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confirmed that SH1573 possessed characteristics of high bioavailability, good metabolic stability and

wide tissue distribution. Finally, toxicological data showed that SH1573 had no effects on the respiratory
system, cardiovascular system and nervous system, and was genetically safe. This research successfully
promoted the approval of SH1573 for clinical trials (CTR20200247). All experiments demonstrated that,
as a potential drug against mIDH2 R140Q acute myeloid leukaemia, SH1573 was effective and safe.

© 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Since Hanahan and Weinberg' summarised the characteristics of
deregulating metabolism in tumor cells, the abnormal metabolism
of tumors has attracted increasing attention from scientists. Mu-
tations in the metabolic genes contribute to the initiation, devel-
opment, and maintenance of tumors, so targeting tumor
metabolism has become a hot spot for anti-tumor drug devel-
opment” . In particular, the isocitrate dehydrogenases (IDHs) are
a critical enzyme family in the Krebs cycle, including three en-
zymes (IDHI1, IDH2, and IDH3). IDH could catalyse the con-
version of isocitrate to «-ketoglutarate («-KG) using divalent
magnesium ion and NADP" (or NAD™) as cofactors’. IDH mu-
tations have been frequently found in IDH1 R132H and IDHI1
R132C or IDH2 R140Q and IDH2 R172K, which located in the
catalytic pocket of these enzymes. The mutations are loss- and
gain-of-function mutations, which convert a-KG to 2-HG®*’. High
intracellular 2-HG could competitively inhibit a-KG-dependent
dioxygenase, resulting in hypermethylation of histone and
DNA®?. The change of methylation status could decrease
expression of genes relative to cell differentiation'®. Therefore,
IDH mutations are considered closely related to the genesis and
development of tumors.

In AML, approximately 20% of patients carry I/DH2 muta-
tions, among which R140Q accounts for about 80% of the total
mIDH2 protein, and R172K accounts for about 20%"' 112,
Importantly, increasing researches have shown that /DH muta-
tions are indicators of prognosis'>*'*. As clinical observation'”, in
AML patients, mIDH2 R172K indicates a poor prognosis, but
mIDH2 R140Q often indicates a good prognosis. However, the
prognostic impact of R140Q may be dependent on co-occurring
mutations. For instance, AML patients harboring the mIDH2
R140Q in conjunction with NMPI gene mutation in have been
identified as having a worse overall survival'®. In other words,
mIDH2 R140Q also maybe result in a poor prognosis. Actually, 2-
HG levels in patients with mIDH2 R140Q are 10 times higher than
those in IDH wild-type patients'’. As reported'®, adding 2-HG in
TF-1 cells could inhibit the normal differentiation of hemato-
poietic cells and promote tumor cell proliferation. Previous
studies have also suggested that inhibiting the activity of the
mIDH2 enzyme could reduce the concentration of 2-HG and
restore the differentiation ability of leukaemia cells. Enasidenib
(AG-221), an inhibitor of mIDH2, could differentiate primary
progenitor cells into mature granulocytes'’. Therefore, for AML
patients carrying /DH2 mutations, inhibiting the function of IDH2
mutant enzymes to reduce 2-HG level could lead to considerable
therapeutic effect’”'. Since the U.S. Food and Drug Adminis-
tration (FDA) approved AG-221 to treat relapsed and refractory

adult AML patients with mIDH2 in 2017, global pharmaceutical
companies have been committed to the development of mIDH2
inhibitors®>. Currently, AG-221 and ivosidenib have been
approved for marketing, while HMPL-306 and AG-881 have been
approved for clinical trials>***. Obviously, mIDH2 is an effective
target for the treatment of AML.

In this study, we conducted a comprehensive drug evaluation
on SH1573. First, we tested the effect of SH1573 on mIDH?2 in-
hibition, 2HG reduction, and cell differentiation induction in vitro
and in vivo. Then, we analyzed the absorption, distribution,
metabolism, and excretion (ADME) of SHI573 in
Sprague—Dawley rats and cynomolgus monkeys. Moreover, we
evaluated the safety of SH1573 and explored the no observed
adverse effect level as the reference dose for clinical trials. All
experiments confirmed that SH1573 was a novel, effective, and
safe mIDH2 R140Q inhibitor. As a result, SH1573 has been
approved for clinical trials in China (CTR20200247), and our
study provides a reference for the development of trials. In brief, it
is hopeful that SH1573 will become a self-developed and suc-
cessfully marketed drug targeting mIDH2 R140Q in China to
serve the clinic.

2. Materials and methods

2.1.  Chemicals and reagents

SH1573 (SH1573-20170708) was synthesized and provided by
Sanhome Pharmaceutical Co., Ltd. (Nanjing, China). Other
chemicals and reagents can be found in Supporting Information
(Appendix B).

2.2.  Cell lines and animals

The source, breeding conditions of all cell lines and animals in
this experiment can be found in Supporting Information
(Appendix B). Ethical approvals for the rat experiments were
obtained from the Animal Ethics Committee of China Pharma-
ceutical University (Nanjing, China). Ethical approvals for the
monkey experiments were obtained from the Pharmaron Co., Ltd.
(Beijing, China) and Covance Pharmaceutical R&D Co., Ltd.
(Shanghai, China).

