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Abstract

For much of the past 20 years, MDM?2 has been pursued as a cancer therapeutic target. Small molecule inhibitors that block
the MDM2-p53 protein-protein interaction (MDM2 inhibitors) have been developed and a number of them have been
evaluated in clinical trials for cancer treatment. Notwithstanding various setbacks, several MDM?2 inhibitors have now
progressed into late-stage clinical development. New strategies have also been developed to enhance the efficacy of MDM?2
inhibitors and to mitigate their on-target toxicity. In this review, we summarize the progress and challenges in the

development of a MDM?2 targeted therapy.

Keywords MDM2-p53 inhibitors * Cancer therapy * Clinical trials - Combination therapy * Degraders * Intermittent dosing

Introduction

The MDM?2 protein is the primary cellular inhibitor and
regulator of the tumor suppressor, p53 (Fig. 1) [1-7].
MDM?2 binds directly to p53 and inhibits p53 functions via
several distinct mechanisms all of which are mediated by
their direct binding (Fig. 1). By binding to the transactiva-
tion domain of p53, MDM?2 blocks the binding of p53 to its
target DNAs, thus rendering p53 ineffective as a tran-
scriptional factor for gene transcription. Functioning as an
E3 ligase, MDM2 induces ubiquitination and subsequent
degradation of the p53 protein. Additionally, the binding of
MDM2 to p53 promotes translocation of p53 from the
nucleus to the cytoplasm, making p53 inaccessible to its
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targeted DNAs. MDM2 is also directly regulated by p53
and upon the activation of p53, p53 induces transcription of
MDM2 by functioning as a transcriptional factor. Thus,
through the auto-regulatory loop, p53 and MDM?2 proteins
are maintained at low levels in normal cells under unstres-
sed conditions. In cancer cells harboring wild-type p53 but
with overexpression of MDM?2 caused by either amplifica-
tion of the MDM?2 gene or by other mechanisms, MDM?2
severely suppresses the activity of p53, and this allows
cancer cells to evade the p53 surveillance and the powerful
tumor suppressor activity of p53. Based on this rationale,
reactivation of p53 by inhibition of MDM?2 has been pur-
sued as a cancer therapeutic strategy [1-7].

The co-crystal structure of MDM2 in a complex with a p53
peptide has revealed that their interaction is mediated by Phel9,
Trp23 and Leu26 residues of p53 and a well-defined binding
pocket in MDM?2 [8]. This co-crystal structure suggested the
possibility for the development of a non-peptide small mole-
cule that could block the MDM2-p53 interaction. In 2004,
scientists from Roche reported the discovery of Nutlins, com-
pounds that comprise the first-in-class potent and selective
MDM?2 inhibitors with strong in vivo antitumor activity [9].
Subsequently, Wang et al. at the University of Michigan
published a number of de novo designed spiro-oxindoles as a
new class of MDM2 inhibitors [10]. These compounds have
inspired the development of several classes of highly potent
and druglike MDM?2 inhibitors suitable for clinical develop-
ment. Since 2007, a number of non-peptide small molecule
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Fig. 1 The interplay between p53 tumor suppressor and MDM2 oncoprotein

MDM?2 inhibitors have been advanced into clinical develop-
ment [11-26] and they are summarized in Fig. 2.

Data from early clinical trials and lessons
learned

RG7112 from Roche was the first MDM?2 inhibitor advanced
into human clinical development (Fig. 2). This compound was
discovered by optimization of Nutlin-3 with the aim of
developing compounds with higher binding affinities to
MDM?2 and suitable pharmacokinetics for clinical development
[11]. RG7112 was evaluated against a wide range of cancers,
including sarcoma, myelogenous leukemia and hematologic
neoplasms [27], and objective clinical activities, including
stable disease and partial responses, were observed with
RG7112. Serious adverse events including neutropenia and
thrombocytopenia in patients treated with RG7112 were noted,
and are probably due to the persistent p53 reactivation in bone
marrow caused by daily administration of RG7112. Based
upon the initial clinical data, Roche decided not to progress
RG7112 further, and advanced a second MDM?2 inhibitor
RG7388 (idasanutlin) (Fig. 2) into clinical development.

