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Abstract: The Wnt/B-catenin pathway, which is associated with disease progression, is activated in many cancers.
Tankyrase (TNKS) has received attention as a target molecule for Wnt/B-catenin pathway inhibition. We identified
K-476, a novel TNKS inhibitor, a dual pocket binder that binds to both the nicotinamide and ADP-ribose pockets. In
a human colon cancer cell line, K-476 specifically and potently inhibited TNKS and led to stabilization of the Axin
protein, resulting in Wnt/B-catenin pathway suppression. Aberrant Wnt/B-catenin pathway activation was recently
reported as a possible mechanism of ineffectiveness in immune checkpoint inhibitor (ICl) treatment. Because the
Wnt/B-catenin pathway activation causes dendritic cell inactivation and suppresses chemokine production, result-
ing in a paucity of CD8* T cells in tumor tissue, which is an important effector of ICls. Thus, TNKS inhibitors may
enhance the efficacy of ICls. To examine whether K-476 enhances the antitumor effect of anti-PD-L1 antibodies,
K-476 was administered orally with an anti-PD-L1 antibody to melanoma-bearing C57BL/6J mice. Although K-476
was ineffective as a monotherapy, it significantly enhanced the antitumor effect in combination with anti-PD-L1 an-
tibody. In mice, intra-tumor infiltration of CD8* T cells was increased by combination treatment. K-476 upregulated
the chemokine expression (e.g., Ccl3 and Ccl4), which attracted CD8* T cells. This was considered to contribute to
the increased CD8* T cells in the tumor microenvironment. Furthermore, while the potential gastrointestinal toxicity
of TNKS inhibitors has been reported, it was not observed at effective doses. Thus, K-476 could be an attractive
therapeutic option to enhance the efficacy of ICls.
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Introduction

The Wnt/B-catenin pathway is known to regu-
late cell proliferation, stem cell renewal and tis-
sue differentiation [1]. When Wnt binds to the
Frizzled receptor, key transcription co-factor
B-catenin forms a complex with transcription
factor T-cell factor (TCF) and transcribes down-
stream genes. Wnt/B-catenin pathway activa-
tion is regulated by degradation of 3-catenin by
the B-catenin destruction complex consisting
of adenomatous polyposis coli (APC), Axin, gly-
cogen synthase kinase 3 (GSK3p) and casein
kinase (CK1) o [2]. In cancer patients, due
to mutation or the overexpression of Wnt/
B-catenin pathway related genes [3, 4], this
pathway is often activated and considered to

contribute to malignant transformation, tumor
progression, and resistance to conventional
cancer therapy [5, 6]. Consequently, it is hypo-
thesized that targeting of the Wnt/B-catenin
pathway may be utilized to directly inhibit tu-
mor cell proliferation or cancel resistance to
conventional therapy.

In addition to the direct role in cancer cells in
malignancies, the role of Wnt/B-catenin path-
way in immuno-oncology has recently gained
much attention. The advent of immune check-
point inhibitors (ICls), such as anti-PD-1/PD-L1
and anti-CTLA-4 antibodies, represents a para-
digm shift in cancer treatment. However prima-
ry and acquired resistance to ICls has been a
clinical issue. The immune-desert tumor micro-
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environment, characterized by the absence of
infiltrating lymphocytes including CD8* T cells,
cytotoxic effector cells for immunotherapy, is
considered to be one of the main causes of
resistance to ICls [7]. Aberrant activation of the
Wnt/B-catenin signaling pathway is consider-
ed to at least partially cause the formation of
the immune-desert environment. This abnor-
mal activation suppresses chemokine produc-
tion from dendritic cells and inhibits the migra-
tion of CD8"* T cells into the tumor microenviron-
ment [8].

Many approaches have been used to inhibit the
Wnt/B-catenin pathway [9, 10]. One important
discovery was that tankyrase (TNKS) can be a
target molecule for Wnt/p-catenin pathway reg-
ulation [11, 12]. TNKS1 and TNKS2 belong to
the poly (ADP-ribose) polymerase (PARP) family
and catalyze the formation of poly-ADP-ribose
chain from B-nicotinamide adenine dinucleo-
tide (B-NAD). In the Wnt/B-catenin pathway,
Axin is poly (ADP-ribosyl) ated (PARsylated) by
TNKS leading to ubiquitination by RNF146 for
degradation. Thus, the application of a TNKS
inhibitor causes the accumulation of Axin in the
cell and promotes B-catenin degradation [13],
which leads to selective Wnt/[B-catenin path-
way inhibition.

Thus, TNKS inhibitors may be useful in cancer
immunotherapy for attracting CD8* T cells to
tumors and overcoming resistance to ICls. In-
deed, it was recently reported that GOO7-LK,
a TNKS inhibitor, exerts antitumor effects in
combination with anti-PD-1 antibody [14]. We
therefore synthesized K-476, a highly potent
and selective TNKS inhibitor, and evaluated its
pharmacological activity to enhance the anti-
tumor effects of ICls. Since gastrointestinal to-
xicity is a major concern in the development
of tankyrase inhibitors, we also carefully exam-
ined the toxicological effect of K-476 in this
study.

