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Abstract

inhibitors and anticancer immunotherapy.

MDM2 has been established as a biomarker indicating poor prognosis for individuals undergoing immune check-
point inhibitor (ICl) treatment for different malignancies by various pancancer studies. Specifically, patients who have
MDM?2 amplification are vulnerable to the development of hyperprogressive disease (HPD) following anticancer
immunotherapy, resulting in marked deleterious effects on survival rates. The mechanism of MDM2 involves its role
as an oncogene during the development of malignancy, and MDM2 can promote both metastasis and tumor cell
proliferation, which indirectly leads to disease progression. Moreover, MDM?2 is vitally involved in modifying the tumor
immune microenvironment (TIME) as well as in influencing immune cells, eventually facilitating immune evasion

and tolerance. Encouragingly, various MDM2 inhibitors have exhibited efficacy in relieving the TIME suppression
caused by MDM2. These results demonstrate the prospects for breakthroughs in combination therapy using MDM2
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Introduction

The considerable prevalence of malignancies and the
resulting high morbidity and mortality present sub-
stantial public health concerns. A recent study revealed
that the collective number of cancer-related fatalities
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in 2014 totaled 2,205,200 (including 1,425,700 men
and 779,500 women), constituting 22.40% of all deaths
occurring in China that year [1]. Fortunately, there have
been important advancements in novel therapeutics for
cancer treatment in recent years. These advancements
include the development of neonatal agents for antican-
cer targeted therapy and immunotherapy, both of which
have greatly benefitted patients. Of particular note are
immune checkpoint inhibitors (ICIs), namely, anti-pro-
grammed cell death (ligand) 1 [anti-PD(L)1] therapy,
which has become the standard therapy for malignan-
cies over the past decade [2]. Several clinical trials have
highlighted the valuable role of ICIs in improving the
overall survival (OS) of cancer patients [3—7]. However,
a limited number of patients show response to this treat-
ment, with only 20-30% of patients benefiting from ICIs
[8-10]. Recent reports indicate that a subset of patients
(7-29%) might develop hyperprogressive disease (HPD),
which is characterized by accelerated tumor growth after
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immunotherapy [11]. Despite extensive research in this
field, the mechanisms underlying resistance to antican-
cer immunotherapy and HPD remain unclear. The PI3K/
Akt signaling pathway is one potential cause of immu-
notherapy resistance, as reported in some studies [11,
12], but its role is not fully understood. Patients with
certain driver mutations, such as epidermal growth fac-
tor receptor (EGFR) mutations and anaplastic lymphoma
kinase (ALK) rearrangement in non-small cell lung can-
cer (NSCLC), show poor response to ICIs and may even
develop HPD [13, 14]. This is thought to be due to the
elevated expression of PD-1, exhaustion of infiltrated
immune cells, and suppression of the tumor immune
microenvironment (TIME) [15-17]. Furthermore, a pre-
vious study suggested a link between anticancer immu-
notherapy resistance and MDM?2, but the underlying
mechanism requires further investigation.

The MDM2 gene encodes a 90 kDa protein that acts
as a negative regulator of the p53 protein. MDM2 forms
the MDM2-p53 complex by binding to p53 through its
N-terminal domain (Region I). This interaction leads
to the concealment of the p53 transcription activation
region, eventually resulting in reduced p53 transcrip-
tion activity. Furthermore, the ring finger domain of
MDM2 functions as an E3 ligase, causing the ubiq-
uitination of p53. Ultimately, the degradation of p53
protein ensues through proteasome interaction. It
was believed that MDM2 played a role in the develop-
ment of resistance to multiple drugs via a mechanism
that may have been dependent or independent of p53.
The previous review focused on the role of MDM2 in
inducing resistance to EGFR-tyrosine kinase inhibitors
(TKIs) [1], and then the published research suggested
that MDM2 overexpression contributes to resistance
to first generation EGFR-TKIs, and EGFR mutant lung
adenocarcinoma (LUAD) patients with MDM2 amplifi-
cation experience poor progression-free survival (PES)
following the administration of these inhibitors [18].
Since then, it has been observed through several studies
that MDM2 is correlated with resistance to anticancer
immunotherapy. However, the underlying mechanism
of this association requires further investigation. The
present review highlights the role that MDM2 may
serve as a valuable biomarker for anticancer immu-
notherapy. We provide evidence to support our claim
that MDM2 gene amplification is highly correlated with
poor prognosis and can even lead to the development
of HPD. Through a comprehensive examination of the
relevant literature, we explored the underlying mecha-
nisms that contribute to the MDM2-induced poor
prognosis that is associated with anticancer immuno-
therapy. In addition to its oncogenic function, MDM2
can modulate the TIME, which consequently leads to
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immune tolerance and tumor evasion. Intriguingly, it
demonstrated that MDM2 inhibitors can potentially
mitigate the suppression of the TIME and have consid-
erable synergistic effects on anticancer immunotherapy.