Structurally, RG7388 differs significantly from RG7112
and its design [13] was based upon the spiro-oxindole
MDM?2 inhibitors reported from the University of Michi-
gan. In Phase 1 clinical trials, different dosing schedules
were explored for RG7388 [28, 29] and a schedule of
500 mg administered daily, 5-days per week was recom-
mended for Phase 2 clinical trials. Thrombocytopenia,
neutropenia, febrile neutropenia and diarrhea were the dose-
limiting toxicities [28]. Ultimately, RG7388 in combination
with Cytarabine was evaluated in comparison with Cytar-
abine plus placebo in patients with relapsed or refractory
acute myeloid leukemia (R/R AML) in a randomized Phase
3 trial [30]. While adding RG7388 to cytarabine to treat R/R
AML improved the overall remission/response rate, it failed
to improve the overall survival rate [30]. Consequently,
Roche ended the clinical development of RG7388.

SAR405838 (MI-77301) was discovered by Wang et al.
at the University of Michigan [12] and was advanced into
clinical development by Sanofi. Approximately 90% of
patients with de-differentiated liposarcoma (DDLPS) carry
MDM?2 gene amplification, and a Phase 1 study of
SAR405838 was conducted in this patient population [31].
No partial or complete responses were observed [31], and
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Fig. 2 Non-peptide small molecule MDM2 inhibitors that have progressed into clinical development

the best responses were stable disease, which was observed
in 71% of patients with DDLPS [31]. It was hypothesized
that the absence of objective positive responses to
SAR405838 may be due in part to emergence of TP53 gene
mutations, which were observed in circulating tumor DNA
[32]. As in RG7112 and RG7388, thrombocytopenia was
the dose-limiting toxicity [31].

These early clinical data for RG7112, RG7388 and
SAR405838 suggested the need to develop novel combi-
nations to improve the efficacy and overcome resistance. In
addition, mitigation of the on-target, thrombocytopenia
dose-limiting toxicities associated with persistent MDM2
inhibition would be highly desirable.

Development of rational combination
strategies

Currently, many of the ongoing clinical trials for MDM2
inhibitors is evaluation of their therapeutic performance in

@ Springer

combination with a second agent, which are summarized in
Table 1.

In preclinical studies, significant synergy was
observed for an MDM?2 inhibitor in combination with a
Bcl-2 inhibitor. Overexpression of Mcl-1 is a major
resistance mechanism for a selective Bcl-2 inhibitor.
Activation of p53 by an MDM?2 inhibitor induces up-
regulation of PUMA and Noxa proteins, which are potent
and effective cellular antagonists of Mcl-1. Mutations of
TP53, the gene encoding p53 protein, can lead to resis-
tance to MDM2 inhibitors, and Bcl-2 inhibitors are
equally effective in leukemia cells carrying either wild-
type or mutated p53 [33]. Consistently, combinations of
MDM?2 and Bcl-2 inhibitors can achieve impressive and
often synergistic activity in preclinical models [33-36].
Currently, a number of clinical trials are being carried
out to evaluate the combination of an MDM2 inhibitor
such as RG7388, Siremadlin or APG-115 with a selec-
tive Bcl-2 inhibitor such as Venetoclax (ABT199) or
APG-2575 (Table 1).
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In recent years, immune-oncology (IO) therapies, either
alone or in combinations have become frontline treatments
for different types of human cancers. Since p53 plays a
major role in the activation of innate antitumor immunity,
preclinical studies have been conducted to evaluate the
immune response to MDM2 inhibitors in cancer. A pre-
clinical study of the MDM?2 inhibitor APG-115 showed that
MDM?2 inhibition and activation of p53 supports immune
regulation in the tumor microenvironment and achieves an
antitumor immune response, regardless of the p5S3 mutation
status of the tumors [37]. MDM2 inhibition was shown to
modulate the immune response in several ways including
shift of macrophage polarization from M2 to M,
enhancement of activation of CD4 + T-cells and upregula-
tion of PD-L1 expression in the tumor cells. Combination of
APG-115 with an anti-PD-1 antibody also improved the
efficacy when compared to treatment with only the anti-PD-
1 antibody [37]. Similarly, preclinical combination studies
have shown that combination of HDM201 or BI-907828
with an anti-PD-1 antibody achieved synergistic antitumor
activity, but interestingly, only in wild type (wt) TP53
tumors [21, 37, 38]. A recent study showed that MDM2
plays a key role in survival and function of tumor-
infiltrating CD8 + T cells [39]. By competing with c-Cbl,
an E3 ligase, for binding with STATS, a transcriptional
factor critical for T-cell function, MDM2 reduces c-Cbl-
mediated STATS degradation and enhances
STATS stability in tumor-infiltrating CDS8 + T-cells.
Blocking the MDM?2-p53 interaction by an MDM?2 inhibitor
activates p53 and increases the levels of MDM?2 in T-cells,
boosting T-cell immunity through stabilization of STATS
[39]. MDM2 inhibition and cancer immunotherapy are
synergistic, regardless of the tumor’s p53 status [39]. These
preclinical studies provide a rationale for the clinical com-
bination of MDM2 inhibitors with immune check-point
inhibitors such as PD-1 and PD-L1 antibodies.

