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ARTICLE INFO ABSTRACT

Keywords: Introduction: Mouse double minute 2 protein (MDM2), a negative regulator of the p53 tumour suppressor gene,
MDM2 inhibitor is frequently amplified in malignancies. MDM2 antagonists have shown efficacy in treating malignancies with
Leukemia MDM2 overexpression and can overcome chemoresistance in acute myeloid leukemia. We systematically eval-
Solid tumours uated the safety profile of MDM2 inhibitors in the treatment of solid organ and hematologic malignancies.

LMy};:lLOkIE fna Materials and Methods: We searched Medline and EMBASE from January 1947 to November 2018 for prospective
Toxicity clinical studies, in English or French, investigating any MDM2 inhibitor in pediatric or adult cancers, and re-

porting dose and toxicity outcomes. Primary outcome was dose-limiting toxicity (DLT) and secondary outcome
was death.

Results: The search yielded 493 non-duplicate citations. Eighteen studies of 10 inhibitors met inclusion criteria
(total N = 1005 patients). Two-thirds of included studies did not define DLTs and the reporting of toxicities was
highly variable. The most commonly reported DLTs were cytopenias, gastrointestinal toxicity, metabolic dis-
turbances, fatigue and cardiovascular toxicity; there was one death attributed to treatment toxicity.
Conclusion: MDM2 antagonists have been studied in a variety of malignancies with toxicities similar to other
commonly used chemotherapy agents and may represent a safe adjuvant treatment for further study in in acute
leukemia.

1. Introduction

The E3 ubiquitin ligase mouse double minute 2 (MDM2) protein is
encoded in the human genome on chromosome 12 and serves as a
negative regulator of the p53 tumour suppressor transcription factor
that protects cells from malignant transformation [1]. MDM2 has been
shown to bind to the p53 N-terminal alpha-helix through creation of a
deep hydrophobic cleft within the MDM2 molecule, thereby masking
the p53 transactivation domains and inhibiting its transcriptional ac-
tivity [2]. MDM2 also functions as an E3 ubiquitin ligase for p53 (via its
C-terminal RING domain), leading to the proteolytic degradation of p53
through the p53 C-terminal lysine components [3]. The MDM2 protein

has been found to be frequently amplified in a variety of solid organ and
hematologic malignancies [4,5], and MDM2 overexpression has been
universally associated with a poor response to conventional che-
motherapy.

MDM2 antagonists block the p53-MDM2 interaction, leading to re-
activation of the p53 tumour suppressor protein and restoring the
apoptotic pathway in tumours with wild type p53 [1]. To date, multiple
MDM2 inhibitors have been investigated [6]. Nutlin-3a was the first
specific small-molecule inhibitor discovered to target the p53-MDM2
complex [7], displacing the p53 protein from MDM2 through its cis-
imidazoline core structure. Since then, other MDM2:p53 inhibitors have
been developed to enhance specificity and efficacy [8]. These studies of
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MDM2 antagonists have shown encouraging anti-tumour activity in
both in vitro and in vivo studies, which has led to studies of treatment
with MDM2 inhibitors in patients with p53 wild-type tumours.

Recently, studies in our institution have shown that Metal Response
Element Binding Transcription Factor 2 (MTF2) represses MDM2 in
hematopoietic cells, and that loss of MTF2 expression elicits chemore-
sistance in cell lines extracted from patients with refractory acute
myeloid leukemia (AML) through increased MDM2-mediated degrada-
tion of the p53 protein [9]. However, use of MDM2 inhibitors in in vivo
studies has been shown to target this signalling pathway and to restore
sensitivity of MTF2-deficient refractory AML cells to standard induction
chemotherapy.

Together, these studies show an important role of MDM2 inhibition
as a treatment modality for sensitizing solid organ and hematologic
malignancies to conventional chemotherapy. The objective of this sys-
tematic review of clinical trials was therefore to examine the safety and
tolerability profile of MDM2 inhibitors (both alone or in combination
with conventional chemotherapy) in patients with solid organ and he-
matologic malignancies, in order to inform the development of early
phase clinical trials of MDM2 inhibitors in patients with AML.

2. Material and methods
2.1. Eligibility criteria

We included prospective clinical studies, including full length or
conference proceedings, in English or French, investigating any MDM2
inhibitor in pediatric or adult cancer populations, and reporting dose
and toxicity outcomes. Reviews, pre-clinical, observational and retro-
spective studies, case series or case reports, and studies in non-cancer
populations were excluded, as were studies not reporting dose and
toxicity outcomes. We included studies that reported on MDM2 in-
hibitors both as a single agent or in combination with conventional
chemotherapy but excluded those that reported only on MDM2 in-
hibitors in combination with other small molecule-based therapies.

