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Introduction: CD73 and adenosine support growth-promoting neovascularization, metas-
tasis, and survival in cells, and promote anti-PD-1 mAb therapy-induced immune escape.
Consequently, developing a CD73 inhibitor as monotherapy and a potential beneficial
combination partner with immune-checkpoint inhibitors needs investigation.

Methods: CD73 inhibitors were evaluated in vitro with soluble and membrane-bound CD73
enzymes, as well as its PD biomarker responses in human peripheral blood mononuclear cells
(PBMC) by flow cytometry and ELISA. The binding modes of the molecules were analyzed via
molecular modeling. The anti-tumor activity and synergistic effect of SHR170008 in combina-
tion with anti-PD-1 mADb were evaluated in a syngeneic mouse breast cancer model.

Results: SHR170008 was discovered during the initial structural modifications on the link
between the ribose and the a-phosphate of AMPCP, which significantly improved the
stability of the compound confirmed by the metabolite identification study. Further modifica-
tions on the adenine base of AMPCP improved the potency due to forming stronger
interactions with CD73 protein. It exhibited potent inhibitory activities on soluble and
endogenous membrane-bound CD73 enzymes, and induced IFNy production, reversed AMP-
suppressed CD25" and CD8"/CD25" expression, and enhanced granzyme B production on
CD8" T cells in human PBMC. SHR170008 showed dose-dependent anti-tumor efficacy with
suppression of adenosine in the tumors in EMT6 mouse breast tumor model. The increase of
adenosine in tumor tissue by anti-PD-1 mAb alone was suppressed by SHR170008 in the
combination groups. Simultaneous inhibition of CD73 and PD-1 neutralization synergisti-
cally enhanced antitumor immunity and biomarkers in response, and exposures of
SHR170008 were correlated with the efficacy readouts.

Conclusion: Our findings suggest that CD73 may serve as an immune checkpoint by
generating adenosine, which suppresses the antitumor activity of anti-PD-1 mAb, and
inhibition of CD73 may be a potential beneficial combination partner with immune-
checkpoint inhibitors to improve their therapeutic outcomes in general.

Keywords: small-molecule inhibitor of CD73, adenosine, anti-PD-1 mAb, checkpoint
blockade, immunotherapy, combination therapy

Summary

Here we described SHR170008, a novel and potent small-molecule inhibitor of
CD73. An outstanding feature of SHR170008 different from AMPCP is that the
bisphosphonic acid was replaced by methylenephosphonic acid, which significantly
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improved the stability of the compound confirmed by the
metabolite identification study. Furthermore, SHR170008
not only could rescue the inhibitory effect of adenosine
derived from AMP in the activation and proliferation of
CDS8" T cells and granzyme B production in human pri-
mary immune cells but also exhibited dose-dependent
tumor growth inhibition in single agent and significantly
enhanced the efficacy in combination with anti-PD-1 mAb
in EMT6 mouse breast tumor model. PD-1 blockade
resulted in enhanced adenosine levels in tumor as com-
pared with the control group and decreased adenosine
levels in combination with SHR170008. Our findings
extended the understanding of adenosine generated by
CD73 in suppressing antitumor immunity, which contrib-
uted to the resistance of PD-1 checkpoint inhibition.
Results from further clinical evaluation of this specific
mechanism for immunotherapy of cancer, especially in
combination with monoclonal antibody therapies targeting
immune checkpoints are highly anticipated.

Background

T cell-mediated anti-tumor immune responses are pivotal for
effective ablation of primary tumor lesions and for protection
against metastases.' High level of extracellular adenosine in
tumor microenvironment (TME) has been described as
a protective “halo”, which in turn suppresses antigen-
presenting cells, inhibits T cell cytotoxicity and cytokine
production, leading to evasion of antitumor immunity and
cancer development and progression.z’3 Cluster of differen-
tiation 73 (CD73) enzyme catalyzes the hydrolysis of extra-
cellular AMP into immunosuppressive adenosine, which
signals through Al, A2a, A2b and A3 adenosine receptors.
Activated A2a and A2b receptors can increase intracellular
cAMP levels, which suppress immune cell function, and
trigger other signaling pathways, such as PI3K/Akt/mTOR
and MAPK/ERK pathways.* CD73 is expressed on a variety
of tumor infiltrating leukocytes (TIL) and overexpressed in
human cancer cells because of tissue hypoxia, activation of
oncogenes such as KRAS, and epithelial-to-mesenchymal
transition.” ® Expression of CD73 is associated with poor
prognosis in many cancer types.4’9’10 Within the TME, upre-
gulation of CD73 expression on cell-surface blocks anti-
tumor surveillance by producing extracellular adenosine,
leading to tumor immune-escape. Consistent with roles of
adenosine, host CD73 promotes tumor growth in a T cell-
dependent manner.'" Accordingly, CD73-deficient mice have
increased antitumor immunity and significantly suppressed
the growth of ovalbumin-expressing MC38 colon cancer,

EG7 lymphoma, AT-3 mammary tumors and BI16F10
melanoma.'*'? The antitumor effects of CD73 deficiency
on primary tumors were dependent on CD8" T cells and
increased antigen-specific IFNy production.

The emergence of monoclonal antibody (mAb) thera-
pies targeting immune checkpoints, such as programmed
cell-death protein 1 (PD-1) or its ligand PD-L1, cytotoxic
T-lymphocyte-associated protein 4 (CTLA4), has trans-
formed the core cancer treatments, as they demonstrate
good efficacies and less toxicity than conventional che-
motherapy and targeted therapies. However, despite all the
clinical successes, only a subset of patients for most cancer
types effectively respond to these therapies.'* Such less
than desirable efficacy is a major clinical problem and one
of the most significant challenges in oncology. A variety of
tumor-extrinsic factors have been associated with resis-
tance, including increased adenosine production and the
expansion of immunosuppressive immune cell population
within TME. Combination therapies designed to block
adenosine signaling pathways may help to improve the
clinical responses.

