, but early apopto-
sis (increased nuclear intensity) was induced in HMC3 cells. Because
compound 23 increased phagocytosis in the BV2 mouse microglial
cell line 1.2- to 2-fold over baseline at concentrations of 1 to 2 uM
with minimal effects on cell health, we tested its ability to activate

primary mouse microglia isolated from neonate mice. Compound 23

increased phagocytosis 1.5-fold at concentrations that did not result
in significant changes in either cell count or nuclear intensity up to
2.2 uM with a half maximal effective concentration (ECsq) of 540 nM
(Figure S3).

3.4 | Pharmacokinetics

To assess the suitability of compound 23 for animal studies, in silico
ADME properties were determined using Simulations Plus ADMET
Predictor 10.2 software (Table S4). The reliability of ADMET Predictor
to calculate these properties has been recently reviewed.”> We then
determined physicochemical and ADME properties in the following
assays: kinetic solubility, microsomal stability intrinsic clearance (CL;nt)
in mouse liver microsomal solution, MDCK permeability (Papp), and
protein binding (f,) in mouse plasma and brain (Table S5). Plasma PK
profiles were predicted using GastroPlus 9.8.2 from chemical structure
and in vitro-derived plasma fraction unbound (f,), NADPH-mediated
clearance in mouse liver microsomes (CL;,:), and MDCK permeability
(P4pp)- Projected PK profiles for 10 and 100 mg/kg oral doses in mouse
are shown in Figure 4 (dotted lines). We then conducted a single-
dose pharmacokinetic (PK) study. The compound was formulated
at 5 mg/mL in HPMC (1%)/Tween 80 (0.25%)/purified water. Male
C57BL/6J mice, 8 to 12 weeks of age, from The Jackson Laboratory
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FIGURE 4 Pharmacokinetics. Compound 23 demonstrated significant exposures in both plasma and brain with a brain/plasma ratio of 0.5- to

3-fold that increased over time.

(Jax #000664; n = 3-4) were dosed (10 and 100 mg/kg) via oral
gavage (20 mL/kg). Plasma exposures were obtained at 0.5, 1, 2, 4, 8,
and 12 hours and 24 hours. At the 10 mg/kg dose, brain exposures
were determined at 8 hours. At the 100 mg/kg dose, brain exposures
were obtained at terminal 2, 4, and 24 hours. Measured and average
exposures (solid lines) are depicted in Figure 4 and corresponding PK

parameters are reported.

4 | DISCUSSION

The goal of this work was to assess SHIP1 inhibitors with new assays
and a novel strategy to ensure target engagement in cells and for
animal studies. Figure 1C outlines the assays developed and Table
S10 summarizes results for each compound in each assay. The dif-
ferences observed between the SHIP1 Ptase-C2 and the human and
mouse multi-domain forms of the protein demonstrate that the pro-
tein construct selected for enzyme assays is crucial and the lack
of correlation with cellular potencies indicates that further studies
are required to identify the best protein construct for biochemical
assays. Given the complexity of the protein and difficulties translat-
ing a cell-free enzyme assay to cellular pharmacology, we executed
a strategy using a combination of CETSA and target dependent sig-
naling (pAKT) to provide evidence that cellular effects are mediated
through SHIP1. The CETSA cellular target engagement assay provided
crucial evidence that observed pharmacological activities were on tar-
get. Only about half of the compounds that inhibited the cell-free
enzyme demonstrated significant cellular target engagement, consis-
tently destabilizing the protein. Thermal stabilization of SHIP1 was not
observed with any SHIP1 inhibitors. Compounds that did not appear
to engage SHIP1 by CETSA were inactive in secondary cellular assays
or simply cytotoxic at high concentrations. Although some SHIP1
inhibitors appeared to engage the target in cells, they did not activate
phagocytosis and at high concentrations were cytotoxic. Other com-
pounds increased phagocytosis only at high concentrations likely due
to cell stress. Some compounds appeared to induce early or late apop-

tosis at lower concentrations. All SHIP1 inhibitors reduced the ratio of

pAKT/tAKT in THP1 cells and this reduction was correlated to cytotox-
icity in BV2 and HMC3, suggesting that reduced AKT signaling may be
driving mechanisms of programmed cell death in these immortalized
microglia-like cell lines. The reduced pAKT observed in THP1 cells is
inconsistent with reports of increased AKT phosphorylation observed
with SHIP1 inhibitors such as K116 in other cellular contexts.*! The
differences observed might indicate distinct signaling mechanisms
through which PI(3,4,5)P5; and PI(3,4)P, activate AKT signaling that
are cell-context dependent.>® Further studies with these compounds
would be required to reconcile these differences in SHIP1-dependent
AKT signaling.

Only compound 23 demonstrated target engagement by CETSA,
reduced pAKT, and induced phagocytosis of both BV2 and HMC3 cells
at concentrations that did not result in significant changes in either
cell count or nuclear intensity. At high concentrations, compound 23
appeared to induce late apoptosis in BV2 cells and early apoptosis in
HMC3 cells. Compound 23 also activated primary mouse microglia
isolated from neonate mice. We cannot rule out that these effects
may also involve other targets or mechanisms, but this compound
was unique in its consistency across assays, lack of cytotoxicity, and
favorable physicochemical and ADME properties. Therefore, we
advanced it to studies with primary mouse microglia and in vivo PK
studies in mice. Although compound 23 demonstrated significant
exposures in both plasma and brain with a brain/plasma ratio of 0.5- to
3-fold, which increased over time, it should be noted that high protein
binding (see Table S5) may limit its ability to sufficiently engage SHIP1
in vivo. Similar to other SHIP1 inhibitors we assessed, compound 23
exhibits potency in the micromolar range, a level somewhat greater
than typically required for a clinical candidate in human studies. For
most of the other SHIP1 inhibitors we evaluated, the combination
of low potency and unfavorable chemical properties, such as poor
solubility, creates significant challenges utilizing them as chemical
probes for target validation. Compound 23 was unique in that its
solubility and permeability, coupled with potency and relative lack
of cytotoxicity, makes it a suitable lead-like molecule for a medicinal
chemistry campaign to improve potency while maintaining drug-like

properties. Therefore, SAR studies are being conducted by our team
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around compound 23 to improve potency at SHIP1 to induce phagocy-
tosis without cytotoxicity while increasing free-fraction exposures in
vivo. These studies will be reported elsewhere.
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