MDM2 amplification is associated with a poor reaction

to ICls and may even contribute to the manifestation

of HPD in patients with malignancies

In previous studies, we established the potential role
of the MDM2 protein, as well as genomic alterations of
the MDM2 gene, in the poor prognosis associated with
ICI treatment [1, 11]. One common type of MDM2
alteration is its amplification, which often results in
MDM2 protein overexpression and is observed in
various malignancies, and the incidence of MDM2
amplification ranges from 0% (anaplastic and papil-
lary carcinoma of thyroid) to 63.6% (liposarcoma) [19].
Two pancancer studies revealed that the amplification
of MDM2 and its family member MDM4 (MDM2/
MDM4 amplification) may serve as a marker for poor
response to immunotherapy and HPD [20, 21]. It was
observed that patients with MDM2/MDM4 amplifica-
tion had significantly shorter OS than patients with-
out MDM2/MDM4 amplification (11 months versus
17 months, P=0.0018) after ICI treatment, while there
was no significant difference in OS after non-ICI treat-
ment between the two groups of patients [21]. This evi-
dence points to the predictive value of MDM2/MDM4
amplification in the adverse outcomes of ICI treatment.
Another pancancer study encompassing six patients
with MDM2/MDM4 amplification indicated that all
six experienced a time-to-treatment-failure (TTF) of
less than two months. Notably, four of the six exhib-
ited an increasedtumor size, the development of new
large masses, and an acceleration in tumor progres-
sion that was considered HPD following anticancer
immunotherapy treatment [20]. To further explore the
connection between MDM2 and HPD with regard to
anticancer immunotherapy, we reviewed and compiled
relevant cases reported in published studies [19, 20,
22], as displayed in Table 1. After conducting a thor-
ough literature review, it was determined that seven
patients with MDM2 amplification experienced HPD
after receiving ICI treatment. Interestingly, despite the
differences in cancer types (such as bladder carcinoma,
triple-negative breast cancer, endometrial stromal sar-
coma, lung adenocarcinoma, and gastroesophageal
junction adenocarcinoma), ICI types (including PD1
and PD-L1 blockade monotherapy), and treatment
lines (first-line or nonfirst-line ICI treatment), none
of the patients with MDM?2 amplification responded
positively to ICIs. Instead, their condition rapidly dete-
riorated, which was characterized by expanded primary
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lesions, the emergence of new lesions or metastasis,
and severe symptoms. Nevertheless, further study is
necessary to fully understand the underlying mecha-
nisms that link MDM2 to insensitivity to ICIs.

MDM2 has been found to contribute

to the development of resistance to ICls and even HPD
through the coordination of various mechanisms

The oncogenic function of MDM2 plays an important

role in facilitating the proliferation and metastasis

of malignancies

As the biological regulator of P53, MDM2 plays a crucial
role as an E3 ligase in enhancing the degradation of the
P53 protein through the ubiquitin proteasome system
[23]. Furthermore, MDM2 has the ability to eliminate the
P53 protein directly from tumor cells [24]. This function
enables MDM2 to exert its oncogenic effect that leads
to the evasion of cell apoptosis that is typically induced
by P53 [25]. In addition to its P53-dependent mode of
affecting tumor cell apoptosis, MDM2 can directly mod-
ulate the balance of various apoptosis-related molecules,
including antiapoptotic molecules such as Bcl-2 and Bcl-
xL, as well as apoptotic molecules such as Bax [26, 27].
Consequently, MDM2 can manipulate the balance of
these molecules to shift the cell toward an anti-apoptotic
state. The process of epithelial to mesenchymal transition
(EMT) is widely believed to act as a trigger for cancer
metastasis, as it empowers cells to migrate and invade the