CD73 expression on tumor cells reduced the immune
response evoked by anti-PD-1 mAb therapy.'> In addition,
94 patients who were responders and non-responders to
immune checkpoint therapy from five cancer types were
evaluated by mass cytometry and single-cell RNA
sequencing.'® The results suggested that high expression of
CD73 in immune cells persists after anti-PD-1 mAb treat-
ment in glioblastoma multiforme. CD73-deficient mice
improved survival in a murine model of glioblastoma multi-
forme treated with anti-PD-1 mAb and anti-CTLA4 mAb.
Anti-CD73 antibodies significantly enhanced the activity of
both anti-CTLA4 mAb and anti-PD-1 mAb in preclinical
animal models.'”'® Therefore, CD73 expression may consti-
tute a potential biomarker for the efficacy of anti-PD-1 mAb
in patients with cancer, and the efficacy of anti-PD-1 mAb
can be significantly enhanced by CD73 inhibitors.

There has been a high level of interest in CD73 as
a novel immunotherapy target for cancer, including mono-
clonal antibodies and small-molecule inhibitors against
CD73."7-'972% Small-molecule inhibitors may have advan-
tages versus antibody approaches: for example, the ability
of penetration into solid tumor, greater exposure within the
TME, and the flexibility of intermittent dosing regarding
safety profile, to name a few. Most reports of small-
molecule inhibitors of the enzyme were focused on med-
icinal chemistry efforts and described structure—activity
relationships.
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Here, we report the discovery of a novel and potent
small-molecule CD73 inhibitor SHR170008 in vitro and
in vivo. We further investigated whether blockade of
CD73 enzyme by SHR170008 could enhance the efficacy
of anti-PD-1 mAb. Because tumoral CD73 suppresses
antitumor immunity evoked by anti-PD-1 mAb therapy,
we hypothesized that CD73 inhibitor and anti-PD-1 mAb
may represent a potentially beneficial pairing for dual
pathway blockade in cancer therapy.

Materials and Methods

Cell Lines, Antibodies, and Chemicals
Human epithelial melanoma A-375 (CRL-1619) cells, and
mouse breast carcinoma EMT6 (CRL-2755) cells were
purchased from ATCC. Human peripheral blood mono-
nuclear cells (PBMC) were obtained from STEMCELL
Technologies (70025.1). Human soluble His-tag 5'-
Nucleotidase/CD73 (Trp27-Lys547) was purchased from
R&D Systems (5795-EN). Cytidine 5'-monophosphate
(CMP, C1131-1G), adenosine 5'-monophosphate (AMP,
A1752) and adenosine 5'-(a, B-methylene) diphosphate
(AMPCP, M3763) was purchased from Sigma Aldrich.
Malachite Green Phosphate Detection Kit was purchased
from R&D Systems (DY 996).

Biochemical Assay of Human Soluble
CD73 Enzyme

In this assay, 0.34 nM human soluble CD73 enzyme was
used in a phosphate-free assay buffer (20 mM HEPES, 137
mM NaCl, 0.001% Tween 20). A serial dilution of
SHR170008 or AMPCP was incubated with the CD73
enzyme at 37°C for 20 hours before adding 45 uM CMP
(an AMP surrogate substrate). The reactions were incubated
at 37°C for 15 minutes, and then phosphate concentrations
were measured by Malachite Green Phosphate Detection Kit
per manufacturer’s protocol. The positive and negative con-
trols were set up with and without the CD73 enzyme, respec-
tively. The robustness of the biochemical assay was assessed
by Z-factor using the equation below.**

35D, + 3SD._

Z=1-— et T oo
AVG,, — AVG._

Where AVG,., and AVG,. are denoted for the averages of
positive control signal and negative control signal, respec-
tively. The standard deviations of the signals are denoted
as SD.; and SD._, respectively.

Data were calculated using signal of the positive con-
trol as 0% inhibition and that of the negative control as
100% inhibition. ICsy values were calculated using non-
linear regression analysis of GraphPad Prism (RRID:
SCR_002798) in all assays.

Enzymatic Activity of Endogenous

Cellular Membrane-Bound CD73

A-375 cells and EMT-6 cells were seeded at a density of
2500 and 5000 cells per well in 96 well plates, respec-
tively. Following the wash with phosphate-free assay buf-
fer (20 mM HEPES, 137 mM NaCl, 5.4 mM KCl, 1.3 mM
CaCl,, 4.2 mM NaHCOs;, and 1 mg/mL Glucose), cells
were incubated with a series dilution of SHR170008 and
50 uM CMP for 4 hours at 37°C in duplicates. Phosphate
concentrations resulting from CMP hydrolysis were mea-
sured using Malachite Green Phosphate Detection Kit per
manufacturer’s protocol. Independent experiments were
repeated with four batches of SHR170008, respectively.

Molecular Modeling

Binding mode studies for SHR170008 were done using
a laptop computer with an Intel 17-7700HQ, 2.8 GHz CPU
and 16GB RAM running the Microsoft Windows 10 pro-
fessional operating system. The software package of
(MOE),
Chemical Computing Group Inc., was used for the model-

Molecular  Operating  Environment from
ing study. The structures were downloaded from Protein
Data Bank (PDB)

Preparation within MOE, including adjusting hydrogens

and prepared wusing Structure

and lone pairs using Protonate3D.> The crystal structure
of CD73 in complex with AMPCP (accession code: 4H2I)
and small-molecule antagonist (accession code: 6YE2)
were downloaded from PDB.**?” The co-crystal ligand
(accession code: 6YE2) was modified to SHR170008. By
selecting SHR170008 and the surrounding residues within
4.5A, iterative energy minimizations with gradually
increased tether deviations were performed to relax the
clash between the ligand and protein while forming multi-
ple interactions between ligand and protein. Sequence and
structures alignments were performed using MOE Align/
Superpose function.