Materials and methods
Cells and culture conditions

The DLD-1 human colon cancer cell line was
obtained from the Japanese Collection of Re-
search Bioresources, Osaka, Japan in 1998.
The COLO 320DM human colon cancer cell line
was obtained from ATCC in 2008. The culture
methods for DLD-1 and COLO320DM cells were
described previously [15]. Both cell lines were
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authenticated by a short tandem repeat ass-
ay at the Japanese Collection of Research
Bioresources. The luciferase expressing mou-
se melanoma cell line, B16.F10.Luc, was kindly
provided by Dr. T. Murakami (Saitama Medical
University, Saitama, Japan). B16.F10.Luc.NY-
ESO-1 (B16-derived melanoma) cells were gen-
erated at Takara Bio Inc., (Shiga, Japan) by the
introduction of the NY-ESO-1 gene with a re-
trovirus vector (6321D-SYN4576). B16-deriv-
ed melanoma cells were cultured in Dulbecco’s
modified eagle medium (DMEM) supplement-
ed with 10% fetal bovine serum (FBS). All cell
lines were grown at 37°C under 5% CO, and
confirmed to be Mycoplasma-free.

Test articles

The step-by-step synthesis details and char-
acterization data of K-476 are described in
Supplementary Methods and Data. Anti-mo-
use CD274 (B7-H1, PD-L1) antibody and Rat
IgG2b, kappa isotype control antibody were
purchased from BiolLegend (San Diego, CA,
USA).

Animals

Female C57BL/6J mice (age: 6-7 weeks) were
purchased from Charles River Japan, Inc. (Ka-
nagawa, Japan). All animal studies were per-
formed in accordance with company policy on
the care and use of laboratory animals (Kyowa
Kirin Co., Ltd., Shizuoka, Japan). K-476 was
suspended in 0.5 w/v% methylcellulose 400
(Wako, Osaka, Japan). Anti-mouse PD-L1 anti-
body (clone B199373) and the isotype control
(clone 10F9G2) were diluted in Dulbecco’s
phosphate buffered saline (DPBS, Life Tech-
nologies (Carlsbad, CA, USA)) at a concentra-
tion of 1 mg/mL. K-476 and anti-PD-L1 anti-
body were administrated orally and intraperito-
neally, respectively, according to the schedules
described in Figure 3. B16-derived melanoma
cells were suspended in DPBS and injected
subcutaneously into C57BL/6J mice. The tumor
size and body weight were measured every
three or four days. The tumor volume was cal-
culated as follows (DL, long diameter, DS, short
diameter);

Tumor volume (mm?3) = DL x DS x DS x %

The area under the tumor growth curve (tumor
AUC) was calculated for each tumor growth
curve.
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Reporter assay

The construction method of reporter cell lines
DLD-1/TCF-luciferase (Luc) and DLD-1/mutat-
ed TCF (mtTCF)-Luc and the reporter assay
method were described previously [15].

Real time RT-PCR

The gene expression analyses using human
cell lines were performed as follows. COLO
320DM cells were seeded at 50,000 cells/well
in 24-well plates. The next day, cells were tre-
ated with compounds. After the indicated time
points, total RNA was extracted using an RN-
easy plus kit (QIAGEN) and reverse-transcribed
using VILO reagent (Invitrogen). Real time PCR
was performed with TagMan Universal PCR
Master Mix (Applied Biosystems). Transcript le-
vels were determined using an Applied Biosy-
stems 7500 fast real-time PCR system (Appli-
ed Biosystems). Each mRNA level was normal-
ized to the level of GAPDH mRNA. The primers
used for real-time PCR were as follows: GAPDH
(TagMan Gene Expression Assays, Assay ID:
Hs02758991_g1), FGF20 (TagMan Gene Ex-
pression Assays, Assay ID: Hs00173929_m1),
AXIN2 (TagMan Gene Expression Assays, As-
say ID: Hs00610344_m1), CD44 (TagMan Ge-
ne Expression Assays, Assay ID: Hs01075861 _
m1), MYC (TagMan Gene Expression Assays,
Assay ID: Hs Hs00905030_m1), and BAMBI
(TagMan Gene Expression Assays, Assay ID:
Hs03044164_m1).

The gene expression analyses using mouse
tumor tissues were performed as follows. The
tumor tissue of a mouse to which the com-
pounds had been administered was disrupted
with a Tissue Lyser Il (Qiagen). Total RNA was
extracted using a Maxwell 16LEVSimply RNA
Tissue Kit (Promega) and reverse-transcribed
using VILO reagent. Real time PCR was per-
formed in the same manner as described ab-
ove. Each mRNA level was normalized to the
level of Hrpt mRNA. The primers used for real-
time PCR were as follows: Hprt (TagMan Gene
Expression Assays, Assay ID: Mm03024075_
m1), Ccl3 (TagMan Gene Expression Assays,
Assay ID: Mm99999057_m1), Ccl4 (TagMan
Gene Expression Assays, Assay ID: MmOO4-
43111_m1), Cxcll (TagMan Gene Expression
Assays, Assay ID: Mm04207460_m1), and Cx-
cl2 (TagMan Gene Expression Assays, Assay
ID: Mm00436450_m1).
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Western blotting

The method of Western blotting was described
previously [15]. The tumor tissue of a mouse to
which the compounds had been administered
was disrupted with a Tissue Lyser Il. The follow-
ing antibodies were used: anti-Axinl antibody
(Cell Signaling Technology), anti-Axin2 antibody
(Cell Signaling Technology), anti-unphospho-3-
catenin antibody (Millipore, Billerica, MA), an-
ti-B-actin antibody (Sigma-Aldrich), anti-rabbit
IgG, HRP-Linked F (ab’), fragment (Donkey) (GE
Healthcare) and anti-mouse IgG, HRP-Linked F
(ab’), fragment (Sheep) (GE Healthcare).