2.2. Literature search

A systematic search was performed by an information specialist
using a search strategy subjected to a peer review of electronic search
strategies [10]. We searched Medline and EMBASE from January 1947
to November 2018, inclusive. If updates to clinical trials were published
separately, only the most complete report was included.

2.3. Article screening and data extraction

Two reviewers (LP and JR) independently performed title, abstract
and full-text screening for study inclusion, and independently per-
formed data extraction on dosing regimen, maximum tolerated doses
(MTDs), dose limiting toxicities (DLTs), mortality rates and grade I-II
toxicity rates. Decisions on article inclusion were reconciled between
the two reviewers, and conflicts were resolved by consensus or a 3rd
reviewer (GC).

Key data was extracted using a standardized data extraction form
designed in Jotform (Jotform, Inc.) which was piloted on five records
before use. Details that were extracted from each study included study
size, treatment indication, interventions, dosing and DLTs reported, as
well as study traits such as location, recruitment period, funding source
and year of publication.

2.4. Quality assessment

Quality of each full-text study was assessed using the Newcastle-
Ottawa Scale [11].
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Records identified through search
(n=495)

Excluded (n=2):
e 2 duplicates

Records undergoing title and
abstract screening (n = 493)

Excluded (n =438):
e 438 non-relevant

Records undergoing full text
screening (n = 55)

Excluded (n =23):
e 23 irrelevant

Full-text articles assessed for
eligibility (n = 32)

Excluded (n = 14):
e 6 duplicates (reporting already
published or included records)

e 5ot reporting DLTs
e 3 investigating MDM2 inhibitor
combined therapy only

Studies included in qualitative
synthesis (n = 18):

e 8 trials on leukemias and
myeloproliferative
neoplasms

e 10 trials on solid tumors,
multiple myeloma, and
lymphoma

Fig. 1. PRISMA flow diagram of study selection process.

2.5. Meta-analysis

The I? statistic was calculated as a test of heterogeneity for the four
full-length studies and pooled estimates of toxicity rates were calcu-
lated using a random effects model only where I> < 75%.

3. Results

A total of 493 non-duplicate citations were identified by the elec-
tronic search. Following title and abstract screening, 55 articles were
selected for further review (Fig. 1). Full-text review identified 18 full-
length English language articles for inclusion in our systematic review.
Twenty-three of the studies excluded by full-text review were deemed
not relevant. Five studies did not report dosing or toxicity outcomes and
three studies reported on MDM2 inhibitors in combination with other
agents. Six studies were found to be duplicates or were updates to
previously published studies, in which case only the most recent and
comprehensive report was included. Of the 18 articles that met inclu-
sion criteria, 4 studies were full-text and 14 studies were abstracts; all
studies were phase 1 clinical trials.

3.1. Patient demographics and malignancies

The total sample size was 1005 adult patients across 18 studies
(Table 1); there were no studies in the paediatric population. Twelve
studies reported on age with a median age ranging from 58 to 75 years,
and an overall age range of 19 to 88 years across studies. Nine studies
reported on the sex distribution, which ranged from 44% to 77% males.
Seven studies pertained only to leukemias (AML, acute lymphoblastic
leukemia [ALL], chronic myeloid leukemia [CML], or chronic lym-
phocytic leukemia [CLL]) and high risk myelodysplastic syndrome
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(MDS), 1 pertained to myeloproliferative neoplasms (polycythemia
vera [PV] and essential thrombocytosis [ET]), and 10 pertained to non-
leukemia malignancies, including solid tumours and lymphoma

3.2. MDM2 inhibitors

There were 10 different MDM2 inhibitors studied. Seven of these
were studied in both leukemias and non-leukemia cancers, while the
remaining 3 inhibitors were studied only in non-leukemia cancers.
Sixteen studies looked at the MDM2 inhibitor alone, 1 study looked at
the MDM2 inhibitor alone and in combination with another small
molecule inhibitor (the MEK inhibitor, trametinib) for which only pa-
tients in the MDM2 inhibitor alone arm were included for analysis [12],
and 1 study looked at the MDM2 inhibitor alone and in combination
with a chemotherapy agent (intravenous cytarabine, dosed at 1 g per
square-meter for 6 days, every 28 days) for which patients in both the
MDM2 inhibitor and combination arms were included for analysis [13].
The 4 full-text studies looked at 3 different MDM2 inhibitors, including
RG7112 in relapsed/refractory AML (excluding acute promyelocytic
leukemia [APL]), ALL, CML and CLL/small cell lymphocytic lym-
phomas (sCLL) [14]; SAR405838 in locally advanced or metastatic solid
tumours [15]; and MK-8242 in refractory/recurrent AML [16] and
advanced solid tumours [17].