2.3, Molecular docking

The crystal structure of mIDH2 was searched on the RCBS Pro-
tein Data Bank (ID: 5196). The detailed process for molecular
docking can be found in Supporting Information (Appendix B).
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2.4.  Enzyme activity analysis

The detailed methods for inhibitory effects assay on IDHs protein
and kinase profiling assay can be seen in Supporting Information
(Appendix B).

2.5.  Pharmacodynamic (PD) experiment in cell

The detailed methods for 2-HG reducing assay, cell activity assay
and cell differentiation assay can be seen in Supporting Infor-
mation (Appendix B).

2.6.  PD experiment in vivo

The detailed methods for subcutaneous CDX model, PDX model
can be seen in Supporting Information (Appendix B).

2.7.  Pharmacokinetic (PK) analysis in vitro

The detailed methods for two-way penetration experiment, protein
binding rate experiment and liver microsomal biotransformation
experiment can be seen in Supporting Information (Appendix B).

2.8.  PK analysis in vivo

The detailed methods for absorption experiment of rats and
monkeys, tissue distribution experiment of rats, drug excretion
experiment and biotransformation experiment can be seen in
Supporting Information (Appendix B).

2.9.  Drug—drug interaction analysis

The detailed methods for inhibitory effects analysis of SH1573 to
cytochrome P450 (CYPs), metabolic stability analysis of SH1573
in CYPs, inhibitory effects analysis of SH1573 on transporters and
uptake ratio analysis of transporters on SH1573 can be seen in
Supporting Information (Appendix B).

2.10.  Safety evaluation of SH1573

The detailed methods for respiratory safety assay, central nervous
system safety assay, cardiovascular system safety assay and po-
tassium channel assay can be seen in Supporting Information
(Appendix B).

2.11.  Toxicity analysis of SH1573

The detailed methods for acute toxicity assay and repeated
administration toxicity assay can be seen in Supporting Informa-
tion (Appendix B).

2.12.  Genotoxicity analysis of SH1573

The detailed methods for Ames test, rat micronucleus test and
chromosome aberration test can be seen in Supporting Information
(Appendix B).

2.13.  Statistical analysis

All data were expressed as mean + standard deviation (SD) and

two-sample 7-test was used to compare the statistical differences
between two independent counting samples. Kaplan—Meier

survival curve was used for survival analysis and logRank test was
used for analysis. In the part of toxicity analysis, quantitative data
results were statistically analyzed using One-Way ANOVA be-
tween groups and Dunnett’s multiple comparison method was
used. When the size of the group was less than 3, no further
statistical analysis will be done. In chromosome aberrant test,
Fisher’s exact test was used. All data were analyzed using
Graphpad Prism 7.0 and two-sided P < 0.05 was considered a
significant difference.

3. Results

3.1. SHI573 selectively inhibited the activity of mIDH2 R140Q

SH1573 is a compound with a new structure designed to inhibit
mIDH2 R140Q (Fig. 1A); its detailed information can be seen in
Supporting Information Fig. SIA and S1B. First, molecular
docking was carried out between SH1573 and mIDH2 R140Q
(PDB ID:5196) to understand the molecular biology. Unlike the
binding site of AG-221, SH1573 bound to another allosteric site
(Fig. 1B), and the detailed binding sites are shown in Fig. 1C.
Thus, it could be seen that SH1573 was a potential novel mIDH2
inhibitor. Then, we carried out an enzyme activity assay to explore
the direct impact of SH1573 on different enzymes. The results
show that SH1573 had a strong inhibitory effect on mIDH2
R140Q and R172K, with a half maximal inhibitory concentration
(ICs50) of 4.78 and 14.05 nmol/L, while its ICsy for wild-type
IDH2 was 196.2 nmol/L (Fig. 1D—F). Moreover, inhibitory ac-
tivity of SH1573 against mIDH1 R132H and wild-type IDH1 had
not been observed at the concentration of 100 pmol/L (Fig. S1C
and Fig. 1G). To further verify its targetability, SH1573 was
applied to a series of hotspot enzymes in the human body. It was
found that at a concentration of 10 pmol/L, SH1573 had no sig-
nificant effect on the relative activities of 23 enzymes (Fig. 1H).
Undoubtedly, SH1573 could selectively and significantly inhibit
mIDH2 R140Q.

3.2. SHI1573 decreased 2-HG level and promoted cell
differentiation in vitro

It is well known that the production of 2-HG and blocked dif-
ferentiation are important features of mIDH2 mutation cells.
Therefore, we initially confirmed that SH1573 dose-dependently
inhibited the production of 2-HG in TF-1 (mIDH2 R140Q) cells,
with an ICsq value of 25.3 nmol/L (Fig. 2A). The 1Cs, values of
SH1573 for inhibiting 2-HG production in U87-MG (mIDH2
R140Q) cells, U87-MG (mIDH2 R172K) and SW1353 (mIDH2
R172S) cells were 0.27, 0.053 and 4.51 pmol/L, respectively
(Fig. 2B and Fig. S1E). Because SH1573 did not inhibit the
proliferation of TF-1 cells at ICsq concentration on 2-HG (Fig. 2C
and D), the inhibition of 2-HG production was just via inhibiting
the activity of the IDH2 R140Q enzyme. Obviously, SH1573 had
the strongest effect on R140Q mutation, and R140Q had a wider
range in patients. Therefore, R140Q mutation became the focus of
follow-up experimental investigation.