TNKS and PARP family enzyme activity assay

The activity of each enzyme was measured
using a PARP1, PARP2, PARP3, PARPG, PARP7
and PARP11 Chemiluminescent Assay Kit, and
a TNKS1 and TNKS2 Histone Ribosylation
Assay Kit (Antibody Detection) at BPS biosci-
ence, San Diego, CA. The assay was performed
in duplicate in accordance with the manufac-
turer’s instructions.

Crystallography

The catalytic domain of TNKS2, amino acids
946-1162, was expressed in E. coli and puri-
fied by a previously described method [16].
After purification, TNKS2 was stored at
-80°C in buffer containing 30 mmol/L HEPES
pH 7.5, 300 mmol/L NaCl, 10 v/v% glycerol,
0.5 mmol/L TCEP. Apo TNKS2 crystals were
obtained using the sitting drop vapor diffusion
method by mixing the protein solution with
an equal volume of reservoir solution contain-
ing 30 w/v% PEG 3350, 0.2 mol/L lithium sul-
fate, 0.1 mol/L Tris pH 8.5 at 4°C. Complex
crystals were obtained by soaking apo crystals
for 10 days in soaking buffer containing 0.1
mmol/L K-476 (1 v/v% DMSO0), 30 w/v%
PEG 3350, 0.2 mol/L lithium sulfate, 0.1 mol/L
Tris pH 8.5. The complex crystals were flash
frozen in liquid nitrogen before the diffraction
experiments.

The X-ray diffraction data for the complex crys-
tal was collected at the BL17A beamline of the
Photon Factory in the High Energy Accelera-
tor Research Organization, Tsukuba, Japan. The
data were processed using the XDS program
[17]. The structures were solved by molecular
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replacement using the MOLREP program [18]
from the CCP4 software suite [19]. The
REFMACS5 program [20] was used to optimize
the bond length and bond angle between the
atoms and to calculate electronic density, such
as 2Fo-Fc map and Fo-Fc map. Drawing of elec-
tronic density, modification of the structure
and refinement were performed using the Coot
program [21, 22]. Drawing of the structure
was performed using CCPAmg program [23].
The structure parameters, such as R factor
[24], R, .. [25] were refined until it was statisti-
cally accepted and the final structure was
determined. The apo-TNK2 structure registered
as PDB ID: 3KR7 at Protein Data Bank (PDB)
was used as a search model. The TNKS2 struc-
ture in complex with K-476 has been deposited
in the Protein Data Bank with access codes
7CEA4.

Cell growth inhibition assays

Cells were seeded in 96-well microplates (Nu-
nc). The next day, cells were treated with com-
pounds. After 144 hours, XTT reagent (Roche
Diagnostics) was added to the cells. After in-
cubation at 37°C, formation of formazan dye
from tetrazolium salt XTT was measured by
SpectraMax 340PC (Molecular Devices).

Immunological analyses

Tumors were isolated from mice and dissociat-
ed by Tumor Dissociation Kit, mouse and gen-
tleMACS Dissociators according to the manu-
facturer’s instructions (Miltenyi Biotec). The
cell suspensions were hemolyzed with BD Ph-
arm Lyse (BD Biosciences) and filtered throu-
gh 70-uym mesh. Prepared tumor infiltrating
lymphocytes (TILs) were analyzed by flow cyto-
metry.

Flow cytometry

The following antibodies were used for flow
cytometry: Brilliant Violet 510™ anti-mouse
CD45 antibody (Clone: 30-F11), Alexa Fluor®
700 anti-mouse CD3 antibody (Clone: 17A2),
and Brilliant Violet 785™ anti-mouse CD8a
antibody (Clone: 53-6.7) were purchased
from BiolLegend (CA, USA). Flow cytometry
was carried out using a BD LSRFortessa X-20
with the FACSDiva software program (BD
Biosciences).
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Hematoxylin and Eosin (H&E) staining

The small intestine (jejunum and ileum) was
removed from all animals. Small intestinal tis-
sue was immediately fixed in 10% neutral buff-
ered formalin. Formalin-fixed tissues were em-
bedded in paraffin and sectioned at 3-5 ym in
thickness. Sections were stained with hema-
toxylin and eosin (H&E).

Pharmacokinetic analysis

Blood samples were collected at 0.5, 1, 2, 4, 7
and 24 hours after oral administration of K-476
at doses of 10, 50, 100, 200, and 400 mg/kg
(n = 2). Plasma was separated and stored fro-
zen until use in the analysis. The plasma con-
centration of K-476 was determined by liquid
chromatography tandem mass spectrometry
(LC/MS/MS). Plasma samples were protein
precipitated with internal standard-containing
acetonitrile, and the extract was subjected to a
liquid LC/MS/MS analysis. The analyte was
separated on a C18 reverse-phase column. LC/
MS/MS detection was performed by electro-
spray ionization in positive ion mode. The
detected mass-to-charge ratios were 553/280
(Q1/Q3) for K-476. The lower limit of quantifica-
tion (LLOQ) was 10 nmol/L. Measured concen-
trations below the LLOQ were expressed as
below the LLOQ (BLQ). When the K-476 concen-
tration was BLQ in each dosing group, the mean
values were calculated regarding BLQ as O ng/
mL.

