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ABSTRACT: Selective liver X receptor (LXR) agonists have been extensively  waure Nonlipogenic ABCAL

lipoprotein ol Inducer (NLAI)

pursued as therapeutics for Alzheimer’s disease and related dementia (ADRD) and, 560
for comorbidities such as type 2 diabetes (T2D) and cerebrovascular disease (CVD), 3228(%’0
disorders with underlying impaired insulin signaling, glucose metabolism, and
cholesterol mobilization. The failure of the LXR-focused approach led us to pursue a
novel strategy to discover nonlipogenic ATP-binding cassette transporter Al
(ABCAL) inducers (NLAIs): screening for ABCAl-luciferase activation in
astrocytoma cells and counterscreening against lipogenic gene upregulation in
hepatocarcinoma cells. Beneficial effects of LXRf agonists mediated by ABCAIL
include the following: control of cholesterol and phospholipid efflux to lipid-poor
apolipoproteins forming beneficial peripheral HDL and HDL-like particles in the
brain and attenuation of inflammation. While rare, ABCA1 variants reduce plasma o s e e Con ven s T
HDL and correlate with an increased risk of ADRD and CVD. In secondary assays,
NLAI hits enhanced cholesterol mobilization and positively impacted in vitro
biomarkers associated with insulin signaling, inflammatory response, and biogenic properties. In vivo target engagement was
demonstrated after oral administration of NLAIs in (i) mice fed a high-fat diet, a model for obesity-linked T2D, (ii) mice
administered LPS, and (iii) mice with accelerated oxidative stress. The lack of adverse effects on lipogenesis and positive effects on
multiple biomarkers associated with T2D and ADRD supports this novel phenotypic approach to NLAIs as a platform for T2D and
ADRD drug discovery.
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B INTRODUCTION and brain, respectively.” The main cholesterol transporter from
cell to lipoprotein is ATP-binding cassette transporter Al
(ABCA1).” ABCAL is central to reverse cholesterol transport
(RCT), a process in which cholesterol is exported from tissues
to HDL particles to return to the liver, where it is metabolized
or excreted. In the brain, ABCA1 adds cholesterol to HDL-like
particles for distribution to various cell types or for efflux
across the blood-brain barrier. Thus, ABCAL is critical for
proper maintenance of cholesterol homeostasis in the brain.”
Unsurprisingly, reduced ABCAI activity or expression
correlates with CVD, T2D, and AD risk.

Cell and rodent models of total or tissue-specific ABCAl
knockdown show the following: increased foam cell formation
and inflammation associated with atherogenesis in CVD,
impaired insulin signaling, and AD-related cognitive deficits

Sporadic or late-onset Alzheimer’s disease and related
dementia (ADRD) constitute a present and growing health
crisis in the aging population. Equally, the increasing
prevalence of obesity is a major risk factor for the development
of chronic metabolic diseases including type 2 diabetes (T2D),
which is also a risk factor for COVID19 mortality. T2D is a
comorbidity with ADRD and a major risk factor for
cardiovascular and cerebrovascular disease (CVD) causing
cerebral infarcts that impact cognition." Specifically, impaired
insulin signaling and glucose metabolism, mitochondrial
dysfunction, inflammation, dyslipidemia, and impaired choles-
terol mobilization may be common underlying pathogenic
promoters of dementia in T2D and ADRD.” Impaired insulin
signaling contributes to AD pathogenesis even in patients
without overt diabetes.” Thus, therapeutic approaches
targeting one or more underlying promoters of T2D are likely
to be beneficial in treatment or prevention of CVD and ADRD. Published: January S, 2021
APOE4 is the strongest genetic risk factor for ADRD and is
an independent risk factor for T2D and CVD.*” ApoE is a
component of high-density lipoprotein (HDL) and HDL-like
particles that transport cholesterol and other lipids in the blood
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Figure 1. NLAIs increased ABCA1 without affecting lipogenic gene induction. Response of primary screen (A: CCF-ABCA1) and counterscreen
(B: HepG2-SREBP1Ic) to the NLAIs F4 and M2 was compared to benchmark LXR agonist T0 and C) concentration—response for T0 alone. D, E)
Response, normalized to the vehicle, of primary screen (D) and counterscreen (E) to HTS hits (F4, M2; 10 M), RXR agonist (BEX; 10 yuM),
endogenous LXR agonist (24S-OHC; 10 M), and exogenous LXR agonists (T0, GW3965; 10 uM), alone or in combination, with significant
increases observed in treatment groups versus the vehicle. F) Comparison of induction of ABCAI (solid bars) and SREBP1c (open bars) by
exogenous hits and benchmark compounds, normalized to the combination of TO+BEX. G) Modulation of mRNA for ABCALI in CCF cells and for
FAS and SREBPIc in HepG2 cells after treatment by TO, Bex, and hits F4 and M2. Data analyzed by one-way ANOVA with Dunnett’s
multicomparison analysis: **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.0S.