Next, we used erythropoietin (EPO) to explore the effect of
SH-1573 on cell differentiation®. Wild-type TF-1 cells could
differentiate into red blood cells under EPO stimulation, but TF-1
(mIDH2 R140Q) cells did not. When TF-1 (mIDH2 R140Q) cells
were incubated with 1 pmol/L SH1573 under stimulation of EPO,
red colour of the cells and increased expression of haemoglobin at
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qu\ Q& 5

The enzyme activity assay of SH1573. (A) Chemical structure of SH1573. (B) and (C) The molecular dynamics were evaluated using

GROMACS and the ligand with lowest energy and most favorable orientation was selected. (D)—(H) The directly inhibitory effects of SH1573
and AG-221 on mIDH2 R140Q/R172K, wild-type IDH 1/2 and 23 types enzymes (AKT1, ABL1, AKT2, ALK, Aurora B, CDK 2/cycin A, CHKI1,
c-Kit, c-Src, EGFR, FGR, FLT3, GSK3b, JAK2, LCK, JNK2, PDGFRa, LYN, PKCa, PDGFRb, SYK, and ROCK2). All data are expressed as

mean £ SD (n = 3).
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Figure 2  The effects of SH1573 in vitro. (A) and (B) SH1573 reduced the production of 2-HG in TF-1 (mIDH2 R140Q), U87 (mIDH2 R140Q)
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Figure 3  The PK—PD analysis of SH1573 in subcutaneous xenograft model. (A) and (B) Mice were inoculated TF-1 (mIDH2 R140Q) cells
subcutaneously and treated for once with vehicle (n = 6), 45 mg/kg SH1573 i.g. (n = 18) or 45 mg/kg AG-221 i.g. (n = 18), and LC—MS/MS
was used to analysis the concentration of 2-HG, SH1573 and AG-221 in plasma or tumor. SH1573 and AG-221 reduced the 2-HG level in plasma
and tumor after 6, 24 and 50 h. (C)—(E) The PK—PD analysis of SH1573 or AG-221 in plasma, tumor and in both of them (n = 6). All data are
expressed as mean + SD; *P < 0.05; **P < 0.01, ns: no significant difference (A and B).

the gene and protein levels were observed, indicating that the
ability to differentiate into red blood cells was restored”® (Fig. 2E
and F). These results show that SH1573 reduced the level of 2-HG
and promote cell differentiation in vitro.

3.3. PK—PD analysis of SH1573 in a subcutaneous CDX model

To investigate the PK—PD progress of SH1573, preliminarily,
in vivo, TF-1 (mIDH2 R140Q) cells were used to construct a
subcutaneous CDX model. As expected, the levels of 2-HG in the
plasma and tumors of mice inoculated with TF-1 (mIDH2 R140Q)
cells were higher than that of mice inoculated with TF-1 (wild

type) cells (Fig. 3A and B). After a single administration of
SH1573 (45 mg/kg), the level of 2-HG in plasma remained low
from 6 to 50 h (Fig. 3C). SH1573 (45 mg/kg) reduced intratumoral
2-HG levels by 1.9%, 87.4% and 95.7% after administration for 6,
24 or 50 h, respectively (Fig. 3D). Although the corresponding
plasma—drug concentration was high at 6 h, the 2-HG level in the
tumor did not decrease significantly. By contrast, the
plasma—drug concentration was in a downward trend from 24 to
50 h, the 2-HG concentration in plasma remained at a low level
and the 2-HG level in the tumor continued to decrease (Fig. 3E).
These results indicate that SH1573 continuously reduced 2HG
levels and enter the tumor tissue.
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Figure 4  The anti-tumor effects of SH1573 in PDX model. (A) and (B) Mice were injected primary AML cell obtained from a patient via tail
vein and treated with vehicle QD p.o., 45 mg/kg AG-221 QD p.o., 5 mg/kg SH1573 QD p.o., 15 mg/kg SH1573 QD p.o. or 5 mg/kg SH1573 QD
p.o. Six mice in each group was for PD analysis and nine mice was for survival analysis. The SH1573 could maintain the body weight (n = 6) and
prolong survival time of mice (n = 9). (C) In peripheral blood and marrow bone, SH1573 did not significantly reduce tumor burden (n = 6). (D)
SH1573 promote cell differentiation (n = 6). (E) SH1573 reduced 2-HG level (n = 6). Data are expressed as mean £ SD; *P < 0.05, **P < 0.01,
#*%P < 0.001 versus Vehicle QD group (B—E).