Currently, a number of clinical trials have been con-
ducted to evaluate MDM?2 inhibitors in combination with
immune check-point blockades and these are also included
in Table 1. In combination with Pembrolizumab (Keytruda),
an anti-PD-L1 antibody, APG-115 was evaluated in Phase 2
in various solid tumors in adults and children by Ascentage
Pharma. It was reported that the combination of APG-115
with Pembrolizumab was tolerated well and showed anti-
tumor activity in several of the tumor types including those
of patients with IO drug-resistant or recurrent melanoma.
The results included two complete responses (CR), an 11%
overall-response rate (ORR) and a disease-control rate
(DCR) of 57% [40]. The same group reported a DCR of
50% in malignant peripheral nerve sheath tumor (MPNST),
a rare pediatric sarcoma, that currently has no effective
treatment options [40]. BI-907828 is also being evaluated in
combination with a PD1 blockade and a LAG-3 blockade, a

new type of immune checkpoint inhibitor (NCT03964233
in Table 1). AMG-232 is also being evaluated in combi-
nation with anti-PD1 and anti-PD-L1 antibodies
(NCT05705466, NCT03787602 in Table 1).

In addition to the combinations with Bcl-2 inhibitors and
immune checkpoint blockades, MDM?2 inhibitors are also
being evaluated in combination with traditional che-
motherapeutic agents, DNA-damaging agents and targeted
kinase inhibitors [41].

Intermittent high dosing strategy to
mitigate on-target toxicity

Thrombocytopenia is a dose-limiting toxicity of MDM?2
inhibitors in clinical trials, and is attributed to persistent,
continuous activation of p53 in the bone marrow. It has
been proposed that the use of an intermittent high dose
administration regimen for an MDM2 inhibitor would allow
time between doses for hematologic recovery, therefore
reducing the toxicity of on-target thrombocytopenia. Using
HDM?201, preclinically in mouse and rat models, it has been
shown that continuous daily dosing versus pulsed/inter-
mittent high dosing regimens produces different p53
responses [18]. Intermittent administration of high doses of
HDM201 induces higher levels of activated p53 and leads
to a faster and more persistent antitumor response resulting
from the high extent of induction of PUMA. Low con-
tinuous administration on the other hand, causes lower
levels of activated p53 and initially induces cell cycle arrest
and subsequent onset of apoptosis after multiple doses.
Although continuous administration caused tumor regres-
sion after several doses, the tumors rebounded more rapidly.
The use of weaker, less optimized MDM?2 inhibitors such as
CGMO097 failed, revealing a potency threshold beyond
which MDM2 inhibitors produce robust antitumor activity
with intermittent dosing regimens. In a phase 1 clinical trial
(NCT02143635, Table 1) of HDM201, in which the con-
tinuous administration of low doses and high dose inter-
mittent administration regimens was conducted, the
intermittent high dosing regimen showed higher levels of
GDF-15, a protein secreted in response to activated p53,
which served as a p53 activation biomarker in patient serum
[18]. Such intermittent administration of MDM2 inhibitors
thus appears to provide an opportunity to allow hematolo-
gical recovery between doses and improved tolerability for
patients, while achieving robust antitumor activity.
BI-907828 is a potent MDM?2 inhibitor developed by
Boehringer Ingelheim (BI) (Fig. 2). Early clinical data
suggested that BI-907828 has a T, in patients of
27.9-59.4 h, making it suitable for intermittent administra-
tion [42]. Preliminary results of a Phase 1 trial
(NCT03449381, Table 1) of treatment with intermittent
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administration of BI-907828 (once every 3 weeks, or Q3W)
in patients with advanced solid tumors were reported at the
2022 American Society of Clinical Oncology Annual
Meeting (ASCO 2022). This trial showed partial responses
(PR) or stable disease (SD) in 88.9% of patients with
DDLPS and in 92.9% of patients with well-differentiated
LPS. The progression-free survival for patients with LPS
was over 10.5 months and all patients who achieved an
objective response had MDM?2 amplifications. Based upon
these encouraging Phase 1 clinical data, a Phase 2/3 clinical
trial (Brightline-1, NCT05218499, Table 1) is being con-
ducted to determine whether intermittently administered BI-
907828 at 45 or 60 mg (Q3W) is better than doxorubicin as
first-line systemic treatment for advanced or metastatic
DDLPS based on progression-free survival (PFS).
Milademetan (DS-3032) is an MDM2 inhibitor developed
by Daiichi-Sankyo and acquired by Rain therapeutics. In its
first-in-human phase 1 study in patients with advanced lipo-
sarcoma, solid tumors, or lymphomas it was found that
extended or continuous dose schedules led to unfavorable
thrombocytopenia and other hematologic events, similar to