and brain pathology.”'® Carriers of ABCAI loss-of-function Studies with isoform-specific LXR knockout mice show that
mutations (Tangier disease) likewise are predisposed to SREBPI1c-mediated effects are largely controlled via LXRa,
atherosclerosis, heart disease, and impaired insulin secre- which is highly expressed in the liver, while other effects can be

tion.'"'* ABCAI variants affect plasma HDL and risk of CVD mediated by either LXRa or >’ The nonselective LXR
and T2D."”” GWAS has led to evidence of associations of agonist T0901317 (TO) demonstrated reversal of insulin

common ABCAI variants with AD.'* In a recent report, a resistance in mice; however, this was accompanied by
novel loss-of-function mutation in ABCA1 (N1800H) was hyperlipzildemiay as would be expected for a potent pan-LXR
associated with high risk of AD and CVD in a large Danish agonist.” In rhesus monkeys, TO positively affected ABCAI,
cohort. This variant affects plasma HDL and cholesterol efflux apoE, and CSF A/} but with significant adverse effects on liver
and is associated with low plasma levels of apoE."® fat and triglycerides. In clinical trials, a selective LXRf? agonist
24
Multiple studies have demonstrated the association between upregulated L.XR target genes AB(;AI and ABCGI.
decreased ABCALI, insulin signaling, and T2D in both human The potential of LXR/ agonists in T2D and ADRD has led
patients and animal mo dels.'®'7 ABCA1 upregulation is to a substantial effort to develop potent, selective LXRf

expected positively to influence insulin signaling and agonists; however, this has not translated to successful clinical

. 25 . . .
inflammation in the brain and periphery and, therefore, to be trials.” Phenotypic drug discovery of NLAIs provides an
of potential therapeutic utility in T2D and ADRD. To discover alternative strategy that we describe for the first time herein.
and develop Non-Lipogenic ABCA1 Inducers (NLAIs), we Screening of a 10,000 compound library led to identification of
developed a phenotypic approach to identify compounds NLAI hits that upregulated ABCAI, without unwanted

selectively inducing ABCAI over unwanted upregulation of elevation of lipogenic genes. The translational validation of
hepatic lipogenic genes this approach was demonstrated in primary cell cultures and

ABCAl and apoE are under transcriptional control of animal models, observing enhanced cholesterol mobilization,
nuclear receptors (NR), specifically liver X receptors (LXRs). attenuatfed inﬂ‘ammati.on, and %mpro.ved biomarkers of gl}lcose
LXR forms transeriptionally repressed heterodimeric com- metabolism, without lipogenesis. This novel strategy provides a
plexes, with either a retinoid X receptor (RXR) or a platform for NLAI hit identification as a basis for optimization

) . P
peroxisome-proliferator-activated receptor (PPAR), which are and further study in preclinical models of T2D and ADRD.
derepressed (activated) by agonist binding.'®'® The RXR

agonist bexarotene (Bex) was reported to clear oligomeric Af, B RESULTS
the likely proximal neurotoxic form of Af; however, Bex may Bioassay Development and Hit Validation for NLAI
cause hypertriglyceridemia and hypercholesterolemia, increas- Discovery. Effective phenotypic screening requires a rigorous,
ing the risk of cardiovascular and liver disease.”’ PPARy validated screen and counterscreen. By screening in
agonists are used clinically in treatment of T2D, and LXR astrocytoma CCF-STTG1 cells stably transduced with an
agonists have shown promise in models of T2D and ABCA1 promoter linked to a luciferase response element
ADRD.”"** However, lipogenesis is an inherent risk. (LRE), we identified hits that induce ABCAI expression in a
Sterol regulatory element-binding protein lc (SREBPlc) CNS cell model of astrocyte function. To remove hits with
plays a key role in the induction of lipogenesis by the liver. unwanted lipogenic effects in hepatocytes, we constructed a
144 https://dx.doi.org/10.1021/acsptsci.0c00149
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counterscreen in HepG2 hepatocellular carcinoma cells stably
transduced with an LRE downstream of a SREBP1c promoter.
SREBPlc is a transcription factor that acts as a master
regulator of lipogenesis in the liver.”® The concentration—
response of TO in these assays emphasizes the lipogenic
properties of TO resulting from potent agonism of both LXRa
and LXRf (Figure 1A): TO is widely used as a positive control,
because it induces a maximal activation of LXRs. The primary
assays were validated by measuring the Z'-factor (>0.6) using 1
UM TO as a positive control. We screened 10,000 compounds
from the 55,000 compound ChemDiv SMART Library,
excluding PAINS and chemically intractable compounds and
balancing the diversity of chemical scaffolds with inclusion of
several representative analogs for each chemical scaffold.””**
Screening was conducted at 10 4M in the CCF/ABCAIl-luc
primary screen. We also screened in the presence of
submaximal TO (50 nM) to explore the utility of this
adaptation to the primary assay in identifying hits that
potentiated TO effects at LXR (Figure S1A—C). We identified
760 hit compounds, defined by a >1.5X increase of ABCAI-
luc activity over the vehicle, of which 680 were deselected,
owing to a >1.0X increase in SREBP1c-luc induction over the
vehicle control in HepG2 cells (Figure S1D,E). Repurchase/
resynthesis, dose—response assays in CCF cells, and cytotox-
icity in CCF and HepG2 cells were used for hit validation and
selection, with final validation requiring lack of toxicity in
HepG2 3D spheroid cultures (Figure S2A—C). Using this
workflow, 20 hit chemotypes were validated, including hits F4,
M2, and L7 (Scheme 1). The combination of primary screen
and counterscreen was designed to yield NLAIs with the
potential to induce ABCA1l in the CNS while minimizing
lipogenesis in the liver.