Activation and Staining of PBMCs

Human PBMCs (StemCell, 70025.1) in TexMACS med-
ium (Miltenyi Biotec, 130-097-196) were incubated with
100 uM AMP and 1 pM SHR170008 for 2 hours and then
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were activated by CD3/CD28 dynabeads (Fisher
Scientific, 11161D) for 4 days. After 4 days’ incubation,
cells were washed and stained using Invitrogen FoxP3
Staining Kit (Thermo Fisher, 00-5521-00) following man-
ufacturer’s protocol. Antibodies used for staining cells
were 7AAD (5599255), CD8 APC-H7 (560273),
CD25 BV786 (563700), CD73 BV421 (562431) and
GranzymeB FITC (561998) from BD Biosciences, and
FoxP3 PE (12-4777-42) from eBioscience.

CD8 Cell Proliferation Assay

Human PBMCs were stained with 5 uM CFSE (BD
Biosciences, 565082) for 15 minutes at 37°C, washed
twice with PBS, and then incubated with 100 uM AMP
and 1 uM SHR170008 for 2 hours. The cells were then
stimulated with CD3/CD28 dynabeads and 30 unit/mL
human IL-2, incubated for 4 days. After stimulation,
cells were collected and stained with CD8-APC-H7 anti-
body for 20 minutes at room temperature. Then, CSFE
positive cells in CD8 cells were analyzed with flow
cytometry. The independent experiments were repeated
at least twice.

Cell Isolation from Tumor Tissues

Tumor tissues collected from mice at the end of in vivo
study were processed on gentleMACS Dissociator
(Miltenyi Biotec, 130-096-427) using tumor isolation pro-
grams twice, between which was 40 minutes of incubation
at 37°C with continuous rotation. Then, cell suspension
was applied to 30 um MACS SmartStrainers (Miltenyi
130-098-458)
Collected cells were centrifuged and used for staining as
described above. Antibodies CD45-VioGreen (130-123-
900) and CD73-APC-Vio770 (130-102-329) were pur-
chased from Miltenyi Biotec.

Biotec, and washed with medium.

Flow Cytometric Analysis

For each sample, 20,000 total events were acquired on
a Guava EasyCyte instrument. The cells stained with
a single antibody were used as controls and compensa-
tion was automatically determined by the GuavaSoft
software. Data analysis was performed using the
FlowJo software (RRID:SCR_008520). Singlets and
live cells were first gated out based on the sizes
and 7AAD staining results and then gated with CD25"
and CDS8" cells, respectively.

IFNY Production Assay Using Human

PBMC

Human PBMCs (StemCell) in TexMACS medium were
incubated with 50 pM AMP and serial diluted SHR170008
in duplicates for 2 hours and then CD3/CD28 dynabeads
were added. After the incubation for 72 hours, IFNy level
in supernatant was determined using IFNy HTRF kit
(Cisbio, 62HIFNGPET) following manufacturer’s proto-
col. The biological independent experiments were repeated

nine times.

In vivo Efficacy Study

The in-life portion of the study was carried out at Cephrim
Bioscience, Inc. (Woburn, MA). Female BALB/c-inbred
mice (RRID: IMSR ORNL:BALB/cRIl) were purchased
from Charles River Lab. Upon their arrival, they were
kept in SPF environment all the time. Briefly, they were
housed on irradiated corncob bedding (ScottPharma) in
Innovive caging system on a 12-hour light-dark cycle at
68—74°F and 30-70% humidity. They will be continually
fed water and regular rodent diet. Animal handling and
procedures were conducted under the protocols and guide-
lines approved by the Institutional Animal Care and Use
Committee (IACUC) of Cephrim Biosciences, Inc.

On the day of inoculation (Day 0), EMT6 mouse breast
tumor cells (5 x 10° cells) were injected subcutaneously
into the right flank of syngeneic female BALB/c inbred
mice. Body weights and tumor volumes were measured
twice a week throughout the study, and the measurements
were blind to group assignment and outcome assessment.
The tumors were measured by a caliper in three dimen-
sions in millimeter (mm), and its volume was then calcu-
lated according to the following formula:

Tumor Volume(mm3 ): 05236 x I x W x H

where | = length, W = width, H = height.

When tumors reached approximately 75 mm?> on day 5,
mice were randomly assigned to one of eight groups (n =
8 per group). Where indicated, mice were treated with
SHR170008 in the vehicle (1.5% DMSO and 98.5%
HBSS) daily at the indicated doses, 5 mg/kg anti-mouse-
PD-1 mAb (clone: RMP1-14, BioXCell, BP0146) or rat
2A3 (BioXCell, BE0089, RRID:
AB 1107769) were injected once every 3 days for 4

isotype control

times. The mice in the control group were dosed with

vehicle and/or rat 2A3 isotype with the same schedule as
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SHR170008 and/or anti-mouse-PD-1 mAb. Both were
delivered intraperitoneally.

The plasma and tumor tissue samples were collected
with three, three and two animals per group at 2-, 6- and
24-hours post dosing at the end of the study, respectively.
Tumor tissues were minced into small pieces, homoge-
nized in 1 mL cold DPBS (GIBCO, 14190144) with Halt
protease inhibitor cocktail (Thermo Fisher Scientific,
78430) for 30 seconds at 24,000 rpm twice using
PRO25D Homogenizer (ProScientific, 01-25100), and
then transferred to fresh Eppendorf tubes, spun at the
highest speed (17,000 x g) and 4°C for 10 minutes. The
supernatants were used for PK analyses of SHR170008 by
LC/MS.

Statistical Analyses

The significance of differences between groups was deter-
mined by one-way ANOVA (GraphPad Prism), *p < 0.05,
**p < 0.01, *** p < 0.001, ****p < 0.0001.