The maximum plasma concentration (Cmax) and
time to reach C__ (t__ ) were obtained directly
from the observed values. The elimination half-
life (tl/z) was determined using the last 2-4 ti-
me points. The area under the concentration-
time curve from time zero to the last data po-
int (t) (AUC, ,) was calculated using the trapezoi-
dal method. The AUC after the last time point
was estimated by extrapolation with the t1/2'
The sum of AUC,, and AUC after the last data
point was regarded as AUC_ . Pharmacokinetic
parameters were rounded to three significant
figures.

Statistical analysis

In Figure 3A and 3C, the statistical analysis
was performed by Dunnett’s test. In Figures 3B
and 4C, the statistical analysis was performed
by Tukey’s test. In Figure 4D, statistical signifi-
cance was evaluated by Pearson’s correlation.
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Figure 1. The chemical structure of K-476 and co-crystal data of K-476 bind-
ing to the dual pockets of TNKS2. A. The chemical structure of K-476 and
K-756. B. The ligand binding site of the TNKS2 catalytic domain (CD) in com-
plex with K-476. The dashed red lines indicate hydrogen bonds. C. A su-
perposition drawing of the TNKS2/K-476 (coral) and TNKS1/K-756 complex
(green). D. A superposition drawing of the TNKS2/K-476 (coral) and TNKS2/
XAV939 complex (blue) (PDB ID: 3KRS8).
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Figure 2. K-476 inhibits the Wnt/B-catenin pathway by stabilizing Axin pro-
teins and decreasing active -catenin. A. K-476 inhibited the reporter activity
in DLD-1/TCF-Luc cells but not in DLD-1/mtTCF-Luc cells. DLD-1/TCF-Luc
cells or DLD-1/mtTCF-Luc cells were treated with K-476. After 18 hours, their
luciferase activity was measured. Each of the values represents the mean of
triplicate. B. K-476 inhibited the cell growth of COLO 320DM cells. K-476 was
added to the cells in 96-well plates. After 144 hours, the anti-proliferative
activity was measured by an XTT assay. Each point represents the mean +
S.D. of triplicate. C. K-476 inhibited the Wnt/B-catenin downstream genes.
K-476 was added to COLO 320DM cells in 24-well plates. After 24 hours,

mRNA was collected for RT-PCR.
D. K-476 stabilized Axin 1 and 2
and decreased active B-catenin
in COLO 320DM cells. K-476 was
added to COLO 320DM cells in
10-cm dishes. After 24 hours,
cells were collected for Western
blotting.

In Figure 4E, statistical signi-
ficance was determined by
Welch's t-test. All statistical
tests were performed using
the JMP 14 software program
(SAS Institute Inc.). Asterisks
indicate statistical significan-
ce as follows: *P < 0.05; **P
< 0.01; ***P < 0.001; n.s.,
not significant.

Results

Novel TNKS 1/2 inhibitor
K-476 binds to the ADP-ribose
and the nicotinamide binding
pockets of TNKS

We have previously reported
a selective TNKS inhibitor K-
756 that inhibits the Wnt/(-
catenin pathway by stabilizing
the Axin protein and promot-
ing active B-catenin degrada-
tion [15]. X-ray crystallogra-
phy demonstrated that K-756
binds to the ADP-ribose bind-
ing pocket [15], while a known
TNKS inhibitor XAV939 binds
to the nicotinamide binding
pocket [16]. Based on this in-
formation, K-476 was design-
ed and synthesized to bind to
both the ADP-ribose and ni-
cotinamide binding pockets,
which was expected to incre-
ase the inhibitory activity ag-
ainst TNKS. 3-Cyano-4-fluo-
rophenyl moiety was added to
quinazoline-2-one of K-756 to
bind the nicotinamide binding
pocket (Figure 1A). To prove
our hypothesis, we performed
X-ray crystallography of TNK-
S2 in complex with K-476. The
3-cyano-4-fluorophenyl moie-
ty of K-476 bound to the nico-
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Figure 3. K-476 exerts an antitumor effect in combination with anti-PD-L1
antibody. B16-derived melanoma bearing mice were used for the antitumor
study and pharmacokinetics evaluation. Anti-PD-L1 antibody was intraperi-
toneally administered once daily on days O, 2 and 4. A-C. The left panels
show the mean tumor volume (mm?3) (n = 10 mice/group). The right panels
show the area under tumor growth curve (tumor AUC) of each mouse and
the mean (n = 10). A. The antitumor effect of the continuous administration
of K-476 with or without anti-PD-L1 antibody. K-476 was orally administered
once daily on days 0-4 and 7-11. B. The antitumor effect of K-476 (25 and
50 mg/kg) with anti-PD-L1 antibody. K-476 (25 mg/kg) was administered
once daily on days 0-4, 7-11 and 14-15. K-476 (50 mg/kg) was administered
ondays O, 4, 7, 11 and 14. C. The antitumor effect of K-476 (50, 100, 200
and 400 mg/kg, intermittent) with anti-PD-L1 antibody. K-476 was orally ad-
ministered at doses of 50, 100 and 200 mg/kg on days O, 4, 8, 12, 16 and
20 with an anti-PD-L1 antibody. D. The plasma concentration-time profiles of
K-476 in mice after a single oral administration of K-476 at doses of 10, 50,
100, 200 and 400 mg/kg.