Scheme 1. Chemical Structures and Abbreviations of
Chemical Probes and NLAI Hits
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The response in the primary assays to hits F4 and M2 was
compared with TO (Figure 1A—C), LXRf selective agonist
GW3965 (GW), endogenous LXR ligand 24-hydroxycholes-
terol (24S-OHC), and RXR agonists Bex and LG100268 (LG)
(Figure 1D,E; Scheme 1). It is important to note that charcoal-
stripped media was used throughout to exclude interference
from endogenous nuclear receptor ligands. The maximal
response in the primary assay was observed for the
combination of LXR (T0) and RXR (Bex) agonists. Normal-
izing to this maximal response, the NLAI hits F4 and M2
showed clear selectivity for induction of ABCAI versus
SREBPIc, in marked contrast to the lack of selectivity shown
by LXR agonists and the reverse selectivity of RXR agonists
(Figure 1F). Reporter activation data in these cell lines was
confirmed by mRNA measurement of ABCAI in CCF cells
and lipogenic genes (SREBFI and FASN encoding SREBP1c
and FAS, respectively) in HepG2 cells (Figure 1G).

The ABCAI transporter mediates cholesterol efflux from
astrocytes to form HDL-like particles; therefore, we measured
cholesterol efflux from CCF cells that were loaded with
BODIPY-cholesterol. Cells were treated for 24 h with NLAI
hits F4, M2, or L7, Bex, or TO as a positive control (all 5 uM).
Cholesterol efflux was measured at 8 h after the addition of
unlipidated recombinant apoA-I (25 ug/mL) as the exogenous
lipid acceptor and 24 h after addition of test compounds. We
observed a significant increase in cholesterol efflux when
astrocytes were treated overnight with NLAI hits F4 and M2,
and interestingly, both F4 and M2 were equipotent to TO in
stimulating cholesterol efflux (Figure 2A,B; Figure S2F).
Similar induction of cholesterol efflux was seen in J774
macrophages treated with TO or F4 (Figure S2D).

Hit Profiling in Vitro Reveals Positive Biomarker
Modulation and Target Engagement. Phenotypic screen-
ing may reveal hits with different targets and diverse
mechanisms; therefore, profiling of hits in CCF and in
HepG2 cells was used to explore transcriptional footprints
associated with a positive phenotype and to aid in hit
prioritization. Pathway-focused PCR arrays related to lipid
and cholesterol metabolism, neuroinflammation, and glucose
homeostasis are relevant to pathogenesis and progression of
ADRD and T2D. Representative hit profiling (Figure S3A,B)
in a lipid-focused array confirmed upregulation of ABCAI,
ABCG]1, and APOE by F4. In an LDL-related panel of genes
encoding apolipoproteins and LDL receptor, as well as genes
involved in immune and other LDL-related functions,
treatment of HepG2 cells with F4 showed upregulation of
PPAR target genes such as CXCL16, an atheroprotective
scavenger receptor that specifically binds to oxidized LDL
(OxLDL).” In addition, F4 treatment showed upregulation of
genes, such as LRP1, LRP1/11, and -/12, important in
cholesterol mobilization and inflammatory response. Hits were
further profiled using arrays of diabetes associated genes, with
selected observations followed up with RT-PCR. F4 treatment
modulated mitochondrial genes such as PGCla and PGC1f in
CCF cells and activated expression of glucose transporters
(GLUT1 and GLUT4) in CCF cells and GLUT4 in HepG2
cells. GLUT4, the main insulin-responsive glucose transporter,
is often downregulated in T2D.*" F4 treatment also increased
the expression of insulin sensitizing genes such as IRS and
IGF-1. The array analysis supported our phenotypic approach,
with potentially beneficial gene modulations observed, in
particular by hit F4 (Figure S3B).

https://dx.doi.org/10.1021/acsptsci.0c00149
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Figure 2. NLAIs enhanced cholesterol efflux and expression of cholesterol transport genes. A) Representative images of BODIPY-cholesterol in
CCEF cells treated with TO, Bex, and F4, before and after addition of acceptor ApoAl (also see Figure S2F). B) Quantitation of BODIPY-cholesterol
efflux to ApoAl for benchmark LXR and RXR agonists and hits F4, M2, and L7, showing significance relative to the DMSO vehicle control. C)
ABCALl, ABCG]I, and APOE mRNA levels measured by RT-PCR in primary human astrocytes after treatment with validated hits or benchmark
agonists (all at S uM), relative to the DMSO vehicle control. All fold changes are significantly different from the vehicle (p < 0.05) except those
marked by ns. D) Comparison of hits F4 and M2 with TO (all at S 4M) in glial cell cultures from mice expressing human APOE4 showing
significance of induction of ABCAl, ABCG1, APOE, and PGC1A mRNA relative to the DMSO vehicle control. Data analyzed by one-way
ANOVA with Dunnett’s multicomparison analysis relative to the DMSO vehicle control: *** p < 0.001; ** p < 0.01; * p < 0.05.
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Figure 3. Target identification for NLAIs at various nuclear receptors. A) LXRf3, PPARy, and PPAR« transactivation by NLAI hits: F4, L7, M2, and
LS displayed LXRf agonistic activity in the luciferase reporter assay, whereas other NLAIs (see Figure SS) displayed PPARy agonist activity. B)
Recruitment of coactivator TRAP220/DRIP2 to human LXRa-LBD by NLATI hits, TO, or GW, as measured by coregulator recruitment TR-FRET
(CRT). C) Recruitment of coactivator D22 to human LXRS-LBD by NLAI hits, TO, or GW, as measured by CRT. CRT data expressed as the
mean ratio of the emission signal at 520 nm and the signal at 495 nm, averaged across n = 3 independent experiments, and normalized to maximal
coactivator recruitment. D) Tabulation of calculated potency and efficacy from CRT data: (*) to calculate LXRa potency for NLAI hits LS and L7,

maximal efficacy was constrained at 100%.