SHR 170008 Preparation

SHR170008 ((((2R,3S,4R,5R)-5-(6-chloro-4-(2',3'-
dihydrospiro[azetidine-3,1'-inden]-1-yl)-1H-pyrazolo
[3,4-d]pyrimidin-1-yl)-3,4-dihydroxytetrahydrofuran-
2-yl)methoxy)methyl) phosphonic acid was prepared in
Eternity Bioscience Inc. according to the following pro-
cesses. Step 1: 2',3'-dihydrospirao[azetidine-3,1'-indene]
was reacted with (2R,3R,4R,5R)-2-(acetoxymethyl)-
5-(4,6-dichloro-1H-pyrazolo[3,4-d]pyrimidin-1-yl)tetra-
hydrofuran-3,4-diyl diacetate and Et;N in methanol at
room temperature to yield ((((2R,3S,4R,5R)-5-(6-chloro-
4-(2',3'-dihydrospiro[azetidine-3,1'-inden]-1-yl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)-3,4-dihydroxy tetrahy-
drofuran-2-yl)methoxy)methyl)phosphonic acid (62%).
Step 2: The reaction of (2R,3R,4S,5R)-2-(6-chloro-
4-(2',3'-dihydrospiro[azetidine-3,1'-inden]-1-yl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)-5-(hydroxymethyl)tetra-
hydrofuran-3,4-diol, 2,2-dimethoxypropane and toluene-
sulfonic acid in acetone at room temperature yielded
((3aR,4R,6R,6aR)-6-(6-chloro-4-(2',3'-dihydrospiro[aze-
tidine-3,1'-inden]-1-yl)-1H-pyrazolo[3,4-d]pyrimidin-
1-y1)-2,2-dimethyltetrahydrofuro[3,4-d][1,3] dioxol-4-yl)
methanol (50%). Step 3: ((3aR,4R,6R,6aR)-6-(6-chloro-
4-(2',3'-dihydrospiro[azetidine-3,1'-inden]-1-yl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl) methanol was reacted with
Mg(OtBu), in dimethyl formamide at room temperature,
followed by reacting with (diethoxyphosphoryl) methyl

nosylate at 40°C to yield diethyl((((3aR,4R,6R,6aR)-
6-(6-chloro-4-(2',3'-dihydrospiro[azetidine-3,1'-inden]
-1-yl)-1H-pyrazolo[3,4-d]pyrimidin-1-yl)-2,2-dimethyl-
tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)methoxy)methyl)
phosphonate (95%). Step 4: Trimethylsilyl bromide was
reacted with diethyl((((3aR,4R,6R,6aR)-6-(6-chloro-
4-(2',3'-dihydrospiro[azetidine-3,1'-inden]-1-yl)-1H-
pyrazolo[3,4-d]pyrimidin-1-yl)-2,2-dimethyltetrahydro-
furo[3,4-d][1,3]dioxol-4-yl)methoxy)  methyl)phospho-
nate in  dichloromethane at 0°C to afford
((((2R,3S,4R,5R)-5-(6-chloro-4-(2',3'-dihydrospiro[ azeti-
dine-3,1'-inden]-1-yl)-1H-pyrazolo[3,4-d]pyrimidin-
1-y1)-3,4-dihydroxytetrahydrofuran-2-yl)methoxy)
methyl) phosphonic acid (50%).

"H NMR (500 MHz, Methanol-d,) & (ppm) 8.05 (s,
1H), 7.58-7.47 (m, 1H), 7.35-7.21 (m, 3H), 6.24 (d, J =
4.0 Hz, 1H), 4.73-4.57 (m, 3H), 4.52-4.40 (m, 3H), 4.22—
4.16 (m, 1H), 3.84 (dd, J = 10.9, 3.7 Hz, 1H), 3.76-3.72
(m, 3H), 2.99 (t, J = 7.0 Hz, 2H), 2.60-2.48 (m, 2H).
3C NMR (126 MHz, Methanol-d;) & (ppm) 159.56,
158.03, 156.47, 147.10, 144.74, 135.15, 128.90, 128.33,
125.52, 123.51, 123.29, 100.41, 90.12, 84.38, 75.12,
72.73, 68.30, 67.01, 65.27, 64.19, 39.74, 31.23. HRMS:
calculated for C,,H,sCINsO,P (M+H)" 538.1258, found
538.1260. HPLC purity: 99.55%.

Results
Discovery of a Novel and Potent
Small-Molecule Inhibitor of CD73 Enzyme

SHR 170008

CD73 is a glycosylphosphatidylinositol (GPI)-anchored
cell surface ecto-5'-nucleotidase that regulates adenosine
signaling by dephosphorylating extracellular AMP to
adenosine.® The enzyme is also present in a soluble active
form in serum through cleavage from its GPI linker on cell
membranes. AMPCP is known as a competitive inhibitor
of CD73 that binds to the active site of the enzyme.?
SHR 170008 was discovered during the initial structural
modifications on the link between the ribose and the a-
phosphate of AMPCP to improve the metabolic stability in
rat plasma. Further modifications on the adenine base of
AMPCP improved the potency (W02020047082A1). The
chemical structures of AMPCP and SHR170008 are
shown in Figure 1A. The NMR spectra, the HR-MS char-
acterization and HPLC spectra of SHR170008 are pre-
sented in Supplementary Figure S1 and Supplementary
Methods.
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Figure | Identification of a novel and potent small-molecule inhibitor of CD73 enzyme. (A) Chemical structures of AMPCP and SHR170008. (B—D) Enzymatic inhibition
activities of SHR170008 and AMPCP. Representative dose—response curves for SHR 170008 and AMPCP against human soluble CD73 enzyme (B), and endogenous cellular
surface CD73 in human melanoma cell line A375 (C) and in mouse breast tumor cell line EMT6 (D). Data show mean * STD. Each data point was performed in duplicate and
biological independent experiments were repeated at least three times, respectively. Data were fitted by non-linear regression analysis of GraphPad Prism in all assays. (E and
F) Models were generated based on the crystal structures of CD73 (PDB accession code: 4H2l) where AMPCP was in green (E) and (PDB accession code: 6YE2) where
SHR170008 in yellow (F), respectively. In both (E) and (F), the CD73 proteins were shown with color ribbons: N-terminal in blue and C-terminal in red. Key residues
making contacts with the ligands were labelled accordingly. Zinc ions were colored in deep green. The hydrogen bonds are labeled as dashed lines.