3.3. Quality assessment

Quality assessment of the 4 full-text articles using the Ottawa-
Newecastle Scale [11] revealed a mean score of 5 out of 6 stars (with all
4 studies scoring 5 stars).

3.4. Toxicities

The overall toxicities observed are summarized in Table 2 . DLTs
were defined in 5 of 18 studies generally as any toxicity of grade 3 or
above (with 2 studies including grade 2 toxicities). Four of the studies
that defined DLTs a priori were full-text articles, and one was abstract
only. The remaining studies did not report pre-defined DLTs; these
studies were all abstract form only. Although these studies did not ex-
plicitly define DLTs at the outset, toxicities were explicitly reported as
“dose-limiting toxicities” and non-dose limiting toxicities. The most
commonly reported DLTs were cytopenias (12 studies), followed by
gastrointestinal toxicities (mainly defined as nausea, vomiting, diar-
rhea, and abdominal discomfort) (7 studies). Metabolic disturbances
including tumour lysis syndrome were reported in 5 studies, and fatigue
and

cardiovascular toxicity (including pericarditis, QTc prolongation
and hypotension) were both reported in 3 studies each. Overall, the way
in which DLTs were reported was highly variable.

Several studies reported non-dose limiting toxicities (defined as any
adverse events, regardless of grade) related to MDM2 inhibitor treat-
ment. The most common non-dose-limiting toxicities were gastro-
intestinal toxicity (reported in 14 studies), cytopenias (11 studies), fa-
tigue (10 studies), infectious complications (including pneumonia,
febrile neutropenia, and stomatitis) (6 studies), and metabolic dis-
turbances (5 studies). Cardiovascular, neurologic and infectious com-
plications were the most poorly reported with only 7 studies reporting
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on cardiovascular and infectious complications each, and 5 studies re-
porting on neurologic complications. There was only 1 reported death
due to treatment toxicity in a study of MK-8242 in a patient with AML
[16] attributed to fungal pneumonia secondary to bone marrow aplasia.
One study investigating the use of AMG 232 in patients with AML re-
ported no DLTs [12]. Another study investigating the use of NVP-
HDM201 in patients with relapsed/refractory AML and ALL specifically
reported no gastrointestinal toxicities [18].

In studies investigating MDM2 inhibitors in leukemias, the most
common DLTs encountered amongst patients were gastrointestinal
toxicity (3 studies), and metabolic disturbances (3 studies). Other re-
ported DLTs included cytopenias (2 studies), infectious complications
(2 studies), cardiovascular toxicity (2 studies), fatigue (1 study), and
neurologic toxicity (1 study).

In studies investigating MDM2 inhibitors in non-leukemia cancers,
the most common DLTs were cytopenias (10 studies), gastrointestinal
toxicity (4 studies), metabolic disturbances (2 studies), fatigue (2 stu-
dies), and cardiovascular toxicity (1 study). There were no reports of
neurologic or infectious DLTs.

Across the four full-text articles, the most common DLTs were cy-
topenias (3 studies) and gastrointestinal toxicities (3 studies). The most
consistently reported toxicities within these categories were thrombo-
cytopenias, nausea, vomiting, and diarrhea. Due to the highly variable
study designs, pooled estimates using a random effects model could
only be reliably estimated for vomiting (> < 75%). The pooled rate for
vomiting was 32.1% (95% CI 24.5-39.7). Diarrhea rates varied from 23
to 56%, nausea rates were 42-68% and thrombocytopenia rates were
4-24% (Figs. 2a—d).

3.5. Maximal tolerated dose

Given the number of different inhibitors used, no meaningful esti-
mation of a maximal tolerated dose could be made (Table 1).

4. Discussion

Our systematic review has identified a number of different MDM2
inhibitors used in patients with a variety of solid organ and hematologic
malignancies. Overall, the results indicate that MDM2 inhibitors have
an acceptable safety and tolerability profile.

Commonly reported toxicities included bone marrow suppression,
gastrointestinal toxicities (including nausea, vomiting and diarrhea),
metabolic disturbances (such as electrolyte disturbances), fatigue and
cardiovascular effects (such as pericarditis, QTc prolongation, and hy-
potension). Only one death was attributed to treatment with an MDM2
inhibitor out of 1005 treated patients. Of the 10 different MDM2 in-
hibitors included in our review, 7 inhibitors were studied in 2 or more
trials, including: RG7112 [12,19], RG7388 [13,20,21], RO6839921
[22,23], DS-3032b [24,25], AMG232 [12,18], NVP-HDM201 [19,26],
MK-8242 [17,27], NVP-CGM097 [28], SAR405838 [29] and ALRN-
6924 [30] (Table 1). Comparison of the studies conducted on each of
these molecules shows that the side effects and DLTs were not inhibitor-
specific and are likely due to a class effect.