Target engagement was rigorously validated for NLAT hits in
human primary astrocytes (E3/E4 genotype) (Figure 2C and
Figure S2E). We further investigated the effect of F4 and M2
in mouse primary astrocytes, derived from EFAD mice
expressing human APOE4.”' The mRNA response to F4 and
M2 treatment was significant and comparable to the response
to TO for ABCA1 and ABCGI expression levels and superior
to TO for APOE expression. F4 also induced a significant
upregulation of PGCla (Figure 2D). Similarly, protein levels
of ABCAL increased following treatment with F4 or M2 in
both CCF-STTGI cells and mouse primary astrocytes derived
from EFAD mice (Figure S4), corroborating the observed gene
induction. Finally, we challenged human primary astrocytes
with 1 pg/mL LPS and treated with test compounds at 10 yM.

146

Interestingly, both F4 and M2 attenuated expression of pro-
inflammatory biomarkers including TNFa, IL-15, IL-6, CCLS,
and CXCL10 with efficacy comparable to TO (Figure S3C).
Identification of Nuclear Receptors as NLAI Targets.
Phenotypic screening for NLAT hits is target agnostic; however,
agonists for nuclear receptors, notably LXRs and PPARs, are
anticipated to have NLAI activity. With the aim of identifying
potential protein binding partners, we first screened NLAI hits
using luciferase-reporter assays for agonist activity at human
LXRpB, PPARa, and PPARy in CHO cells from Indigo
Biosciences. This cell line stably expresses a hybrid receptor
comprising the N-terminal Gal4 DNA-binding domain fused to
the ligand-binding domain of the specific nuclear receptor.
Increases in LXRf transactivation activity were detected in

https://dx.doi.org/10.1021/acsptsci.0c00149
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cells exposed to F4 and M2 (10 uM) (Figure 3A), while other
NLAI hits elicited significant increases in PPARy trans-
activation activity (Figure SS).

To further investigate LXRs as a target of NLAI hits, we
measured binding to LXRa-LBD and LXRp-LBD using
Coregulator Recruitment TR-FRET (CRT) compared to the
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Figure 6. F4 suppressed inflammation in two mouse models of acute (LPS) and chronic (HFD) inflammation. A—C) WT and ALDH2~~ (KO)
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benchmark LXR agonists TO, a pan-agonist, and the LXRf
selective agonist GW. Recruitment of coactivator peptides
leading to an increase in TR-FRET signal is induced by LXR
ligand binding. For LXRa, TO is a potent full agonist, whereas
GW is a potent partial agonist, and all NLAI hits are weak
agonists. The data for F4 and M2 are compatible with partial
agonist activity with respect to recruitment of the coactivator
TRAP220 peptide (Figure 3B,D): at 10 uM, F4 and M2
induced coactivator recruitment at approximately 50% of that
induced by TO, and both NLAIs were approximately 20-fold
less potent than T0. GW was more potent than TO with similar
efficacy in recruitment of the D22 coactivator to LXRf: ECg, =
47 nM and E,,, = 105% (Figure 3C,D). The potency of F4
and M2 at LXRf was 2—5 yuM with F4 showing similar efficacy
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to GW. At 10 uM, F4 induced coactivator recruitment to
LXRf at 80% of that induced by TO and GW. Regarding
potency, none of GW, F4, or M2 showed significant LXR
selectivity; however, GW and F4 showed selective eflicacy
toward LXRp, a strategy previously reported in development of
LXRp selective agents.25

Hit Profiling in Vivo Shows Target Engagement
without Triglyceride Elevation. Treatment of C57BL/6
(WT) mice for 7 days is sufficient for preliminary assessment
of target engagement (elevated ABCAI) and unwanted
lipogenesis (liver triglyceride elevation). Dosing with TO was
guided by multiple literature studies and informed dosing of F4
and M2. In accord with the literature, TO significantly elevated
ABCAI and SREBPIc in liver tissues and also significantly
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increased mRNA for ABCAl and ABCGI in brain tissues
(Figure 4A—C). Administration of F4 at the higher dose (30
mg/kg) caused significant elevation of brain and liver ABCAI.
Plasma and brain concentrations of F4 30 min after oral
delivery (200—250 ng/mL) were compatible with these
observations; however, M2 was not assayed in this study.
Small but significant increases in liver SREBP1c were observed
with NLAI treatment (Figure 4C); however, this did not
translate to a significant increase in liver or plasma triglycerides
on treatment with F4, in contrast to TO (Figure 4D); moreover
neither NLAI caused a significant increase in FAS and SCD
expression in the liver. The significant increase in SREBPlIc,
the master regulator of lipogenic gene expression in the liver,
and downstream genes such as FAS and SCD was mirrored by
an increase in triglyceride levels for mice treated with TO and
illustrates the lipogenic effects that the NLAI discovery strategy
was designed to avoid (Figure 4D).