As expected, the results from the stability study in rat monkey, and human liver microsome (in vitro) and in
plasma suggested that SHR170008 with the methylene- mouse and rat plasma (in vivo) indicated that the parent
phosphonic acid was metabolically stable (Supplementary  molecule was intact, and no metabolites were detectable,
Table S1 and Supplementary Methods). The metabolite  confirming the notion above (Supplementary Tables S2—
identification studies of SHR170008 in mouse, rat, dog, S3, Figure S2 and Supplementary Methods).
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SHR170008 exhibited excellent potency against human
CD73 soluble enzyme (ICs5o = 0.050 = 0.004 nM, n = 3) as
compared to AMPCP (ICsy = 3.8 = 0.8 nM, n = 3). The
representative IC50 curves of SHR170008 and AMPCP
are shown in Figure 1B. We initially used AMP as
a substrate in the CD73 biochemical assay. The K, of
AMP was 2.7 uM, consistent with what was reported
(K of AMP = 2.53 uM).* It was difficult to keep AMP
concentration equal to low K, of AMP for a workable
assay because the reaction would quickly deplete the sub-
strate. This was probably the reason why the reaction was
run for only 5 minutes.”® We replaced AMP with another
substrate of CD73, CMP, at its K, of 45 uM and run 15-
min reaction to avoid substrate depletion. The quality of
the biochemical assay using CMP was assessed using
Z-factor (A Z-factor between 0.5 and 1.0 is an excellent
assay).”* The Z-factor of the biochemical assay using
CMP was satisfactory (Z-factor = 0.88). IC5y of AMPCP
was validated in the biochemical assay with CMP vs AMP.

Furthermore, the inhibition of SHR170008 against
endogenous membrane-bound CD73 was determined
using CD73-expressing human melanoma cell line A375.
The resulting ICso of SHR170008 was 0.051 + 0.007 nM
(n = 4) at incubation with A375 cells in culture, compar-
able to its potency in biochemical assay (Figure 1C). Since
we used the syngeneic mouse breast carcinoma EMT6
model for in vivo efficacy study, the potency of
SHR 170008 against endogenous membrane-bound CD73
on EMT6 cells was determined (ICsy = 0.133 = 0.008 nM
(n = 4), shown in Figure 1D, approximately 3-fold differ-
ence versus its human counterpart. AMPCP was much
weaker against endogenous membrane-bound CD73 in
both A375 and EMT6 cells (A375, IC5o = 16 = 5 nM,
n =3; EMT6, ICso = 130 £ 8 nM, n = 3).

The remarkably enhanced potency of SHR170008 as
compared with AMPCP was due to forming stronger inter-
actions with CD73 protein. The AMPCP molecule can be
divided into three parts, purine ring, ribose ring and
bisphosphonic acid (Figure 1A). AMPCP binds into
a pocket formed between the N- and C-terminals of
CD73 (Figure 1E). The purine motif was sandwiched
between the two aromatic residues, Phe417 and Phe500.
The two hydroxyl groups of the ribose ring formed hydro-
gen bonds with Asp506. The bisphosphonic acid group
formed charge interactions with Arg354, Arg395 and two
Zinc ions, as well as a hydrogen bond with Asn245.
Nevertheless, SHR170008 was different from AMPCP in
two areas (Figure 1A): one area where the bisphosphonic

acid was replaced by methylenephosphonic acid and the
other area where the purine ring was substituted by a 6-Cl-
pyrazolopyrimidine ring with a bulky spiroindane group
substituted on the 4-amino group. As shown in Figure 1F,
similar to the bisphosphonic acid, the methylenephospho-
nic acid of SHR170008 picked up all the key charged
interactions, except the hydrogen bond interaction with
Asn245. The pyrazolopyrimidine ring of SHR170008
was able to form the same 7m-m interactions with Phe417
and Phe500 as the purine ring of AMPCP. More impor-
tantly, the spiroindane group of SHR170008 occupied
a new pocket formed by Serl85 and Asnl86 from the
N-terminal lobe, which was absent from AMPCP. These
interactions adequately explained the significant improve-
ment of potency of SHR170008.

To identify undesirable off-target activity profiles,
SHR170008 was tested in SAFETYscan47 panel of
seventy-eight functional assays, recommended by major
pharmaceutical companies.”” The screening test results of
SAFETYscan47 panel, shown in Supplementary Table S4
and Supplementary Methods, indicated that SHR170008
inhibits the targets in the panel at low rates across the
board. The hit with the highest percent inhibition is the
insulin kinase receptor in two independent measurements,

19% and 17% inhibition, respectively.