One limitation of our study is that, despite efforts to be as inclusive
as possible, most studies were published in abstract form only, with
only 4 full-text articles. Moreover, we found significant variability in

Table 2
Number of studies reporting MDM2 inhibitor toxicities by organ system.
Cytopenia Metabolic GI Fatigue Cardiovascular Infectious Neuro
DLT 12 5 7 3 2 1
Non-DLT 11 5 14 10 4 6 3
None 1 1 1 1
Not reported 1 10 1 11 11 13
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Fig. 2. Forest plot for a) nausea, b) vomiting, c) diarrhea and d) treatment related thrombocytopenia, across 4 full text studies.
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how toxicities were reported, thus limiting meaningful comparisons
between various agents. Our work therefore highlights the need for
more complete and standardized reporting of toxicities in studies on
antineoplastic agents and the greater use of reporting guidelines to help
maximize research impact and utilization. Our findings echo previous
reports that have identified inconsistent and incomplete reporting of
adverse events in oncology randomized controlled trials to be a
common phenomenon [31-33].

Despite these limitations, data from over 1000 patients included in
our analysis shows that reported toxicities of MDM2 inhibitors are si-
milar to those experienced by patients receiving conventional leukemia
treatment. In acute myeloid leukemia, in particular, the conventional
backbone of therapy includes intensive chemotherapy known as in-
duction with cytarabine- and anthracycline-based chemotherapy, as
well as allogeneic stem cell transplant for eligible candidates [34].
According to a 2016 meta-analysis of cytarabine in induction treatment
for adult AML patients, common toxicities observed with cytarabine-
based treatment include hematologic toxicities, and infections [35].
Non-hematologic side effects of cytarabine including neurotoxicity are
well known but were poorly reported; mortality was not reported. With
respect to anthracyclines, in a 2018 systematic review comparing
daunorubicin and idarubicin in adult AML patients, common toxicities
observed included febrile neutropenia (77.4% for idarubicin, and
77.3% for daunorubicin), and cardiotoxicity (1.8% for idarubicin, and
1.1% for daunorubicin) [36]. Estimates for 60-day induction-related
mortality vary between 12 and 24% in the first 60 days depending on
factors such as age, comorbid status and treatment location [37,38].
The side effect and toxicity profile of MDM2 inhibitors in leukemia
treatment therefore appears to be either comparable to or less than
those associated with conventional chemotherapy for acute leukemia
and is therefore not likely to be a limiting factor for its use in combi-
nation with conventional chemotherapy. Rather, the indications for
combination treatment with MDM2 inhibitors would likely depend on
demonstration of improved efficacy.

A recent study from our institution demonstrated in a xenograft
mouse model of patient-derived chemotherapy-resistant AML, that
treatment with MDM2 inhibitors rendered leukemic cells chemo-sen-
sitive through restoration of the p53-MDM2 axis. Given the synergistic
anti-leukemic effect demonstrated in these in vivo studies, and favour-
able toxicity profile reported here, development of further studies of
MDM2 inhibitors in AML represent an intriguing possibility.

An important area for further study is the presence of MDM2 splice
variants in cancer cells, and the implications of these splice variants on
treatment of malignancies with MDM2 inhibitors. A 2014 review on
p53 and MDM2 in cancers reported the presence of at least 72 splice
variants of MDM2 associated with oncogenesis [39]. These variants are
found in a variety of hematologic malignancies (such as leukemia,
Hodgkin’s lymphoma, Burkitt’s lymphoma) and non-hematologic ma-
lignancies (including breast, lung and colorectal cancers, soft tissue
sarcomas, osteosarcomas, and ovarian and bladder cancers). The ma-
jority of MDM2 splice variants retain both the N-terminal and C-term-
inal components, allowing MDM2 to exhibit its E3 ubiquitin ligase
function against p53 [39].

With respect to MDM2 inhibitors, the majority of currently identi-
fied molecules (including RG7112 [40], RG7388 [41], DS-3032b [42],
NVP-CGMO097 [43], SAR405838 [44], and AMG-232 [45]) target the
MDM2-p53 binding within the MDM2 hydrophobic cleft. There have
been no studies to date examining the implications of splice variants
affecting this domain of MDM2 on the efficacy of various MDM2 in-
hibitors. Additional studies are therefore needed to investigate whether
splice variants within MDM2 in cancer cells can impact the mechanism
of action of MDM2 inhibitor molecules, and the implications on treat-
ment outcomes for both hematologic and non-hematologic malig-
nancies.

Leukemia Research 86 (2019) 106222

4.1. Conclusions

MDM2 antagonists have been studied in a variety of solid organ and
hematologic malignancies. The most commonly reported toxicities
were cytopenias, metabolic disturbances, gastrointestinal toxicities and
fatigue, making them well suited for further study in combination with
traditional chemotherapeutic agents.
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