tinamide binding pocket while the quinazoli-
ne-2-one and 6,7-dimethoxyquinazoline groups
bound to the ADP-ribose binding pocket Figure
1B). A hydrogen bond was formed between the

oxygen on the carbonyl group
of quinazoline-2-one and the
main chain NH of Tyr1060.
His1048 stacked with the 6,
7-dimethoxyquinazoline group
and the Phel035 side chain
contacted with one metho-
Xy moiety. These interactions
were equivalent to the interac-
tions observed in a co-crystal
structure of K-756 with TNKS1
[15]. Indeed, the superpositi-
on of the K-476/TNKS2 and
K-756/TNKS1 complexes ov-
erlapped well, despite the in-
troduction of 3-cyano-4-fluo-
rophenyl moiety to K-476 (Fi-
gure 1C). As for the nicotin-
amide binding pocket, the cy-
ano group of K-476 forms hy-
drogen bonds with the main
chain NH of Gly1032 and with
the side chain hydroxy oxygen
atom of Ser1068. The carbon-
yl group of K-476 also forms
hydrogen bond with the main
chain NH of Tyr1060. This in-
dicates that the 3-cyano-4-
fluorophenyl moiety of K-476
functions as a chemical sub-
stituent of nicotinamide and
overlapped well with the nico-
tinamide binding pocket of
XAV939 (Figure 1D).

As the ADP-ribose binding po-
cket only exists in TNKS amo-
ng the PARP family enzymes,
we concluded that K-756's
high selectivity against PARP
family enzymes is due to its
binding to the ADP-ribose po-
cket [15]. To study whether K-
476 maintained its selectivi-
ty, the inhibitory activity ag-
ainst PARP family enzymes
was tested. As a result, K-
476 completely inhibited TN-

KS1 and TNKS2 at 1 umol/L, while it did not
inhibit other PARP family enzymes (PARP1, 2, 3,
6, 7, 8, 10, 11 and 12) by > 40%, even at 10
pmol/L (Table 1).
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Figure 4. K-476 stabilizes Axin 1 and enhances the chemokine expression to increase CD8* T cells in the TME.
B16-derived melanoma bearing mice were used for B-E. A. K-476 stabilized Axin 1 in K-476-treated B16-derived
melanoma cells. K-476 was added to the cells (0, 0.1, 1, 10, 100 and 1000 nmol/L). After 24 hours, the cells were
collected for Western blotting. B. K-476 stabilized Axin 1 in tumors of K-476-treated mice. Tumors were collected
from the mice 24 hours after the administration of K-476 (0, 25, 50, 100 mg/kg) for Western blotting. C. CD8* T
cells were increased in the tumor of mice treated with K-476 in combination with anti-PD-L1 antibody. Tumor cells
were collected from K-476 (50 mg/kg)- and/or anti-PD-L1 antibody-treated mice. K-476 and anti-PD-L1 antibody
was administered once daily on days 0, 3 and 6. The percentage of CD8* cells in CD45* CD3* cells on day 7 were
measured by flow cytometry. Each plot represents an individual value and each bar represents the mean (n = 5).
D. The percentage of CD8* T cells and tumor volume were inversely correlated in the mice used in Figure 3C. E.
The expression of Ccl3, Ccl4, Cxcl1 and Cxcl2 was evaluated by real time PCR. The expression of target genes was
normalized by Hprt. Tumor cells were collected from mice 24 hours after the administration of K-476 (100 mg/kg).
Each plot represents an individual value and each bar represents the mean (n = 6).

K-476 is a highly potent Wnt/B-catenin path- ed more than 360 times in comparison to the
way inhibitor that stabilizes Axin proteins and IC,, of luciferase activity of K-756, which was
inhibits downstream genes 110 nmol/L [15].

To evaluate the Wnt/B-catenin pathway-specif- In our previous report, B-catenin siRNA and
ic inhibitory activity of K-476, luciferase assays K-756 inhibited the cell growth of COLO 320DM
using the DLD-1/TCF-Luc reporter cell line and cells [15]. Thus, we used this cell line as a Wnt/
the DLD-1/mtTCF-Luc counterpart cell line [15] B-catenin-dependent cell line. K-476 showed
were performed. K-476 inhibited Wnt/[-caten- antiproliferative activity in COLO 320DM cells
in pathway-dependent luciferase activity with at a Gl of 1.5 nmol/L (Figure 2B). K-476 in-
an IC,, of 0.3 nmol/L in DLD-1/TCF-Luc cells hibited the Wnt/B3-catenin downstream genes
but did not inhibit Wnt/B-catenin pathway-in- (Figure 2C) and stabilized Axin1 and Axin2 and
dependent luciferase activity, even at 100 decreased active B-catenin level (Figure 2D) at
nmol/L in DLD-1/mtTCF-Luc cells (Figure 2A). 1 nmol/L, which was consistent with the grow-
To our surprise, the potency of K-476 increas- th inhibitory activity. Hence, these results sug-
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Table 1. Inhibitory activity against PARP family enzymes

Enzyme inhibitory activity (%)

PARPs K-476 XAV939
1 pmol/L 10 umol/L 10 umol/L (or 1 ymol/L")

PARP1 0 0 84"
PARP2 0 0 99”
PARP3 0 0 3
TNKS1 100 100 100*
TNKS2 100 100 100*
PARP6 0 0 0
PARP7 2 18 17
PARP8 2 0 0
PARP10 8 38 10
PARP11 1 0 37
PARP12 0 3 61

Table 2. The pharmacokinetic parameters of K-476 after
oral administration to mice

Dose of K-476 tmax Cmax t1/2  AUC ,° AUC,
(mg/kg) (h) (ng/mL) (h) (ng=h/mL) (ngeh/mL)
10 0.75 147  0.79 356 376
50 0.75 1360 198 6060 6080
100 2.00 3350 3.04 13500 19900
200 550 5340 316 61200 61600
400 24.00 6560 n.c. 111000 n.c.