SHR 170008 Reversed the Inhibitory
Effect of Adenosine from AMP in the
Activation and Proliferation of CD8"

T Cells and Granzyme B Production

In addition to the inhibition of CD73 enzyme, the functional
effects upon T-cells by SHR170008 was examined. An ade-
quate source of T cells with a frequency and functional
activity reflective of the true immune response to the immu-
nization is required for in vitro immune analyses. Clearly,
human PBMC is the most convenient source of T cells for
in vitro immune analysis. We hypothesized that the inhibition
of AMP hydrolysis by CD73 enzyme, leading to reduction of
adenosine level, would favor activation of T cells. We there-
fore first stimulated human PBMC with CD3/CD28 dyna-
beads for 4 days to achieve T cell activation and expansion
monitored by T cell activation marker CD25. As shown in
Figure 2A, CD25" cells increased to 76% in cells stimulated
with CD3/CD28 dynabeads, compared to those of non-
stimulated (1.4%). The percentage of CD25" cells was
reduced by adding 100 uM AMP, substrate of the CD73
enzyme, back to 17%. Co-culture of 1 pM SHR170008
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Figure 2 SHR170008 reverses the inhibitory effect of adenosine from AMP in the activation and proliferation of CD8" T cells as well as Granzyme B" cells in CD8" cells.
(A-C) Representative dot plots showed CD25" cells in total PBMCs (A) and in CD8" T cells (B) as well as Granzyme B* cells in CD8" cells (C). Human PBMCs were
pretreated with AMP (100 uM) % | yM SHR 170008 and then stimulated with CD3/CD28 beads for 4 days. The samples were analyzed by flow cytometry. (D) SHR 170008 (|
uM) promotes CD8" T cells proliferation. NSC: non-stimulated control; SC: stimulated control with CD3/CD28 beads. 20,000 total events of each sample were acquired on

a Guava EasyCyte instrument. Biological independent experiments were repeated at least twice, and a representative example is shown. 0008 = SHR170008.
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with AMP increased CD25" cells to 68%, counteracting the
inhibitory effect of adenosine from AMP.

CD8" cytotoxic T cells directly recognize tumor cells
by MHC molecules on the surface of tumor cells as
a trigger for direct cytolysis. Increased antitumor immu-
nity of CD73-deficient mice was dependent on CD8"
T cells.'” To analyze the activation of CDS8" cells by
SHR 170008, cells were co-stained with CD8 and CD25
antibodies. The expression of CD25 in CD8" cells showed
similar trend (Figure 2B). Compared to that of non-
stimulated one (1.2%), CD25" cells in CDS8" cells
increased to 81% in cells stimulated with CD3/CD28
dynabeads. In the presence of 100 uM AMP, CD25"
cells in CD8" cells were decreased to 41%. The addition
of 1 uM SHR170008 in the presence of AMP reversed the
expression of CD25" cells in CD8" cells back to 77%.
Furthermore, the expression of Granzyme B' cells in
CD8" cells was increased after cells were stimulated with
CD3/CD28 dynabeads (from 9.4% to 57%) and decreased
when co-cultured with 100 uM AMP (28%) (Figure 2C).
The addition of SHR170008 in the presence of 100 pM
AMP induced the production of granzyme B (57%), com-
pletely offsetting the effects of adenosine from AMP.

In addition, SHR170008 completely reversed CDS"
T cell proliferation suppressed by adenosine from AMP
(Figure 2D). CD8" T cells increased after cells were stimu-
lated with CD3/CD28 dynabeads (from 0.8% to 53%) and
decreased when co-cultured with 100 uM AMP (4.2%). The
addition of 1 uM SHR170008 in the presence of 100 uM
AMP completely offset the effects of adenosine from AMP
(54% CDS8" T cells). Taken together, the results suggest that
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SHR170008 could rescue the effects of adenosine produced
by CD73 enzyme-mediated hydrolysis of AMP to increase
CD25" expression and CD8" T cell proliferation as well as
granzyme B production in CD8" T cells.

Effects of Interferon y (IFNYy) Production
in the Presence of Adenosine with or
without SHR 170008

It was reported that the anti-tumor effects of CD73 blockade
was dependent on IFNy but independent of perforin using
gene-targeted mice.'® We investigated the effects of IFNy
production treated with SHR170008 using human PBMC.
The cells were stimulated by CD3/CD18 dynabeads for 72
hours, and the concentration of IFNy in supernatant of the cell
culture was then measured (57 = 4 ng/mL) as compared with
the basal level of IFNy (2 + 2 ng/mL) without stimulation. To
confirm that adenosine might suppress IFNy secretion in cell
culture, human PBMC was pre-treated with various concen-
trations of adenosine for 2 hours and then stimulated with
CD3/CD28 dynabeads for 72 hours. The results indicated that
adenosine exhibited a clear dose-dependent suppression of
IFNy production (Figure 3A). Adenosine suppressed IFNy
production by 86% at 50 uM and 96% at 100 pM.

To mimic high concentration of adenosine generated by
CD73 in TME, we added 50 uM AMP in the IFNy produc-
tion assay. In a typical dose-dependent inhibition
(Figure 3B), IFNy production reached the plateau (54 + 4
ng/mL) starting from 256 nM of SHR170008, approximately
4.5-fold increase of IFNy production and a nearly complete
reversal of the suppression of IFNy production caused by
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Figure 3 IFNy secretion in response to adenosine or CD73 inhibition in human PBMC. (A) Dose-dependent suppression of IFNy by adenosine in human PBMC. (B)
Induction of IFNy secretion by SHR170008 as CD73 inhibitor in human PBMC. Each data point was performed in duplicate, and the biological independent experiments
were repeated in nine times. A representative curves of dose-dependence inhibition IFNy production in human PBMC is shown. Data show mean * STD. Data were fitted by

non-linear regression analysis of GraphPad Prism.

OncoTargets and Therapy 2021:14

4569

Dove:


https://www.dovepress.com
https://www.dovepress.com

Liu et al

Dove

adenosine from AMP (12 £+ 6 ng/mL). SHR170008 signifi-
cantly reversed the suppression of IFNy production with
average EC5o = 110 £ 51 nM (n = 9) in human PBMC.

SHR 170008 Exhibited in vivo Anti-Tumor
Efficacy and Synergistic Effects in
Combination with Anti-PD-1 mAb

We used the EMT6 mouse breast tumor model to study the
efficacy of SHR170008 and its potential synergy in
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combination with anti-PD-1 mAb. The tumor-bearing
mice were treated with SHR170008 at three different
doses (1, 3 and 10 mg/kg, once a day) for 18 days,
respectively, and/or injected 5 mg/kg anti-mouse-PD-1
mADb once every 3 days for 4 times.