In Mice on HFD, NLAI Hit F4 Is Strongly Differ-
entiated from pan-LXR Agonist T0. Having shown that F4
did not induce lipogenesis in short-term treatment, this NLAI
was further tested in mice administered HFD. Mice placed on
HFD are an obesogenic model of T2D, with observed
phenotypes including weight gain and insulin resistance and
inflammation.”” The HFD mouse model also provides robust
readouts of multifactorial mechanisms causative in T2D and
ADRD.*® Mice were fed HFD for 4 weeks before treatment
with F4 or TO for a further 4 weeks at a dose (30 mg/kg/day
p-o.) selected based on the previous 7-day study. After 8 weeks
on HFD, the vehicle treated mice showed an increase in body
weight, liver weight, and plasma triglycerides, with a significant
decrease in HDL (Figure SA—C). HFD mice that received TO
showed an increase in body weight compared to both the
vehicle and F4 treated mice with a significant difference at 8
weeks (Figure SA). TO treatment induced liver steatosis with
significantly increased liver weight, plasma triglycerides, and
LDL and total cholesterol; whereas F4 treatment elicited no
significant increases relative to vehicle treated mice, with the
exception of HDL, which was restored by F4 to levels not
significantly different from healthy control mice (Figure SB,C).
Similar observations were noted in liver sections of HFD-fed
mice, where a marked accumulation of fat droplets was
observed as compared with control mice fed standard chow.
This phenotype was exacerbated by TO treatment but rescued
by F4 (Figure S7).

At the transcriptional level, HFD-induced lipid accumulation
in the liver causes a downregulation of lipogenic genes,”* which
was not influenced by F4 treatment, whereas TO induced
significant upregulation of FAS and SCD (Figure SD,E).
Additionally, F4 treatment induced upregulation of RCT-
associated SR-BI significantly relative to the TO group (Figure
SF). Recapitulating observations after short-term treatment of
WT mice, both TO and F4 upregulated ABCAI and APOE in
brain tissues (Figure SG). The disruption of liver homeostasis
by HFD is reflected by the significant downregulation of
ABCAI and APOE in the liver, which was not significantly
influenced by TO treatment but was partially rescued by F4
(Figure SH). In general, TO exacerbated the effects of HFD on
liver biomarkers, causing hepatosteatosis; whereas, the
response to F4 treatment was neutral, showing no lipogenic
effects or body/liver weight gain. Interestingly, treatment of
HFD mice with F4 did rescue HDL and levels of ABCAI and
APOE in the liver, in addition to upregulating SR-BI. For
further development of NLAIs as therapeutics for T2D and
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metabolic syndrome, study in additional animal models is
needed. However, the observations in HFD mice confirm the
ability of the primary screen and counterscreen to identify
NLALI hits with the desired nonlipogenic phenotype.

In Vivo Anti-Inflammatory and Procognitive Pheno-
type. ABCA1 and APOE are under transcriptional control by
LXRs and other NRs with which LXRs form heterodimeric
complexes. LXR agonists not only directly inhibit proin-
flammatory gene expression but also indirectly regulate
macrophage function via cholesterol mobilization.” LPS
injection provides a well-characterized mouse model of acute
systemic and central inflammation.*® We have observed that
ALDH2 KO mice lacking expression of mitochondrial
aldehyde dehydrogenase-2 (Aldh2) show an amplified
response to LPS and other insults, providing a useful
preclinical model for drug discovery.”” Aldh2 is a major
enzymic contributor to detoxification of lipid peroxidation
products (e.g., 4-hydroxynonenal), which are known to
contribute to enhanced oxidative stress in aging and are
elevated in T2D® and in ADRD brains.” Pro-inflammatory
genes induced by acute LPS (4 mg/kg ip. 4 h prior to
sacrifice) were elevated relative to control mice not treated
with LPS, and ALDH2 KO mice were more sensitive to LPS
treatment. Pretreatment with F4 (Figure 6A—C) or TO (data
not shown) (10 mg/kg) for 3 days significantly attenuated the
effects of LPS on TNFa, COX2, CCLS, CXCL10, and CCL2
brain inflammatory markers, relative to the vehicle treated
group. Attenuation of LPS-induced cytokines has been
reported: via activation of NRs, including LXR, upregulation
of ABCAL, or via LRP-1 mediated mechanisms.>**’

The HFD model of obesity-induced T2D induces a chronic
pro-inflammatory response in tissues.”> WT and ALDH2 KO
mice fed HFD showed significant increases in inflammatory
markers in the brain, which were attenuated by administration
of F4 in WT (Figure 6D—F) and KO mice (Figure 6G). In
WT mice, significant increases in NOS2, COX2, and CCLS
were observed in HFD-fed compared to control mice, which in
the case of NOS2 and CCLS was significantly attenuated by
treatment with either F4 or TO (8 weeks on HFD with drug
treatment weeks 4—8). In ALDH2 KO mice fed HFD for 4
weeks, cotreatment with F4 led to reduction in levels of TNFa,
COX2, and IL6 in the brain, reaching significance for TNFa
and COX2 (Figure 6G). Since ALDH2 KO mice show
significant cognitive deficits in the Novel Object Recognition
task (NOR) from 4M—14M of age,37 we tested 3M-old KO
mice alongside WT littermates in NOR at three time points:
before initiating HFD, after 1 week, and 2 weeks on HFD
(Figure 6H). In some mouse strains, HFD causes cognitive
impairment,”" and we observed in NOR in ALDH2 KO mice
fed HED for 2 weeks, a significant deficit measured by the
discrimination index (DI = time with novel object — time with
familiar object + total time). DI = O reflects equal time spent
with novel and familiar objects, which occurs if the mouse has
no memory of the familiar object. Treatment with F4 reversed
the cognitive deficit in NOR at 2 weeks in ALDH2 KO mice.
Further studies are needed to reinforce these data.