@ Springer
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those observed with other MDM?2 inhibitors. Furthermore, they
reported that dose reduction and prolonged dose interruptions
were often needed because of the delayed onset of adverse
events [43]. As a consequence the dose escalation part of the
same study was expanded to explore different intermittent
dosing schedules. They determined that an intermittent dosing
of 260 mg on days 1-3 and 15-17 every 28 days significantly
reduced thrombocytopenia and other hematological events,
allowed time for bone marrow recovery, and displayed an
elevated serum GDFI15 level which is a biomarker of p53
reactivation. As a single-agent, milademetan showed a disease
control rate (DCR) of 46% in the overall population and was
better in the DDLPS subpopulation with a DCR of 59% with
prolonged partial responses (PR) in two patients and a median
PES of 7.2 months [43]. Based upon these encouraging Phase 1
clinical data, a phase 3 clinical trial (MANTRA; RAIN-3201,
NCT04979442) is ongoing to compare milademetan versus
trabectedin in unresectable or metastatic DDLPS patients with
disease progression on prior therapies.

Navtemadlin (AMG-232/KRT-232) is a potent MDM?2
inhibitor developed by Amgen and now acquired by Kartos
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Fig. 4 Reported PROTAC® MDM2 degraders

Table 2 Clinical trial of a PROTAC® MDM2 degrader

Drug and Mechanism NCT number  Title

of action

Study Indication Phase Status

date

Undisclosed structure
KT-253 (PROTAC

MDM?2 degrader) Myeloid Malignancies, Acute

Lymphocytic Leukemia, Lymphoma,

Solid Tumors

NCT05775406 Safety and Clinical Activity of KT-253 March
in Adult Patients with High Grade

Myeloid Malignancies; Acute [
Lymphocytic Leukemia;
Lymphomas; Advanced Solid
Tumors

Recruiting
2023

therapeutics. In a first clinical proof-of-concept study of
KRT-232 as a monotherapy it was found that an intermittent
dose (240 mg on Day 1-7 of 28 day cycle) showed pro-
mising efficacy and tolerability in patients with myelofi-
brosis relapsed or refractory (R/R) to prior JAK inhibitor
treatment. Rationale for this new indication came from the
observation that MDM2 was overexpressed in circulating
CD34+ cells of myelofibrosis patients and 96% of these
patients retained wild-type p53 [44]. In the clinic, it was
found that the established intermittent dosing yielded a best
spleen volume reduction (SVR)>35% in 16% of patients,
best total symptom score (TSS) response >50% in 30% of
patients, an 87% reduction of CD34+ cells in peripheral
blood at Week 24, and a tolerable safety profile by
including prophylaxis for nausea/vomiting [44]. Based on
these encouraging results, a Phase 3 clinical trials (BOR-
EAS, NCT03662126) is being conducted evaluating KRT-
232 for treatment of myelofibrosis patients who no longer
benefit from JAK inhibitor treatment and determine if KRT-
232 (240mg on Day 1-7/28-day cycle) monotherapy is
better than best available treatment.