There were similar body weight changes in all treatment
groups as compared to the control group (Figure 4A). Tumor-
bearing mice treated with SHR170008 alone showed a dose-
dependent tumor growth inhibition (TGI) compared with
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Figure 4 Anti-tumor activity of SHR170008 alone and/or in combination with anti-mouse PD-1 mAb in EMT6é mouse syngeneic breast tumor model. (A) Body weight
changes of mice during treatment. Body weights were measured twice a week throughout the experiment and shown in average. 0008 = SHR170008. (B) Tumor growth
curves of individual mouse bearing EMT6 mouse breast tumor during treatment of 5 mg/kg anti-mouse-PD-1 antibody (RMPI-14) alone. (C) Tumor growth curves of
individual mouse bearing EMT6 mouse breast tumor during treatment of 5 mg/kg anti-mouse-PD-| antibody in combination with | mg/kg SHR170008. (D) Tumor growth
curves of individual mouse bearing EMT6 mouse breast tumor during treatment of 5 mg/kg anti-mouse-PD-| antibody in combination with 3 mg/kg SHR170008. Tumor
growth curves of individual mouse bearing EMTé mouse breast tumor during treatment of SHR170008 single-agent groups are shown in Supplementary Figure S3.
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Table | The Tumor Growth Inhibition (TGI) of CD73 Inhibitor SHR170008 Alone and/or in Combination with Anti-Mouse PD-I

mAb (RMP1-14) in Syngeneic Mouse Breast Tumor EMT6 Model

TGI (%) SHR170008 Anti-PD-1 mAb

I mgl/kg 3 mglkg 10 mglkg 5 mg/kg + | mg/kg SHR170008 + 3 mg/kg SHR170008
Day 19 (max) 9% 19% 319%** 29%* 40%** 51 9pwHHx
Day 22 5% 15% 25%* 22% 37%%* 469%++*

Notes: The significance of differences in tumor volumes of all treatment groups versus the control group was determined by one-way ANOVA (Prism GraphPad). The
significant ones were marked by asterisks, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

controls (Table 1). The maximal TGI% of all treatment
groups were reached at day 19 and dropped slightly at the
end of the study. One-way ANOVA analysis was carried out
to compare the significance of differences in tumor volumes
of all treatment groups (single and combination) together
with those of the control group. The treatment group of
SHR170008 at 10 mg/kg, but not other two dosing groups,
displayed statistically significant tumor growth inhibition
(31% TGI, p < 0.01, day 19) as compared with those of the
control group. The mice treated with combination of
SHR170008 and anti-PD-1 mAb enhanced tumor growth
inhibition in dose-dependent manner (40% TGI, p < 0.01
for 1 mg/kg SHR170008 combination; 51% TGI, p < 0.0001
for 3 mg/kg SHR170008 combination, day 19) compared
with those of the control group. Whereas 5 mg/kg anti-PD
-1 mAb showed some tumor growth inhibition (29% TGI,
p <0.05, day 19) as compared with the control group.

Furthermore, ANOVA analysis was carried out to com-
pare the significance of differences in tumor volumes of
the combination group of 1 mg/kg SHR170008 and anti-
PD-1 with its corresponding single-agent groups. The
reductions of tumor growth in the group of 1 mg/kg
SHR170008 in combination with anti-PD-1 were statisti-
cally significant as compared with 1 mg/kg SHR170008
single-agent group (p = 0.0304), but not with anti-PD-1
group (p = 0.2808). Stronger statistical significance was
observed for the combination group of 3 mg/kg
SHR170008 and anti-PD-1 (as compared with the group
of 3 mg/kg SHR170008 alone, p = 0.0118, and with anti-
PD-1 alone, p = 0.0550, respectively).

Interestingly, we observed that the growth curves of
two mice in the combination groups remained nearly flat,
suggesting that the tumor growth was significantly cur-
tailed from early days of the study in these two mice

(Figure 4C-D). The tumor volumes were 84.6 mm?®

on day 22 (versus 89.9 mm’

on day 1) of No. 5 mouse
in 1 mg/kg SHR170008 combination group and 58.4 mm?>

on day 22 (versus 77.2 mm’® on day 1) of No. 2 mouse in

3 mg/kg SHR170008 combination group, respectively,
indicating the tumor regression. These phenomena were
in anti-PD-1 mAb (Figure 4B) or
SHR170008 single-agent groups (Supplementary
Figure S3).

not observed

Correlation of Efficacy, PK and PD

Biomarkers in vivo

To acquire more insight about the mechanism of the anti-
tumor effects of SHR170008 in combination with anti-PD-1
mAb, we analyzed multiple related biomarkers in tumor
tissues collected at the end of the study. We first used the
cells isolated from tumors collected from in vivo study to
analyze TILs and the surface expression of CD73 protein by
flow cytometry. As shown in Supplementary Figure S4A,
the treatments of SHR170008 in all three dosing groups at 2
hours post dosing increased TIL marker CD45 in tumors
(65% £ 6% for 1 mg/kg, 61% + 5% for 3 mg/kg, and 68% =+
4% for 10 mg/kg) as compared with those in the control

group (Control: 46% + 7%), suggesting the impacts from
CD73 inhibition. It was observed that the treatments of
SHR170008 in combination with anti-PD-1 mAb exhibited
similar extent of TIL changes in tumors (67% =+ 4% for
1 mg/kg SHR170008 combination group and 66% + 2% for
3 mg/kg SHR170008 combination group) as compared to
the SHR170008 single-agent groups and anti-PD-1 group
(63% =+ 3%). No enhancement of TIL levels was observed in
the combination groups.