(Boi2
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stroma [28]. Research suggests that MDM2 can stimulate
the EMT process by enhancing the expression of EMT-
related transcription factors through the activation of
the B-Raf signaling pathway [29]. As a result, this pro-
cess can promote the metastasis of tumor cells, thereby
compromising the effectiveness of treatment modalities
such as anticancer immunotherapy. Regarding tumor
angiogenesis, this phenomenon facilitates the infiltra-
tion of tumor cells into the stroma and their subsequent
metastasis to distant regions [1]. As early as 1996, stud-
ies utilizing immunohistochemistry (IHC) demonstrated
that MDM2-overexpressing breast cancer cells exhibited
high expression levels of vascular endothelial growth
factor (VEGF) and platelet-derived endothelial growth
factor (PDGF), indicating the possible involvement of
MDM2 in the angiogenesis process of malignancies [30].
Similarly, recent research findings suggest that MDM2
overexpression promotes angiogenesis by inducing a
balance in cytokine expression that is conducive to an
angiogenic state, ultimately enhancing tumor cell migra-
tion and invasiveness [31]. The use of a combination
therapy involving a VEGF inhibitor (bevacizumab) and
an MDM2 inhibitor (Nutlin-3) has been shown to signifi-
cantly inhibit tumor proliferation and angiogenesis [32].
In summary, MDM2 functions as an oncogene in malig-
nancies and facilitates disease progression and resist-
ance to anticancer treatments through various malignant
pathways, as illustrated in Fig. 1.
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Fig. 1 The oncogenic function of MDM2. MDM2 facilitates the degradation of P53, consequently regulating apoptosis inhibition, EMT acceleration,

and angiogenesis stimulation in various malignancies
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MDM_2 provokes immune tolerance in malignancies, resulting
in insensitivity to anticancer immunotherapy

MDM2 is widely expressed in various types of malig-
nancies, making it a potential tumor-associated antigen
(TAA). Antigen-specific CD8+autologous T lympho-
cytes can identify MDM2, and its epitopes can serve as a
TAA to activate cytotoxic T lymphocytes (CTLs) that can
eliminate tumor cells expressing MDM2 [11, 33]. How-
ever, in vivo experimentation has shown that the develop-
ment of self-tolerance to tumor cells expressing MDM2
can occur among MDM2-specific CTLs [34]. In addition,
long-term stimulation by the MDM2 epitope can cause
effector CTLs to disappear, which ultimately limits the

Effector T cells for MDM2-t

Long time exposure to MDM2-t antigen
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antigen-specific antitumor response [35]. Furthermore,
it was observed that a subset of MDM2-specific T cells
managed to evade thymic deletion and remained present
in the peripheral T-cell population. Upon exposure to
the relevant antigen, these T cells exhibited the ability to
initiate cell division but failed to proliferate and expand,
leading to a high incidence of apoptosis [36]. Fortunately,
it has been established that TCR gene transfer technol-
ogy can be used to effectively overcome the self-tolerance
of autologous T lymphocytes to MDM2, thereby paving
the way for a TCR gene transfer-based immunotherapy
strategy for treating malignant conditions [34]. Previous
research [37] has indicated that high MDM?2 expression
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Fig. 2 MDM2 can induce the immune tolerance of malignancies. Prolonged exposure to tumor MDM2 (referred to as MDM2-1) results