Preclinical efficacy against acute myeloid leukaemia of SH1573

1533

A Pue
@8 AtoB
@B BtoA &
< 80
Q
e -
o £ o
: g
E 2
o
o
Q
4

NN\
& & S

Recovery Efflux

Efflux rate (%)

& & CF.
SRS k&
oy Plasma
3
P 100 @8 0.5 ymol/L SH1573 ~ Sy
& 85 ymollL SH1573 ‘ “1 )\
o 8 50 pmol/L SH1573 A P
- H
E 50 CFs Q<
o AN S
£ \ &8
H .
3 CFs N of
a o
& & S N N7TSN
x‘@# & Q“#p ‘ /M N NSy
S o 9By
OH N N D<CF3
M3,M4 and M5 mi/z: 556.1 M2 m/z :556.1 OH
D
Rats (single-dose) Monkey (single-dose)
= 10000 —=SH1573 (1 mg/kg) iv. - —SH1573 (1 mg/kg) iv.
%, ——SH1573 (5 mglkg) ig. E —~—SH1573 (1 mg/kg) i.9.
£ 1000 ~8H1573 (10 mg/kg) i.g. g ~SH1573 (3 mg/kg) i.g.
£ ——SH1573 (20 mg/kg) ig. 8 ——SH1573 (10 mg/kg) i.g.
& 100 3
[ o
£ £
§ 10 g
o o
1+ T T T T T T 1
0 20 40 60 80 100 120 02463810 40 80 120 160 200
Time (h) Time (h)
F Continuous administration G Distribution in rats
3710000 ——Rats SH1573 (5 mg/kg) D1
£ ——Rats SH1573 (5 mg/kg) D14
2 1000 12 mih
£ ~~Monkeys SH1573 (1 mg/kg) D1 © 64 -6 h
g 100 1 ~—Monkeys SH1573 (1 mg/kg) D14 § f: m72h
g z
[} [
s g ;
1) E 1
§ L K
........ ¥ T T T T T N
024638 20 40 60 80 100 120 140 P '5\ é\ \§Q 6 qb NS
h b & | <, y%\ vwf @@ i
Rats
-e- Urine F’
00
80 -= Feces (/E( Ua,,
+- Bile
60 (2
40 A \fﬂm

~ H

0 50 100 150 200 SH1573 m/z :540.1

OH

Cumulative excretion rate (_:/n) T

g

M2 m/z :556.1

Figure 5  PK process of SH1573. (A) The P

- | ~ ~x )\N/kDéF
o H
W cFs 2 =0
S M6 miz 6141

NZ

+\°a
20 7000 UL KA A AL e
p ~J0<a
CFa
15 . M1,M4 and M5 m/z :556.1 OH [ N

.1 Sw ce\*
N)\N/ CF; 01_\6"3

app» Tecovery rate and efflux rate of SH1573 detected by Caco-2 model (n = 3). (B) The binding

rate of SH1573 to plasma protein of mouse, rat, monkey and human (n = 3). (C) Four metabolites of SH1573 in liver microsomes detected by
LC—MS/MS. (D) SD rats were treated for once with 1 mg/kg SH1573 i.v., 5 mg/kg SH1573 i.g., 10 mg/kg SH1573 i.g. or 20 mg/kg SH1573 i.g.,
and plasma drug concentration was detected by LC—MS/MS (n = 6). (E) Monkeys were treated for once with 1 mg/kg SH1573 i.v., 1 mg/kg
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3.4.  SHI573 exhibited anti-tumor effects in the PDX model

Because AML is not a solid tumor, the PDX model was used to
evaluate the anti-tumor effects of SH1573 accurately”’*. After
administration for 18 days, 45 mg/kg SH1573 could maintain the
body weight in a certain extent (Fig. 4A). Meanwhile, at a dose of
45 mg/kg, both AG-221 and SH1573 could significantly prolong
the survival period of PDX-bearing mice, and SH1573 had a better
effect (Fig. 4B). Although each dose of SH1573 did not reduce the
tumor burden in the peripheral blood and bone marrow (Fig. 4C),
they increased the proportion of CD15" cells. Compared with the
vehicle group, each dose of SH1573 also moderately increased the
proportion of differentiated tumor cells (hCD45" hCD15™) in the
terminal spleen and bone marrow (Fig. 4D). It was suggested that
SH1573 could promote the differentiation of AML cells in a dose-
dependent manner”’. In addition, each dose of SH1573 could
dose-dependently reduce the level of 2-HG in peripheral blood,
spleen and bone marrow (Fig. 4E). Therefore, these results suggest
SH1573 exhibited anti-tumor effects via reducing the level of 2-
HG and promoting cell differentiation in vivo.