B DISCUSSION

ABCALl is the main cholesterol efflux transporter, mediating
RCT, the clearance of cholesterol from tissues by HDL
particles via the liver. RCT protects against cholesterol
deposition, risk of coronary events, and CVD.” The efflux of
cholesterol and phospholipids to extracellular apolipoprotein
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acceptors, notably apoAl and apoE, creates HDL and HDL-
like particles and is driven by the sequential actions of ABCA1
and ABCG1."” Direct links have been drawn from attenuated
ABCAI function and poorly lipidated apoE4 particles to Af
clearance in AD and may underlie the increased AD risk in
APOE4 carriers.”™* In mice, loss of ABCAI results in
decreased levels of apoE in the brain, CSF, and plasma and
in increased brain amyloid burden.*>*® In humans, the loss-of-
function ABCA1 N1800H variant is associated with low
plasma levels of apoE and with a high risk of AD and CVD.">"?
The role of ABCAL in AD extends beyond Af clearance and
includes roles in inflammation, insulin signaling, and glucose
metabolism.”'****" ABCA1 is critical for maintenance of
cholesterol homeostasis, and reduced ABCALI activity contrib-
utes to pathogenesis of not only AD but also CVD and T2D.
The identification of small molecule NLAIs (Mon-Lipogenic
ABCAIl Inducers) is therefore a therapeutic strategy for
treatment of multiple diseases.

The expression of ABCAl and ABCGI is transcriptionally
driven by members of the NR families: LXR, RXR, and PPAR.
The key limitation of RXR agonists lies with the upregulation
of multiple gene products, notably lipogenic genes leading to
triglyceride elevation. In FAD-Tg mice, several LXR agonists
have been reported to improve cognitive function and/or
reduce brain levels of AB;****7>° however, this approach is
again limited by upregulation of lipogenic genes, including
SREBPIc and FAS. For example, TO showed beneficial effects
in an FAD-Tg mouse model but with significant negative
effects on liver fat and triglycerides.”” LXR agonists have been
reported that do not induce lipogenic genes (Figure $6).”>°"
An LXRp-selective agonist significantly increased brain ABCA1
and ApoE and lowered brain Af in FAD-Tg mice without an
increase in liver triglycerides.”

However, given the failure, to date, of LXRp-selective
agonists in clinical trials, we chose to develop a novel,
alternative phenotypic strategy to discover small molecule
NLAIs that upregulate ABCAl in astrocytes without
upregulating SREBP1c in hepatocytes. The high-throughput
primary screens in astrocytoma and hepatocarcinoma cell lines
yielded hits that delivered the desired phenotype in primary
cells and mouse models, that is upregulation of ABCALI
without the concomitant lipogenic effects in the liver leading to
triglyceride elevation and steatosis. Demonstration of the
desired NLAI phenotype in vivo indicates that this drug
discovery strategy may yield therapeutic agents with a safe
therapeutic window for treatment of T2D and AD. Our
approach is novel and differentiated from previous work using
CCF-STTGI cells to screen for compounds increasing apoE
levels and counterscreening against hits with LXR agonist
alctivity.52

Screening of a 10,000 compound library for hits that
activated ABCAl-luc and counterscreening against SREBP1c-
luc activation gave a hit rate of ~0.5%, representing 20 hit
chemotypes as candidate NLAIs. We chose to profile the
validated hits in PCR microarrays relevant to cholesterol
metabolism, inflammation, and glucose homeostasis. On this
basis, hits F4 and M2 were prioritized for further study.
Comparison of hit compounds with LXR and RXR agonists
demonstrated that the fold activation by NLAI hits was similar
to the endogenous LXR agonist 24S-OHC. Most importantly,
F4 and M2 showed superior selectivity for ABCA1 elevation
versus SREBPlc compared to benchmark LXR and RXR
agonists.
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An effective NLAI must induce cholesterol efflux from
astrocytes, which was modelled in CCF and J774 cell lines.
The NLAI activity of hits in cell lines was confirmed by PCR in
primary human astrocytes and astrocytes from FAD-Tg mice
carrying human APOE4. Upregulation of APOE and ABCGI
was also observed with T0, F4, and M2.

The in vitro data showing selectivity for induction of ABCAI,
APOE, and ABCGI versus induction of lipogenic genes is
supportive of an improved in vivo safety profile compared to
the LXR agonist TO0. Since TO is known to induce lipogenic
genes and induce triglycerides in mice administered drug orally
over 7 days, comparison was made with hits M2 and F4 in WT
mice on normal mice chow. Liver and plasma triglycerides
were significantly increased by T0, whereas F4 had no effect on
triglyceride levels. Significant upregulation of peripheral
ABCAI and ABCGI was induced by oral administration of
F4, with less dramatic effects in brain tissues.