in a decrease in the levels of effector T cells that specifically target MDM2-t. Effector T cells targeting MDM2-t, which remain present in peripheral
blood, do not exhibit any response to additional MDM2-t restimulation. Furthermore, effector T cells targeting MDM2 that are generated by normal
tissue (MDM2-n) do not possess cytotoxic properties toward tumor cells. All of these complex mechanisms contribute to the immune tolerance
exhibited toward tumor cells expressing MDM2. The administration of various MDM2 inhibitors can modulate this immune tolerance, which in turn

can influence the efficacy of anticancer immunotherapy
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and low MHC expression are functionally linked to the
negative regulation of p53, which plays a role in immune
tolerance of cancers [38]. Additionally, the MDM2 inhibi-
tor Nutlin-3 was found to enhance antitumor responses
of MDM2-specific T cells by upregulating human leu-
kocyte antigen (HLA) class II expression on tumor cells
with the aid of CD4+T cells [39]. In mice with mela-
noma, inhibiting MDM?2 improved the effectiveness of
immune checkpoint inhibitor therapy [40]. Furthermore,
it was demonstrated that activating p53 pharmacologi-
cally through MDM?2 inhibition led to the expression of
genes that encode endogenous retroviruses (ERV) [41].
The derepression of ERV activated the ERV-dsRNA-
IEN pathway, resulting in the transcription of genes
related to antigen processing and presentation, such as
B2-microglobulin, HLA-A, HLA-B, and HLA-C [41, 42].

Furthermore, the expression of MDM?2 is evident in
multiple normal tissue types [11], potentially contribut-
ing to T lymphocyte central and/or peripheral tolerance,
consequently impeding the effective control of tumor
growth. Notably, the generation of only low-avidity CTLs
targeting a naturally presented human MDM2 peptide
epitope that exhibited high affinity toward HLA-A2 mol-
ecules was observed. Despite peptide-specific killing,
these low-avidity CTLs were insufficient in inducing lysis
of human tumor cells that expressed MDM2 [43]. Fur-
thermore, it was revealed that there is a negative associa-
tion between P53 expression and PD-L1, which serves as
a negative regulator of T cell activation. Moreover, the
re-establishment of P53 expression through MDM?2 inhi-
bition would mitigate the elevated PD-L1 expression in
malignant conditions [44]. To provide a comprehensive
view of the immune tolerance elicited by MDM2, we cre-
ated a schematic diagram, illustrated in Fig. 2.

MDM2 can modulate the TIME by regulating

CD4 + and CD8 + T cells and induce the imnmune evasion

in malignancies

Although CD4+T cells can recognize the epitope of
tumor cell MDM2 and directly eliminate tumor cells
[39], immune tolerance still develops. Previous research
has shown that MDM2 protein, whether expressed in
tumor cells or CD4+T cells, negatively regulates tumor-
infiltrating CD4+T cells and contributes to immune
evasion. The findings indicate that the suppression of
MDM2 leads to a notable rise in the serum concentra-
tions of interleukin-2 (IL-2) and interferon-y (IFN-y), in
addition to an increase in the CD4+ T-cell count. This
outcome can be attributed to the upstream OCT3/4,
which appears to strengthen the TET1/NRF2/MDM2
pathway, thereby promoting tumorigenesis and immune
evasion [45]. In addition, through a P53-dependent
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mechanism, MDM2 degrades the P53 protein via its E3
ligase function and impairs the P53-enhanced prolifera-
tion of CD4+ mature T cells [46]. Additionally, MDM2
has been shown to participate in the negative regulation
of CD4+ T-cell activation by inducing the ubiquitination
and degradation of the transcription factor NFATc2 [47],
which is directly involved in the inhibition of CD4+T
cells in a P53-independent manner. USP15 is classified
as a deubiquitinase (DUB) and has been shown to inter-
act with MDM2 directly, stabilizing the MDM2 protein
and inhibiting degradation induced by the proteasome
system. Subsequently, MDM2 serves as the E3 ligase and
facilitates the ubiquitination and accelerated degradation
of NFATc2 in naive CD4+T cells, ultimately hindering
the maturation and activation of CD4+T cells.