3.5.  PK analysis of SH1573 in vitro

Satisfactory ADME processing of drugs is key to ensuring clinical
efficacy, so we performed PK analysis in vitro after PD analysis.
The Caco-2 cell model showed that the apparent permeability
coefficient  (P,,) of SHI1573 from top to bottom was
2.14 x 106—11.7 x 10° cm/s in the concentration range of
1-30 pmol/L, and that from bottom to top was
3.80 x 10°—13.5 x 10° cm/s (Fig. SA). The efflux rate of 1 pmol/L
SH1573 was 2.09 and decreased with increasing concentration of
SH1573, indicating that SH1573 may be a weak substrate of the
efflux tramsporter"“"3 : (Fig. 5A). Meanwhile, after incubation with
0.5, 5, and 50 pmol/L SH1573, the protein binding rates of SH1573
in plasma of mice, rats, monkeys, and humans were all >99.5%
(Fig. 5B). In addition, four metabolites of SH1573 can be seen in
the liver microsomes of human, monkey, dog, rat and mouse, and
all of them were products of oxidation (Fig. 5C). Therefore,
SH1573 should be a medium-to high-permeability compound,
which was expected to have considerable absorption in vivo.

3.6. SHI1573 possessed high oral bioavailability and wide
distribution in vivo

Next, the specific PK characteristics were explored in rats and
monkeys. First, rats and monkeys were injected with 1 mg/kg
SH1573 through the veins. The clearance rate was equivalent to
25.6% and 4.3% of liver blood flow, respectively. The elimination
half-life was 16.3 and 12.2 h, and the steady-state distributed
volume was 24.1 and 3.02 times the total liquid volume, respec-
tively (Supporting Information Table S1). Importantly, with
increasing dose, the absolute bioavailability in rats was 112.9%,
142.5% and 167.9% (Fig. 5D) and that of monkeys was 69.5%,
114% and 163% (Fig. 5E) according to Eq. (1):

Absolute bioavailability(%) = (AUC; . x D;..)

/ (AUCi,. x D;. ) x 100 (1

where D represents dosage. Moreover, the accumulation effect
was studied. In rats, the peak concentration and the area under the
curve from 0 to 24 h (AUCy_»4 1,) of SH1573 obtained on Day 14
were 2.4 and 2.2 times those obtained on Day 1, respectively.

Since SH1573 had a long elimination half-life in rats, there was no
significant accumulation of SH1573 in rats (Fig. 5SF and Table S1).
Meanwhile, in monkeys, the peak concentration on Day 14 was
5.0 times that on Day 1, and AUCy_,4 , on Day 14 was 5.4 times
that on Day 1, respectively. These findings show that after
continuous dosing, SH1573 could accumulate in monkeys (Fig. SF
and Table S1). Finally, the tissue/plasma concentration ratio of
SH1573 was analyzed in rats. SH1573 was detected in all tissues
and was preferentially distributed in liver, fat, stomach, small
intestine (duodenum), kidney and lung. Moreover, SH1573 could
penetrate the blood—brain barrier, but that the intracerebral levels
were approx. 15.65-fold lower than the levels in bone marrow
(Fig. 5G). Briefly, we concluded that SH1573 displayed excellent
absorption and tissue distribution with oral administration.

3.7.  SHI1573 mainly existed as a prototype and was excreted
through faeces

To track its metabolic process in vivo, we used ['*C] to mark
SH1573%%. After it was given to rats by gavage for 168 h, the
accumulated excretion of radioactive substances in urine and
faeces accounted for 98.0 & 1.7%, among which the radioactive
substances in faeces accounted for 95.7 £ 2.4%. The quality of
radioactive material excreted in bile 48 h after administration
accounted for 5.67 £ 0.75% of the dose, which showed that
SH1573-related substances were mainly excreted through faeces
(Fig. 5H). Meanwhile, during the excretion test, metabolites in
plasma, urine, bile, and excrement homogenate of rats were
identified. Sixteen metabolites were detected in addition to the
original drugs. The main metabolic pathways of SH1573 in rats
are mono-oxidation and glucuronic acid binding, and it is mainly
excreted through faeces in the original form and as metabolites
(Fig. STF). A total of five metabolites were detected in the plasma
of monkeys, of which the prototype was the main form (Fig. 5I).
In summary, SH1573 existed stably and was excreted normally
in vivo.

3.8.  SHI573 displayed slight drug—drug interaction

In addition to the ADME process, it was important to find out
whether SH1573 could influence the metabolism of other sub-
stances. First, an inhibitory test of the cytochrome P450 (CYP)
enzyme showed that SH1573 had no inhibitory effect on CYP1A2,
CYP2B6, CYP2D6, and CYP3A4, but had a moderate inhibitory
effect on CYP2CS8, CYP2C9, and CYP2C19 (Fig. 6A). Moreover,
SH1573 had no induction effect on the enzyme activities of
CYP1A2, CYP2B6, and CYP3A4 from three human primary liver
cells (Fig. 6B). However, SH1573 at 10 pmol/L. had a potential
induction effect on expression of CYP2B6 in BXW cells, while it
had a potential induction effect on expression of CYP3A4 in all
three liver cells (Fig. 6C). Meanwhile, SH1573 had stable meta-
bolism in CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4 recombinant enzymes (Fig. 6D). There-
fore, SH1573 interacted with CYPs slightly.