°AUC, , for 10 mg/kg. AUC, , for 200 mg/kg., n.c., not calculated.

TNKS inhibitors, in general, have the
potential to induce intestinal toxicity
[11, 12]. Avoiding continuous inhibi-
tion is one possible approach to re-
duce such intestinal toxicity (see dis-
cussion). Thus, we compared the an-
titumor effect of the same total dose
K-476 administered with continuous
and intermittent administration sche-
dules; the antitumor effect of the con-
tinuous administration of 25 mg/kg of
K-476 and the intermittent adminis-
tration of 50 mg/kg of K-476 (both
combined with anti-PD-L1 antibody)
was compared. Both treatments ex-
erted a comparable antitumor effect
(Figure 3B). Because intermittent ad-
ministration can avoid sustained ex-
posure to TNKS inhibitors, we decid-
ed to administer K-476 intermittent-
ly. Then, to examine the maximum
effective dose of K-476 in an intermit-
tent administration schedule, K-476
was administered at doses of 50, 100
or 200 mg/kg with anti-PD-L1 anti-
body to B16-derived melanoma bear-
ing mice. In the combination groups,
the significant antitumor effect of K-
476 combined with anti-PD-L1 anti-

gested that K-476 inhibited the cell growth of
COLO 320DM cells via inhibition of the Wnt/[3-
catenin pathway.

K-476 exerts an antitumor effect in combina-
tion with anti-PD-L1 antibody

We next evaluated the in vivo antitumor effect
of K-476 in cancer immunotherapy using the
B16.F10.Luc.NY-ESO-1 (B16-derived melano-
ma) bearing mouse model. K-476 was orally
administered with or without anti-PD-L1 anti-
body according to the schedules described in
Figure 3A. Although K-476 (50 mg/kg) alone
did not exert an antitumor effect, K-476 signifi-
cantly enhanced the antitumor effect in combi-
nation with anti-PD-L1 antibody with a continu-
ous administration schedule at doses of 25
and 50 mg/kg (Figure 3A). In the groups that
received a combination of K-476 and anti-PD-
L1 antibody, the antitumor effect was almost
comparable in the groups that received 25 and
50 mg/kg of K-476.
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body was similar among the three ex-
amined doses (50, 100 and 200 mg/kg) (Fi-
gure 3C). This result suggested that 50 mg/kg
of K-476 was a sufficient dose to exert the
maximum antitumor effect in combination with
anti-PD-L1 antibody.

Next, the plasma concentration of K-476 was
evaluated after a single administration of K-
476 in B16-derived melanoma bearing mice.
At doses of > 50 mg/kg, the plasma concen-
tration of K-476 was > 10 nmol/L (5.52 ng/mL),
which was considered to be a sufficient con-
centration to inhibit TNKS (see Figure 3D; Ta-
ble 2) for at least 24 hours. However, at 50
mg/kg, the concentration would be < 10 nmol/
L after 24 hours, meaning that TNKS was not
inhibited during the interval period between
the administration of 50 mg/kg of the drug in
an intermittent schedule. Interestingly, even in
this situation, 50 mg/kg was sufficient to sh-
ow a maximum antitumor effect. This suggest-
ed that continuous exposure over 24 hours was
not needed to exert a sufficient antitumor
effect.
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200 mg

-
P

Anti-PD-L1

Figure 5. K-476 was administered on day O, 4, 7, 10 and 14. Anti-PD-L1
antibody was administered on day O, 2 and 4. Animals were euthanized on
day 17 (three days after K-476 final administration). The intermittent admin-
istration of K-476 at an effective dose did not disrupt the tissue morphology
of the small intestine. The histopathology of the non-treated small intestine,
K-476-treated small intestine, PD-L1-treated small intestine and PD-L1 and

K-476-treated small intestine.

K-476 stabilizes Axin 1 protein in tumor

To confirm the Wnt/B-catenin pathway-specific
inhibitory activity of K-476 in the B16-derived
melanoma mouse model, the B16-derived mel-
anoma cell line was treated with K-476 for 24
hours in vitro. Axin 1 stabilization in the B16-
derived melanoma cell line began to be ob-
served from 1 nmol/L and became evident with
K-476 concentrations of 210 nmol/L (Figure
4A). To investigate Axin 1 stabilization by K-476
in vivo, tumors were collected from K-476-
treated B16-derived melanoma bearing mice.
Axin 1 stabilization was clearly observed in the
K-476 (100 mg/kg)-treated group. Stabilization
was also observed in some animals of the
K-476 (25 mg/kg)- or K-476 (50 mg/kg)-treat-
ed groups (Figure 4B). These results indicated
that K476 exerted an inhibitory effect against
TNKS in the B16-derived melanoma bearing
mouse model.