However, the function of MDM?2 in CD8+T cells that
have infiltrated malignancies differs considerably from
that in CD4+ T cells. Initially, CD8+T cells were found
to exhibit substantially lower MDM2 expression than
CD4+T cells, which was linked to decreased Mdm?2
mRNA expression. Correspondingly, the absence of
USP15 did not substantially influence NFATc2 activation
or cytokine production in naive CD8+T cells, which was
in stark contrast to the effect observed in naive CD4+T
cells. This finding accentuates the importance of MDM?2
in the inhibition of NFATc2 activation and the induc-
tion of cytokine production in T cells [47]. According to
a study conducted by other researchers, MDM2 plays a
vital role in preserving CD8+ T-cell-driven antitumor
immunity by amplifying the STAT5 signaling pathway,
which differs substantially from the process of antitumor
immunity mediated by CD4+ T cells [48]. The study indi-
cates that degradation of c-Cbl, the E3 ligase responsible
for STATS5 ubiquitination and degradation, is facilitated
by MDM2, thereby initiating CD8+ T-cell survival and
effector function. Nevertheless, this study also highlights
the potential of MDM2-targeted therapy in boosting
anticancer immunotherapy. The study further revealed
that APG115, which inhibits the P53-MDM2 interac-
tion, leads to a dose-dependent upregulation of P53
and MDM2 and promotes T-cell-mediated antitumor
immunity while treating cancers. Furthermore, inhib-
iting MDM2 also directly affected T cells, resulting in
increased expression of cytolytic molecules such as per-
forin and CD107a in CD8 T cells in naive mice treated
with the MDM2 inhibitor compared to mice treated with
the vehicle [37]. In mouse tumor models, NVP-CGM097,
an MDM2 inhibitor, led to an elevation in the dendritic
cell count, the proportion of T cells in tumors and tumor-
draining lymph nodes, and the ratio of CD8+T cells to
regulatory T cells in tumors [49]. In the next section, we
provide a more in-depth discussion of the critical role of
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Fig. 3 MDM2 can induce the immune evasion of tumor cells. In tumor cells, MDM2 is known to increase the degradation of P53, which
consequently results in a decline in the levels of natural killer cell-activating receptors (NK-ARs) and NK-mediated killing. Additionally, MDM2

in these cells can directly impede CD4 +T cells, as well as the production of interleukin-2 (IL.-2) and interferon-y (IFN-y). Furthermore, MDM2

in CD4+T cells hinders NFATc2 expression, thereby suppressing the activation of these cells. However, MDM2 in CD8+T cells can actually stabilize
STATS and boost their activation. Despite this, APG-115 presents an effective opportunity to upregulate both P53 and MDM2 and thereby enhance
the anticancer immunity induced by CD8+T cells. The figure also demonstrates the effectiveness of MDM2 inhibitors in inhibiting immune evasion

induced by MDM2

targeted MDM2 therapy in antitumor immunotherapy.
Further research is necessary to fully understand the
impact of MDM2 on CD8+ T cells.

Based on existing evidence, it is clear that MDM2
plays an important role in the regulation of CD4+and
CD8+ T-cell activation and function, as well as in the
modification of the immune checkpoint TIME, as dis-
played in Fig. 3. Given the crucial role of MDM2 in anti-
cancer immunity, targeted MDM2 therapy presents a
promising avenue for salvage treatment in anticancer
immunotherapy.

Targeting MDM2 presents a promising approach

to surmounting immunotherapy resistance, thereby
offering opportunities for cancer treatment.

Based on a review of published studies [39, 45, 48-53],
six types of MDM2 inhibitors have demonstrated a syn-
ergistic effect on anticancer immunotherapy in vari-
ous malignancies. These inhibitors include Nutlin-3(a),