The following inhibitory test of transport showed that SH1573
had no significant inhibitory effect on the activity of MDRI.
However, there was a concentration-dependent inhibitory effect on
the activity of BCRP (Fig. 6E). Also, SH1573 had no obvious
inhibitory effect on OATs and OCT2, but had a concentration-
dependent inhibitory effect on OATPs (Fig. 6F). Finally, the up-
take ratios of BCRP, MDR1, OATPs, OATs, and OCT2 to SH1573
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Figure 7  Toxicity evaluation of SH1573. (A) Rats were treated for once with vehicle i.g., 12.5 mg/kg SH1573 i.g., 25 mg/kg SH1573 i.g. or
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were all lower than the baseline value (2.0), indicating that
SHI1573 was not the substrate of the above transporters’ ="
(Fig. 6G and Supporting Information Fig. S2A). In short,

SH1573 exhibited rare drug interaction effects.

3.9.  SHI1573 was safe for the respiratory, cardiovascular, and
central nervous systems

In the final part of our study, the toxicological properties of
SH1573 were analysed to guide future clinical trials. First, we
found the respiratory (Fig. 7A, Fig. S2B and S2C) and central
nervous systems (Supporting Information, Appendix C) were still
not affected when the dose of SH1573 reached 50 mg/kg.
Although SH1573 had a concentration-dependent inhibitory effect
on the human Ether-a-go-go-Related Gene (hERG) potassium
channels, the inhibition rate was less than 40% (Fig. 7B). In
addition, after monkeys were given the highest dose of SH1573
(50 mg/kg) orally once, the electrocardiogram parameters (RR
interval, PR interval, QRS interval, QT interval), heart rate, blood
pressure and body temperature were not affected (Fig. 7C and D,
Fig. S2D—S2G and Supporting Information, Appendix C). Thus,
the no observed adverse effect level of SH1573 was 50 mg/kg for
the respiratory, central nervous and cardiovascular systems. In
other words, SH1573 was a fairly safe drug.

3.10.  The reference dose of SH1573 for clinical trials was
6 mg/kg

After confirming that there were no serious side effects, we
investigated the appropriate dosage for clinical administration.
On the one hand, no related near-deaths or deaths occurred, and
no abnormalities were observed in body weight, food intake,
organ coefficient, gross autopsy, etc. when a single-dose of
SH1573 reached 200 mg/kg (Fig. 7E and F; Supporting Infor-
mation Fig. S3D and Appendix C). On the other hand, when
SH1573 was given orally to rats once a day for 28 days, food
intake in >100 mg/kg groups and weight gain (>25 mg/kg
groups) were decreased (Fig. S3A and S3B); five rats died
(100 mg/kg group). Meanwhile, there were changes in organ
coefficients, especially the liver (Fig. S3E). Importantly, after 28
days of administration, no deaths or near deaths occurred in
monkeys. All doses of SH1573 caused a decrease in weight gain,
while a weight decrease was observed in the 6 mg/kg group
(Fig. S3C). We also found the organ coefficient of the liver
increased slightly (>1.5 mg/kg groups, Fig. 7G), while the vol-
ume and weight of the thymus decreased (>3 mg/kg groups)
(Supporting Information, Appendix C). However, all these
adverse effects were reversed after stopping the drug. Therefore,
with comprehensive consideration, we confirmed the reference
dose for clinical trials was 6 mg/kg.

3.11. SHI1573 was genetically safe

Finally, we performed the Ames test, cell micronucleus test, and
chromosome aberration test to investigate the genotoxicity of
SH1573°33°, First, in the Ames test, no significant cytotoxicity
was observed in all dose groups (5000, 500, and 50 pg/plate) of
SH1573 in all strains tested, with or without S9 mixture.
Compared with the vehicle group, SH1573 did not induce >2
times (for TA98, TA100, and WP2uvrA) or >3 times (for TA1535
and TA1537) the average mutant colony number at all doses with
or without S9 mixture, and no dose-dependence was found

(Fig. 7H). There was no significant change in the micronucleus
rate compared with that of the vehicle control (Fig. 7I). Moreover,
the chromosome aberration test showed that there was no signif-
icant increase in the percentage of chromosome structural aber-
ration in each dose group compared with that in the vehicle group,
indicating that SH1573 did not induce chromosome structural
aberration®” (Supporting Information Table S2). All the above
data indicated that SH1573 did not have any genotoxicity.

4. Discussion

mIDH2, as an effective strategy for the treatment of AML, has
received increasing attention from scientists and clinicians.
Although AG-221 is the first mIDH2 inhibitor to be successfully
marketed, potential drug resistance also makes the development of
new mIDH?2 inhibitors a promising effort™. First, using computer
aided drug design, we found that the active pocket binding to the
labeled side of AG-221 can accommodate a larger structure. Thus,
we designed SH1573 through ring transformation and found that it
had better activity, selectivity and pharmacokinetic properties and
successfully  obtained related patents (CN109890806;
CN107641114; WO2018014852). Interestingly, the binding site of
AG-221 was located on the dimer interface®, but the molecular
docking results of SH1573 demonstrated that its binding site was
not the same as AG-221, suggesting that SH1573 may act as a
novel allosteric agent to inhibit the activity of mutant protein.
Then, we verified its ability to inhibit mIDH2 R140Q in vitro
using mIDH?2 protein and mutant cell lines and evaluated its anti-
tumor activity in vivo via CDX and PDX models. Moreover, the
ADME progress and toxicological index of SH1573 were also
evaluated in detail. As a result, our experiments have laid a solid
foundation for the approval of a clinical trial (CTR20200247) and
possible future marketing.