K-476 upregulates the production of Ccl3 and
Ccl4 in the tumor microenvironment (TME) and
increases CD8* T cells in tumors

CD8* T cells are one of the most important
immune cells for the antitumor effect in the
TME [26, 27]. Thus, we investigated whether
the administration of K-476 with anti-PD-L1
antibody increased the percentage of CD8" T
cells in the TME. As shown in Figure 4C, K-476

272

combined with anti-PD-L1 an-
tibody significantly increased
the percentage of CD8* T cells
in comparison to anti-PD-L1
antibody. In addition, the per-
centage of CD8" T cells and
tumor volume were inversely
correlated (Figure 4D), sug-
gesting that the antitumor ef-
fect observed in this study
was related to the CD8* T-cell
function.

To investigate the mechanism
of the CD8* T-cell increase in
the TME after the administra-
tion of K-476, we evaluated
the chemokine expression in
tumors. Ccl3, Ccl4 and Cxcl1
are known to attract CD8" T
cells [28, 29]. The expression
levels of Ccl3, Ccl4, Cxcll and
Cxcl2 are also known to be
upregulated by Wnt/[B-catenin
pathway inhibition [8]. Therefore, we evaluated
the expression of these four genes in tumors
after the administration of K-476. The signifi-
cant upregulation of Ccl3 and Ccl4 was con-
firmed in tumors after the administration of
K-476. Although not statistically significant,
Cxcll tended to be increased by K-476 (P =
0.1714) (Figure 4E). These results suggested
that CD8* T cells were attracted by Ccl3, Ccl4
and Cxcl1, leading to enhancement of the anti-
tumor effect. The expression of Cxcl2 was also
significantly increased by K-476 (Figure 4E).
Since dendritic cells express Cxcll and Cxcl2
[30], the administration of K-476 may have
attracted not only CD8* T cells but also dendrit-
ic cells into tumors. The increased dendritic
cells may have contributed to the increased
number of CD8* T cells in the TME.

The intermittent administration of K-476 was
not associated with intestinal toxicity at doses
higher than the effective dose

We finally examined the tolerable dose of K-
476 with or without anti-PD-L1 antibody. K-
476 was administered intermittently to C57-
BL/6J mice at doses of 0, 50, 100, 200 or 400
mg/kg. Pathological analyses by H&E staining
showed no intestinal injury with the administra-
tion of K-476 at doses of up to 200 mg/kg with
or without anti-PD-L1 antibody (Figure 5). So-
me observations, such as villi and crypt atro-
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Table 3. Pathological findings in the mouse small intestine

Dose of K-476 (mg/kg) 0 50 100 200 400
K-476 Number of evaluated animals 5 1 1 5 5
Jejunum Mucosal epithelium desquamation 0 0 0 0 2
Mononuclear cell infiltration 0 0 0 0 2
Hyperplasia/Regeneration 0 0 0 0 2
Atrophy 0 0 0 0 4
lleum Mucosal epithelium abrasion 0 0 0 0 3
Mononuclear cell infiltration 0 0 0 0 4
Atrophy 0 0 0 0 4
K-476/anti-PD-L1  Number of evaluated animals 5 0 2 5 5
Jejunum Mucosal epithelium desquamation 0 0 0 0 1
Mononuclear cell infiltration 0 0 0 0 1
Hyperplasia/Regeneration 0 0 0 0 2
Edema 0 0 0 0 1
Atrophy 0 0 0 0 1
lleum Mucosal epithelium abrasion 0 0 0 0 2
Mononuclear cell infiltration 0 0 0 0 2
Hyperplasia/Regeneration 0 0 0 0 1
Atrophy 0 0 0 0 2

Describes the number of animals with pathological findings among the evaluated animals.

phy, desquamation of the mucosal epithelium,
and the infiltration of inflammatory cells were
found in the jejunum, ileum and cecum in the
K-476 (400 mg/kg)-treated group (Figure 5;
Table 3). These results suggested that K-476
did not show small intestinal toxicity at the
effective dose.

Discussion

Since the discovery of K-756 [15], we have
aimed to increase its potency while maintaining
the selectivity against other PARP family en-
zymes. The first reported TNKS inhibitor, XA-
V939, was a nicotinamide pocket binder that
worked as a chemical substituent of the ni-
cotinamide moiety of BNAD* [13]. Although
XAVO39 was the first TNKS inhibitor reported,
its selectivity was not high enough due to its
binding to the nicotinamide binding pocket,
which is conserved among other PARP families.
We previously reported a second type of TNKS
inhibitor, K-756, which bound to the ADP-ribose
binding pocket [15]. K-756 showed high se-
lectivity for TNKS because its binding site was
specific to TNKS. After the discovery of K-756,
we focused on generating a dual-pocket bind-
ing compound that would enhance binding to
TNKS. We conserved the structure of K-756 to
maintain selectivity and added 3-cyano-4-fluo-
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rophenyl moiety, which would bind to the nico-
tinamide binding pocket. As a result, we dis-
covered dual-pocket binding K-476, which was
demonstrated to be a highly potent and selec-
tive TNKS inhibitor, and to show higher Wnt/[3-
catenin pathway inhibitory activity in compari-
son to K-756. K-756 interacts with TNKS mainly
by the stacking of benzene ring of dimethoxy
quinazoline with His1048 and Phel1035, and
the binding of the benzene ring of quinazoline-
2-one to the hydrophobic area of TNKS. The
introduction of 3-cyano-4-fluorophenyl moiety
in K-476 resulted in the acquisition of addition-
al interactions with Ser1068 and Gly1032 of
the nicotinamide pocket. These interactions
are almost equivalent to those of the pyrimi-
din-4-one moiety scaffold of XAV939, which
partly explains the high potency of K-476. Ac-
tually, the TNKS inhibitory activity of K-476 is
360 times more potent than the original lead
compound, K-756. We consider it noteworthy
that the 3-cyano-4-fluorophenyl group of K-
476 bound to the nicotinamide pocket of TNKS
without causing any conformational or struc-
tural rearrangements within the K-756-based
moiety or the residues in the ADP ribose bind-
ing pocket.