Development of PROTAC" MDM2 degraders

Since 2015, induced target protein degradation by the
PROTAC" technology for the discovery and development
of new therapies has gained tremendous momentum
[45-47]. PROTAC® degraders are heterobifunctional small
molecules, consisting of a ligand for a protein of interest
such as MDM2, a ligand for an E3 ligase or an E3 ligase

complex, and a linker to join these two ligands together.
Distinct from traditional small-molecule inhibitors, which
are occupancy-driven, a PROTAC” degrader achieves pro-
tein degradation by an event-driven mechanism. By
depleting the POI through degradation, a PROTAC’
degrader can also achieve more complete inhibition of all
the functions associated with the POI, allowing a degrader
molecule to achieve better efficacy than the corresponding
inhibitors. Blocking the MDM2-p53 interactions by the
traditional small-molecule inhibitors increases the levels of
MDM?2 protein and attenuates the activation of p53. In
contrast, MDM?2 degradation induced by a PROTAC"
degrader can achieve stronger p53 activation than tradi-
tional MDM2 inhibitors. As a result, induced MDM2
degradation by a PROTAC® mechanism represents a new
therapeutic strategy with which to target MDM2.

MDM2 PROTAC"® degraders have been reported and
have demonstrated impressive preclinical activity and effi-
cacy [48-52]. The first MDM2 degraders were reported by
the Wang et al. laboratory at the University of Michigan, as
exemplified by MD-224 (Fig. 3) [53].

In preclinical studies, by depletion of MDM2, MD-224
induces stronger p53 activation at much lower concentrations
than its corresponding MDM?2 inhibitor and is >100-times
more potent than its corresponding MDM?2 inhibitor in cell
growth inhibition. MD-224 achieves a more sustained tumor
regression at a much lower dose in vivo, even with less fre-
quent administration than its corresponding MDM?2 inhibitor
[53]. MD-224 is well-tolerated in mice [53].

Additional PROTAC" MDM2 degraders, including
WB156, WB214 and XY-27, were subsequently reported
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(Fig. 4) [54-56]. More recently, Kymera Therapeutics has
disclosed the development of KT-253 (Table 2) as a
PROTAC® MDM2 degrader [57]. In preclinical studies,
KT-253 induces MDM2 degradation with DCsy = 0.4 nM
and in cell growth inhibition is >200-times more potent than
DS-3032 (Fig. 1), an MDM?2 inhibitor. In vivo, KT-253,
administered Q3W at 1 mg/kg, induces rapid apoptosis in
the tumor tissues and achieves sustained tumor regression in
MV;411 and RS4;11 mouse xenograft models. It was
demonstrated that a single dose of KT-253 at 1 mg/kg in
combination with daily administration of Venetoclax
achieves complete and sustained tumor regression in the
MOLM-13 xenograft model and is superior to KT-253 or
Venetoclax alone or a combination of Venetoclax and
cytarabine [58]. These preclinical data obtained for KT-253
suggest that intermittent dosing schedules may be suitable
for clinical development to achieve strong efficacy with
acceptable toxicity profiles for an MDM2 degrader. KT-253
is the first MDM2 degrader, that has entered into clinical
development.

Summary

In the last 20 years, targeting of MDM2 has been pursued as
a cancer therapeutic strategy and several highly potent and
orally bioavailable small-molecule inhibitors of the MDM2-
p53 interaction have progressed into clinical development.
Data from early clinical trials indicate that on-target toxi-
cities due to persistent pS3 activation and emergence of p53
mutations are two of the main factors limiting the clinical
benefits of MDM?2 inhibitors. This has led to the develop-
ment of rational combination strategies and an exploration
of intermittent dosing regimens. Preclinical studies sup-
ported the combinations of MDM?2 inhibitors with selective
Bcl-2 inhibitors or with immune checkpoint blockades in
clinical trials. Initial but encouraging clinical results for the
combination of one such MDM2 inhibitor (APG-115) with
Pembrolizumab (Keytruda), an anti-PD-L1 antibody have
been reported. Intermittent administration of BI-907828, a
MDM?2 inhibitor with a long half-life, demonstrated highly
promising single-agent activity in DDLPS, a sarcoma with
90% of MDM?2 gene amplification. This has led to a Phase
2/3 clinical trial, currently in progress, whose goal is eva-
luation of BI-907828 as a frontline treatment for DDLPS. In
addition, by taking advantage of the recent advancement in
the PROTAC" technology, highly potent and efficacious
MDM?2 degraders have been developed and one such
compound (KT-253) has entered clinical development.
Therefore, while challenges remain in the continuous
development of MDM?2-targeted therapies for the treatment
of human cancer, it is very possible that an MDM?2 target
therapy will emerge as a new treatment for human cancer.
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