In fact, SH1573 had certain advantages compared to AG-221.
Firstly, the binding site of AG-221 was on the interface, once
Q316E and I319M mutations occurred, the binding capacity of
AG-221 would be reduced, resulting in drug resistance’®. How-
ever, molecular simulation experiments showed that SH1573 was
located at a possible allosteric site and did not bind to Q316 and
1319, which was expected to solve the drug resistance problem of
AG-221 (Fig. 1). Secondly, enzyme activity analysis showed that
SH1573 had less impact on wtIDH1 and better inhibitory activity
on R172K, which greatly increased the scope of its clinical
application (Fig. 1). Meanwhile, SH1573 also had better phar-
macodynamics efficacy than AG-221 in vivo (Fig. 4). It prolonged
the survival time of PDX-bearing mice more significantly and
better induce tumor cell differentiation. In addition, in terms of
safety, SH1573 did not inhibit CYP2D6, P-gp, OAT1, OCT2 and
MDRI1, which reflected that SH1573 had fewer drug interactions
than AG-221 (Fig. 6). Consequently, there could be a richer choice
of drugs combination for SH1573. Therefore, it was these char-
acteristics that made SH1573 smoothly enter phase I clinical trials.

Efficacy is a key evaluation index of new drug development.
And experiments in vitro are the beginning and basis. In the part of
enzyme and cell experiments, it showed that SH1573 had a weaker
effect on wtIDH1 than AG-221 (Fig. 1G). Indeed, both SH1573
and AG-221 had strong selectivity. Their ICsy for wtIDH1 far
exceeded that for mIDH2 R40Q. Thus, with such a high selec-
tivity, drugs that inhibited mIDH?2 at concentrations will not affect
wtIDH. Then, although the inhibitory effect of SH1573 on mDIH2
R140Q was similar as AG-221, SH1573 had better R172K
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inhibitory activity and certain R172S inhibitory activity (Figs. 1E
and 2B and Fig. S1E), which was of great help to its clinical
applications. Despite SH1573 exhibits a certain pan-mIDH2
inhibitory activity, considering that 80% of patients with mIDH2
were R140Q mutation, we choosed R140Q as the research focus,
and we had conducted a comprehensive investigation in subse-
quent clinical trials. Meanwhile, the wild-type TF-1 contained 2-
HG including (S)-2-HG and (R)-2-HG. It was reported that
mIDH2 protein only produced (R)-2-HG, and (S)-2-HG recently
found to be produced at high concentrations in renal cell cancer
and in response to hypoxia®. After SH1573 and AG-221 were
applied to wild-type TF-1, it was found that the overall concen-
tration of 2-HG did not change significantly, which partially re-
flected that mIDH2 inhibitors had no significant effect on the (S)-
2-HG (Fig. 2A). After the mIDH2 R140Q protein was overex-
pressed into TF-1 cells, it was found that the concentration of 2-
HG increased significantly (>10 fold). Therefore, it could be
concluded from the above that the type of 2-HG inhibited by
SH1573 was (R)-2-HG, at least most of which is (R)-2-HG. As
previously reported, there were also some preclinical studies of
mIDH2 inhibitor which use total 2-HG as the detection
index*' ", thus we will use (R)-2-HG in future experiments to get
more accurate results. In brief, SH1573 did exhibited good effi-
cacy in vitro, which made it worthy of further investigation.
Compared with cell and molecular biology experiments, ex-
periments in vivo are the decisive factor for whether new drugs
could enter the clinic. Although the effectiveness of SH1573 had
been confirmed via the subcutaneous transplantation model (CDX,
Fig. 3), considering that AML was a non-solid tumor, the intra-
venously injected PDX model could more realistically simulate
the entire tumor process. Similar as AG-221, SH1573 increased
the proportion of CD15" cells in CD45" cells (Fig. 4D). As a
marker of leukocyte differentiation and maturation, increasing
CD15" cells marked the induction of differentiation“, which was
consistent with the previously reported mechanism of mIDH2
inhibitors. However, SH1573 also did not inhibit tumor prolifer-
ation as published reports of AG-221"". In fact, for hematological
tumors, both killing tumor cells and inducing tumor cell differ-
entiation could bring survival benefits to patients. Unlike cytotoxic
drugs that could directly kill tumor cells to reduce tumor burden,
the main efficacy of SH1573 and AG-221 were to reverse cell
differentiation block, allowing tumor cells to differentiate nor-
mally and relieving hematopoietic dysfunction. At a dose of
45 mg/kg, both Ag-221 and SH1573 can significantly prolong the
survival period of tumor-bearing mice, even SH1573 had a better
effect (Fig. 4B). Moreover, it was noteworthy that SH1573 was
better able to increase cell differentiation in the spleen of mice
compared to AG-221, but the concentration of 2HG was similarly
reduced when compared (Fig. 4D and E). As previously reported,
AG-221 could induce cell differentiation independently of
mIDH2*. This was because that the ATP binding cassette sub-
family G member 2 inhibition by AG-221 drived protoporphyrin
IX accumulation, leading to increased heme and hemoglobin
production in erythroid progenitors, thereby driving increased
erythroid differentiation. We suspected that SH1573 could also
induce cell differentiation independently with 2-HG, but related
mechanisms were yet to be studied. In short, the experiment
in vivo proved the better pharmacodynamic activity of SH1573.
As we all know, poor pharmacokinetic parameters often lead
to failure of clinical trials, even new drugs with good pharma-
codynamics*®*’. Fortunately, SH1573 performed well in series
PK experiments as AG-221. Initially, in the part of