We observed that four NLAI hits acted as weak LXR ligands
in LXR-CRT assays, and F4, in simile with the LXRf-selective
agonist GW, elicited a full response at LXRf and a partial
agonist response at LXRa. However, several NLAI hits showed
no significant activation of LXRf, demonstrating that NLAI
activity and ABCAl-induced cholesterol efflux can occur
without direct agonist activity at LXR. Potential mechanisms of
ABC activation beyond direct NR agonism have recently been
reviewed.”’

LXR agonists directly inhibit proinflammatory gene
expression and indirectly regulate macrophage function via
ABC-mediated cholesterol mobilization, thus supporting the
anti-inflammatory M2 phenotype.”® Phagocytosis of lipid-rich
apoptotic cells by macrophages and microglia requires
cholesterol to be mobilized and cleared by HDL particles.
The anti-inflammatory effects of NLAIs were validated in two
mouse models and may result from LXRf agonism and
ABCALl upregulation. LXRf silencing in microglia was
reported to suppress phagocytic uptake of fibrillar AB42.>*
ABCAL1 upregulation and LXR agonism have been reported to
facilitate phagocytosis by astrocytes and to promote ApS
phagocytosis and clearance.”>*°

Mice fed HFD provide a useful preclinical model for obesity-
linked T2D, which has translational value in drug discovery.*®
Since CS57BL/6 mice on HFD are highly susceptible to
adiposity and liver inflammation, we used a 4-week drug
treatment to compare the effects of F4 to those of TO. Due to
cross talk between the CNS and periphery, HFD is expected to
cause a pro-inflammatory response in mouse brain. We
hypothesized and subsequently observed from measurement
of cytokines, chemokines, and inflammatory mediators that this
response was significantly attenuated by both F4 and TO
treatment. These effects may be due both to direct action in
the brain and peripheral anti-inflammatory activity. TO caused
significant increases in lipogenic genes, triglycerides, and both
body and liver weight in HFD-fed mice, whereas response to
F4 was not significantly different from the vehicle and was
beneficial with regards to HDL, SIRT1, and SR-B1, compatible
with the ability of F4 to induce cholesterol mobilization and
clearance via RCT.

ALDH?2 KO mice lack mitochondrial Aldh2, an enzyme that
detoxifies lipid peroxidation products leading to oxidative
stress and a mild cognitive deficit from 4 months of age.”” In
HFD-fed mice, lipid peroxidation products and protein
adducts are elevated; furthermore, Aldh2 has been regorted
to protect mice from HFD-induced adverse effects.”’ We
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observed that pro-inflammatory markers in the brain of
ALDH2 KO mice fed HFD were attenuated by administration
of F4.

In summary, a novel, phenotypic screening workflow,
supported by secondary assays, was established to identify
NLAI hits that would upregulate ABCAI without inducing
lipogenic genes in the liver. This strategy was validated by
observations in four mouse models on one NLAI hit that
functions, in part, as a weak LXR agonist. This strategy
provides the basis for identification of NLAI hits for further
optimization as therapeutics for T2D and/or AD.

B MATERIALS AND METHODS

Animals. In vivo studies were compliant with NIH
guidelines for the use and care of laboratory animals. All
mice were housed in a temperature-controlled room (22—24
°C) with a 12-h light, 12-h dark cycle and were allowed free
access to food and water according to the University of Illinois
at Chicago Animal Care Committee (ACC protocol #17-029).
Male CS7BL/6] mice were purchased from Jackson Labo-
ratories and were aged 12—14 weeks at study onset. ALDH2
KO mice originally generated by gene targeting knockout by
Kitagawa et al. were backcrossed with C57BL/6 mice for more
than 10 generations and bred in-house. Male ALDH2 KO and
WT littermates were studied at 10—12 weeks of age at study
onset. In all studies, test compounds were administered by oral
gavage (p.o.), formulated in 9% PEG-400 and 0.5% Tween-80.
At the end of each treatment paradigm, mice were
anesthetized, with blood collected from posterior vena cava.
Following transcardial perfusion with ice-cold PBS, tissue
samples were removed, flash-frozen in liquid nitrogen, and
then stored at —80 °C until use (except for liver samples used
for histology as detailed below). Plasma was separated from
cellular blood components by centrifugation and kept at —80
°C until lipid analysis.

Animal Experiments. HFD Studies. Male C57BL/6 mice
were fed with choline-deficient high-fat diet (HFD) (60% kcal
from fat) formulated by Research Diets (Diet; A06071302).
Food and water were provided ad libitum, with food intake and
body weights determined twice weekly. After 4 weeks of HFD,
animals were divided into three groups (n = S) to receive 30
mg/kg TO, 30 mg/kg F4 test compound, or the vehicle control.
After an additional 4 weeks of diet and drug coadministration,
animals were sacrificed for histological and biochemical
analysis. A second study was conducted with male ALDH2
KO mice provided HFD ad libitum, with 10 mg/kg F4 or
vehicle treatment (n = S) coadministered from day 1 of HFD
and continuing for 4 weeks. A third control group of male
C57BL/6 mice provided HFD over the same period was also
used. Acute Inflammation study: Male ALDH2 KO and WT
mice were administered 10 mg/kg F4, 10 mg/kg TO, or the
vehicle for 3 days. On day 3, mice were also injected i.p. with 4
mg/kg LPS (Sigma-Aldrich) and then sacrificed 4 h later.
Target Engagement study: Male CS7BL/6 were treated daily for
1 week with test compounds (F4, M2, and T0) at 10 mg/kg
and 30 mg/kg or the vehicle (n = 4). On the final day, mice
were sacrificed 4 h after the last dose.