We also showed that the intermittent adminis-
tration of K-476 enhances the antitumor effect
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of anti-PD-L1 antibody in the B16-derived mel-
anoma bearing mouse model. The data on the
plasma concentration of K-476 indicated that
K-476 enhanced the effect of anti-PD-L1 anti-
body, even during the period without K-476
exposure. One of the reasons why K-476 is
effective without sustained exposure is that
it improves host immunity. We revealed the
upregulation of Ccl3, Ccl4, Cxcll and Cxcl2 in
the tumor following the administration of K-
476. Ccl3, Ccl4 and Cxcll are chemokines th-
at are known to induce CD8" T cells [28, 29].
The administration of K-476 increased the
proportion of CD8* T cells in TIL in this mouse
model. Our results suggested that the increas-
ed expression levels of Ccl3, Ccl4 and Cxcll
induced by K-476 improved the immune envi-
ronment of the tumor and contributed to the
enhancement of the antitumor effect of anti-
PD-L1 antibody. The administration of K-476
also upregulated Cxcl2, suggesting that den-
dritic cells were also increased in tumor by K-
476 [30].

The clinical efficacy of ICls is significantly high-
er when more infiltrating lymphocytes, espe-
cially CD8"* T cells, are present in the tumor [31-
33]. K-476 was shown to act on Wnt/B-catenin
signal activated cells, and induce CD8* T cells
into tumors to enhance the efficacy of ICls in
our preclinical model. Since the activation of
Wnt/B-catenin signaling is cancer-specific [34,
35], K-476 is expected to enhance the efficacy
of ICIs without the excessive activation of sys-
temic host immunity.

We indicated that K-476 (50 mg/kg) was suffi-
cient to exert the maximum antitumor effect
and no toxicological effects were observed at
doses of up to 200 mg/kg in combination with
anti-PD-L1 antibody in mice. Because TNKS
inhibitors cause intestinal toxicity [11, 12], it
has been considered difficult to separate effi-
cacy from toxicity. However, in the present stu-
dy, K-476 was effective without intestinal to-
xicity, as it exerted its efficacy at low doses in
combination with anti-PD-L1 antibody. In addi-
tion, human intestinal cells are continuously
renewed every 3-4 days [36]. Even intestinal
toxicity is caused by TNKS inhibition, the toxici-
ty is expected to be manageable since the anti-
tumor effect of K-476 is maintained with an
intermittent administration schedule. In this st-
udy, we suggest that K-476 has the potential to
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be a safe and attractive therapeutic agent that
enhances the efficacy of ICls.
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Supplementary Methods and Data

Preparation of K-476

|
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5-(3-{[1-(6,7-dimethoxyquinazolin-4-yl)piperidin-4-ylimethyl}-2-oxo0-3,4 dihydroquinazolin-1(2H)-yl)-2-flu-
orobenzonitrile (K-476).

3-{[1-(6,7-dimethoxyquinazolin-4-yl)piperidin-4-ylimethyl}-3,4-dihydroquinazolin-2(1H)-one (K-756) was
obtained by the previously reported method [1]. K-756 (50 mg, 0.12 mmol), copper(l) iodide (44 mg,
0.23 mmol), trans-1,2-cyclohexanediamine (26 mg, 0.23 mmol), 2-fluoro-5-iodobenzonitrile (114 mg,
0.46 mmol) and tripotassium phosphate (98 mg, 0.46 mmol) were stirred in 1,4-dioxane (1.0 mL) at
100°C for 5 hours. To the reaction mixture, a saturated aqueous sodium bicarbonate solution was
added and the resulting mixture was extracted with ethyl acetate. The organic layer was treated with
diatomaceous earth and concentrated under reduced pressure. The resulting residue was purified by
silica gel column chromatography (a chloroform/methanol mixed solvent), whereby 5-(3-{[1-(6,7-di-
methoxyquinazolin-4-yl)piperidin-4-ylimethyl}-2-oxo-3,4-dihydroquinazolin-1(2H)-yl)-2-fluorobenzonitrile
(K-476) (40 mg, yield: 63%) was obtained.

'H-NMR (300 MHz, CDCl,, 8): 8.67 (s, 1H), 7.66-7.57 (m, 2H), 7.39-7.31 (m, 1H), 7.24 (s, 1H), 7.16-7.01
(m, 4H), 6.19 (d, J = 8.4 Hz, 1H), 4.61 (s, 2H), 4.21-4.17 (m, 2H), 4.02 (s, 3H), 3.98 (s, 3H), 3.46 (d, J =
7.0 Hz, 2H), 3.12-3.05 (m, 2H), 2.14-2.09 (m, 1H), 1.93-1.89 (m, 2H), 1.65-1.52 (m, 2H).

ESI-MS m/z calculated for C FN,O,: 553 [M + H]" found 553.
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