pharmacokinetics experiments in vitro, it showed that SH1573
exhibited fewer drug interactions. On the one hand, SH1573 did
not inhibit CYP2D6, P-gp, OAT1 and OCT2 (Fig. 6A, E and F).
It only slight inhibited the activity of CYP2C8, CYP2C9 and
CYP2C19 (Fig. 6A) and could increase the transcription levels of
CYP2B6 and CYP3A4 (Fig. 6C), suggesting that attention should
focus on this drugs metabolised by these enzymes in future drug
combinations*®*°. On the other hand, BCRP and MDR1 were
important efflux transporters to prevent effective accumulation of
drugs in cells’™", but it was confirmed that SH1573 was not a
substrate of these transporters (BCRP MDRI1, OATPs, OATs, and
OCT2), indicating it could reach effective concentration in tumor
cells” (Fig. 6G). More importantly, AG-221 was a strong in-
hibitor of BCRP and MDR1%, while SH1573 only inhibits
BCRP. When patients use SH1573 in combination with substrates
of BCRP (e.g., methotrexate, imatinib, and topetecan), it may
lead to drugs accumulation in the cells, causing side effects.
Therefore, we must pay attention to this point in possible future
clinical applications. Moreover, well ADME characteristics
in vivo were also the key to druggability. In this respect,
compared to AG-221, SH1573 had similar characteristics’*. The
difference between AG-221 and SH1573 in absorption was
shown in the Supporting Information Table S3, which indicated
that SH1573 might have better oral bioavailability. Interestingly,
absolute bioavailability of SH1573 in rats was greater than 100%
under three doses, which may be caused by the non-linear dy-
namic behaviour of SH1573 in rats (Fig. 5B). Then, AG-221 was
mainly distributed in the stomach, liver, adrenal gland, harderian
gland and brown adipose tissue. Similar as it, SH1573 was
preferentially distributed in the liver, fat, stomach, small intestine
(duodenum), kidney and lung (Fig. 5G). As for metabolism,
oxidation and glucuronidation were the main metabolic pathway
of AG-221 in rats, while that in humans was N-dealkylation>*.
The metabolic pathway of SH1573 in rats was the same as AG-
221, but its transformation in monkeys was mainly oxidation and
acetylation (Fig. 5I). In addition, AG-221 and SH1573 were
similar in excretion methods. They prototype products and me-
tabolites were mainly excreted in feces (>90%) in SD rats, and
the prototype drugs in the excrement were all account for about
50% of the total drugs®®. This data suggest that AG-221 and
SH1573 have approximately 50% absorption, and hepato-biliary
excretion was the major elimination pathway in rats. Therefore,
similar ADME features, better efficacy and better safety made
SH1573 enter clinical trials successfully.

Currently, for the development of small molecule drugs, it is
undoubtedly that the most innovative method is to design a
compound with a new core according to the target, but it is also a
successful strategy to modify the structure of existing drugs to
achieve me-better effects. Such me-better drugs often have better
druggability and shorter development cycles, which are a balanced
expression of innovation and economy. Actually, SH1573 is the
product of this method. Our research not only comprehensively
evaluated SH1573, but also provided some ideas for the devel-
opment and evaluation of subsequent mIDH?2 inhibitors. However,
there were still some problems to be solved urgently for SH1573.
First and foremost, the specific sites of SH1573 binding to mIDH2
R140Q and the detailed mechanism of its pharmacological effects
need to be explored later. Then, because the 28-day period of
repeated administration was relatively short, the chronic toxicity
of SH1573 needs to be evaluated. Finally, our study did not
involve evaluation of reproductive toxicity, which needs to be
explored in the future. Despite these shortcomings, our



Preclinical efficacy against acute myeloid leukaemia of SH1573

1539

experiments still confirmed that SH1573 has potential as an
mIDH?2 inhibitor.

5. Conclusions

In summary, we presented a preclinical assessment of the mIDH2
inhibitor SH1573 in AML. From our experiments, we confirm that
not only does SH1573 possess strong inhibitory activity to mIDH2
R140Q in vitro or in vivo but also its ADME progress and safety
are satisfactory. As a result, SH1573 has been approved for clin-
ical trials in China. Collectively, this research contributed to the
successful approval of SH1573 while providing a reference for
future clinical trials. Importantly, we firmly believe that SH1573
will become another clinical mIDH2 inhibitor, bringing better
treatment to AML patients.
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