The CD73 enzyme expressed on tumor cells was found to
reduce the immune response evoked by anti-PD-1 mAb
therapy.'” In this study, the expression levels of CD73 on
CD45" cells in tumor tissues were analyzed. The results
indicated that CD73 positive cells in CD45" cells from
tumors were relatively high (85% + 3% at 2 hours post
dosing; 85% + 4% at 6 hours post dosing) and remained
unchanged versus the control group (Supplementary Figures

S4B-S4C). Overexpression of CD73 on tumor and immune
cells leads to the presence of a high concentration of
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Figure 5 Biomarker Responses of SHRI170008 in tumor tissues from in vivo efficacy study. (A and B) Adenosine levels in tumor tissues in response to the treatment
indicated at 2 hours post dosing (A) and 6 hours post dosing (B) at the end of the study. The samples were below the low limit of quantitation (< 10 ng/g) were plotted as 10

ngl/g. Data show mean + SEM. 0008 = SHR170008.

adenosine in TME and thereby suppression of antitumor
immune responses.'***3! Adenosine levels in the lysates
made from tumor collected at 2 hours and 6 hours post dosing
at the end of the study were analyzed by LC/MS. As shown in
Figure 5A, adenosine levels at 2 hours post dosing were
decreased in SHR170008 single-agent groups (1 and 3 mg/
kg) as compared with those in the control group. Notably,
PD-1 blockade resulted in enhanced adenosine levels in
tumor as compared with the control group and decreased
adenosine levels in combination with SHR170008. Similar
trends were observed in the data set at 6 hours post dosing

(Figure 5B).

The exposures of SHR170008 in plasma and tumor
tissues were further analyzed. As shown in
Supplementary  Figure S5, the exposures of

SHR170008 were similar between single-agent and
combination groups in both plasma and tumor tissues
as expected. In plasma, the average exposures of
SHR170008 were 1900 ng/mL at 1 mg/kg and 7150
ng/mL at 3 mg/kg. In tumor tissues, the average expo-
sures of SHR170008 were 197 ng/g at 1 mg/kg and 751
ng/g at 3 mg/kg. SHR170008 showed linear dose-
dependency of exposures in both plasma and tumor
tissues with approximately exposure ratio of 1 to 10 in
tumor tissue versus plasma across the groups. In gen-
eral, SHR170008 sustained similar exposures at 2 hours
and 6 hours post-dosing and decreased at 24 hours post
dosing.

Discussion

In this work, we discovered and functionally characterized
a novel small-molecule inhibitor SHR170008. One of our
goals was to make compounds more metabolically stable
We replaced methylenephosphonic acid with the bispho-
sphonic acid in AMPCP, one of the features that remain in
many other CD73 inhibitors.'>?*?*?* As expected,
SHR 170008 very stable
(Supplementary Table S1 and Supplementary Methods).
The potency of SHR170008 against soluble CD73 enzyme
was 50 £ 4 pM, comparable to the reported potency of
AB680 against soluble CD73 enzyme (43 pM).>° The
remarkably enhanced potency of SHR170008 was due to

was metabolically

forming stronger interactions with CD73 protein. The spir-
oindane group of SHR170008 especially engaged a new
pocket formed by Ser185 and Asnl186 from the N-terminal
lobe, which was absent from AMPCP (Figure 1C). In
addition to its biochemical potency against CD73
enzymes, SHR17008 could rescue the inhibitory effect of
adenosine from AMP in the activation and proliferation of
CD8" T cells and granzyme B production in human pri-
mary immune cells (Figure 2).

Although immune checkpoint blockade with antibo-
dies, such as anti-PD-1 mAbs, have revolutionized the
cancer therapy, their success is still limited to a subset
of patients.'* Therefore, further work is needed to
enhance the therapeutic benefit of anti-PD-1 mAb.
CD73 is a negative prognostic marker in many cancer
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types.**'° Within the TME, high expression of CD73
on cell-surface blocks anti-tumor surveillance by gener-
ating extracellular adenosine, leading to tumor immune-
escape.*”'® The CD73:A2a pathway can limit the effi-
cacy of anti-PD-1 therapy.'> This may be alleviated with
concomitant treatment with CD73 inhibitor. In EMT6
mouse breast tumor model, SHR170008 in combination
with anti-PD-1 mAb enhanced tumor growth inhibition
as compared with the control group (Table 1). A close
look at the tumor growth curves of individual mice
revealed that two mice in combination groups reached
tumor regression, which were not observed in any
groups of single agents, indicating that the tumor growth
was significantly delimited from early days of the study
(Figure 4). CD73 protein was expressed relatively high
(85%) on CD45" cell surface in tumor and remained
group
(Supplementary Figures S4B-S4C and Supplementary
Methods). Remarkably, we observed that PD-1 blockade
increased adenosine expression in tumor and the combi-

unchanged versus those in the control

nation with CD73 inhibitor led to suppression of adeno-
sine generation and greater efficacy, suggesting that
highly surface expressed CD73 enzyme in tumor and
immune cells led to the presence of a high concentration
of adenosine in TME and thereby suppression of anti-
tumor immune responses (Figure 5 and Table 1). The
results supported the hypothesis that tumoral CD73 and
adenosine suppress antitumor immunity evoked by anti-
PD-1 mAb therapy.'**°?! The findings from in vivo
combination study extended understanding of adenosine
generated by CD73 in suppressing antitumor immunity
that contributed to the resistance of PD-1 checkpoint
inhibition and small-molecule inhibitor of CD73 can
enhance tumor growth inhibition when combining with
anti-PD-1 mAb. This finding was further supported by
a recent demonstration that gut microbiota-derived ino-
sine, whose production depends on adenosine, signifi-
cantly enhances the efficacy of immune checkpoint
inhibitors via A2a receptor.’

In conclusion, here we introduce a novel and potent
small-molecule inhibitor of CD73 SHR170008 that is sui-
table for the study that provides new insight into the role
of CD73 within the TME. Results from further clinical
evaluation of this specific mechanism for immunotherapy
of cancer, especially in combination with monoclonal anti-
body therapies targeting immune checkpoints are highly

anticipated.
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