Cell Culture. Astrocytoma cell line CFF-STTG1 (CCF)
and hepatoma cell line HepG2 were purchased from ATCC.
All cell lines were maintained as detailed by the manufacturer.
Briefly, HepG2 were maintained in Dulbecco’s modified eagle’s
medium (DMEM, Gibco) low glucose supplemented with 10%
fetal bovine serum (FBS, Gibco) and 1% penicillin/
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streptomycin (P/S) (Gibco) at 37 °C and 5% CO,. CCF-
STTG1 were maintained in DMEM/F12 nutrient mix (Gibco)
supplemented with 10% FBS (Gibco) and 1% P/S and
cultured at 37 °C and 5% CO2. To generate CCF cells with
stable expression of inducible ABCA1-LXRE constructs (CCF-
ABCAL1), cells were infected with lentiviral particles encoding
pGreenFirel-LXRE-in-ABCA1 Lentivector (SBI SystemBio-
science). This vector encodes a luciferase gene linked to the
minimal promoter region of ABCAl that contains four
consensus LXRE DR4 binding sites. Similarly, HepG2 were
transduced with pGreenFirel-LXRE-in-SREBP1c (HepG2-
SREBPIc). Transduced cells were selected with 2 ug/mL
puromycin. Puromycin-resistant stable cells were further
expanded into several clones. The Z' factor of each clone
was calculated as described by Zhang and colleagues with a
value > 0.5 indicating an excellent assay with high statistical
reliability.”® The Z' factor was determined, in three
independent experiments, from 48 replicate wells containing
either 1 uM TO (positive control) or no ligand (DMSO solvent

negative control). The Z' factor equation is
1+o0c2

zZ =1- M, where ocl and oc2 are the standard
lpcl — pc2l

deviations of the positive and negative control wells in the
assay plate, and picl and pic2 are mean values for the positive
and negative control wells in the assay plate. Highly responding
cell clones with Z' > 0.7 after TO treatment were retained for
high-throughput screen (HTS), further expanded, and frozen
in liquid N, to enable HTS with cells at an identical passage
number.

High-Throughput Screen. CCF-ABCA1l and HepG2-
SREBPI1c cells were plated in a 96-well format in culture media
containing 10% charcoal-stripped FBS (Gibco) for 24 h to
avoid interference from endogenous agonists. Subsequently,
cells were treated at a 10 uM test compound for 24 h and then
lysed with an addition of 20 uL of passive lysis buffer
(Promega) followed by freezing at —80 °C for 10 min.
Luciferase activities were determined as fold induction
compared with activities of the vehicle control using the
Luciferase Reporter Assay system (Promega) according to the
manufacturer’s protocol as measured on the Synergy Neo2
Hybrid Multi-Mode plate reader (BioTek Synergy). Hit
validation was performed by a concentration—response assay
to determine ECS0s, using newly purchased compounds
(purity > 98%) from different vendors (ChemDiv, Enamine,
etc.) or from in-house scale-up synthesis.

CRT Assays. LanthaScreen time-resolved fluorescence
energy transfer (TR-FRET) LXRa-Coactivator Assay Kit
(PV4655; ThermoFisher Scientific) and LXRf-Coactivator
Assay Kit (PV4658; ThermoFisher Scientific) were used to
determine binding and agonist activity at LXRar and LXRf,
respectively.

Cholesterol Efflux. CCF-STTGI cells were plated in 96-
well plates at the desired cell density and grown for 24 h. Cells
were loaded with 25 pug/mL fluorescent BODIPY-cholesterol
(542/563) (Invitrogen), treated with test compounds, and
incubated overnight. Cells were washed three times with PBS
containing 2% fatty acid-free (FFA) BSA, equilibrated in 0.2%
FFA-BSA for 30 min, and then imaged to measure cholesterol
uptake. Media was switched serum free media (lipoprotein
deficient) containing 0.2% FFA-BSA and test compounds.
Cellular cholesterol efflux was induced by adding 25 ug/mL
apoA-1 (Calbiochem). Cell efflux was monitored for 6 h using
a Celigo Imaging Cytometer (Nexcelom Bioscience). The
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percentage of cholesterol efflux was calculated as percent of
fluorescence intensity at 6 h relative to fluorescence intensity
measured at time zero.

Gene Expression Analysis. Total RNA was extracted
from animal tissues using TRIZOL reagent (Invitrogen) and
from cell pellets using the RNeasy Plus kit (Qiagen) per the
manufacturer’s instructions. Total RNA samples (2 ug) were
reverse-transcribed to cDNA with Superscript III (Invitrogen)
per the manufacturer’s instructions. Expression profiles were
then obtained using a real-time quantitative polymerase chain
reaction (QPCR) performed on an ABI Prism 7300 Real Time
PCR System (Applied Biosystems) with Quantity One
software. Gene expression levels were determined using the
AAC, method normalized to reference genes Actb and Hprt.

Statistical Analysis. The GraphPad Prism 8 software
package (GraphPad Software, USA) was used to perform
statistical analysis. All data were presented as the mean + SD
unless otherwise noted. One-way analysis of variance
(ANOVA) with appropriate posthoc tests (3+ groups) and
Student’s t test (2 groups) were used to calculate statistical
significance: *P < 0.05, **P < 0.01, ***P < 0.001.
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