NVP-CGM097, HDM201, RG7388, APG-115, and
AMG-232. The inhibitors were found to be effective
in treating head and neck squamous cell carcinoma
(HNSCC), neuroblastoma, bladder cancer, colorectal
cancer, breast cancer, and ovarian clear cell carcinoma,
as detailed in Table 2. It is important to note that all of
the MDM2 inhibitors directly target the interaction of
P53 and MDM2. Indisputable preclinical and clinical
data demonstrate that targeting MDM2 treatment is a
newly discovered approach that can enhance both the
effectiveness and safety of cancer therapeutics [54]. Small
molecule MDM2 inhibitors effectively sequester region
I of the MDM2 protein and thereby prevent its binding
to p53 through competitive binding, thus elevating the
level of p53 and fostering the activation of the p53 sign-
aling pathway [55, 56]. Consequently, small molecule
MDM2 inhibitors can impede the cell cycle, inhibit cell
growth, and encourage cell apoptosis [57]. However,
there is a need for further research on and discussion of
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Table 2 Information on MDM2 inhibitors that exhibit synergistic effects on anticancer immunotherapy

Inhibitor Target References Cancer type

Mechanism for the synergistic effect on anticancer
immunotherapy

Nutlin-3(a) MDM2-P53 interaction [39] HNSCC

[50] NA

[53] Neuroblastoma

NVP-CGM097 MDM2-P53 interaction  [44] Bladder cancer

HDM201 MDM2-P53 interaction [49] Colorectal cancer

RG7388
APG-115

MDM2-P53 interaction [49] Colorectal cancer

MDM2-P53 interaction [48]

[50] Colorectal cancer

AMG-232 MDM2-P53 interaction [52]

Ovarian clear cell carcinoma

The upregulation of HLA and CD4 +T cells-associated cytotoxic-
ity is facilitated by Nutlin-3
Nutlin-3 was found to facilitate the maturation process of DCs

and to enhance the proliferation of CD4+and CD8+T cells
that are stimulated by DCs

Nutlin-3a has been observed to increase the expression of NK-
ARs, leading to an improvement in the efficacy of NK-mediated
tumor cell killing

The administration of NVP-CGMO097 has been observed

to elevate the serum level of IL-2 and IFN-y, as well as increase
the count of CD4+T cells

HDM201 has been observed to enhance DCs count

and increase the CD8+T/Treg ratio, as well as elevating IL-2
concentration

RG7388 increases the concentration of IL-2

Colorectal cancer/Breast cancer  The stabilization of T-cell STAT5 and consequent activation

of CD8 +T-cell-mediated antitumor immunity is facilitated
by APG-115

APG-115 suppresses M2 macrophage polarization, increases M1
macrophage polarization, and leads to CD4 +T-cell activation

AMG-232 sensitizes high MDM2-expressing tumor cells
to T-cell-mediated killing

HNSCC, head and neck squamous cell carcinoma; HLA, human leukocyte antigen; IL-2, interleukin-2; IFN-y, interferon-y; DCs, dendritic cell; NA, not available; NK-ARs,

natural killer cell-activating receptors; Treg, regulatory T cells

the potential supportive role of MDM2 inhibitors in anti-
tumor immunotherapy. Previous research has suggested
that inhibiting MDM2 could lead to the generation of
various immune-related cytokines. It has been demon-
strated that P53 is essential for maintaining the func-
tion of cGAS-STING-TBKI1-IRF3 pathway [58], which
is responsible for the production of type I interferon
[2], and MDM2 inhibition can trigger the production of
TNF-a and IFEN-y [37], as well as interleukin-15 (IL-15)
production [40]. IL-15 functions as an activator of antitu-
mor CD8+T cells and natural killer (NK) cells. A recent
clinical trial involving patients with metastatic malignan-
cies revealed an increase in the number of NK cells and
CD8+memory T cells following IL-15 treatment [59]. It
is worth further discussing whether other mechanisms
contribute to the enhancement of immune response
induced by MDM2 inhibition.

Nutlin-3(a) is an extensively researched small molecule
inhibitor of MDM?2 that has demonstrated antitumor
effects by means of direct cytotoxicity and inhibition of
proliferation while also modifying the tumor stroma and
blood vessels in the tumor microenvironment [60]. Recent
studies have uncovered a new role for nutlin-3(a) in regu-
lating the TIME, which in turn governs the response to
antitumor immunotherapy. In vitro T cell stimulation
co-cultures were employed to demonstrate that nutlin-3,
an inhibitor of the MDM2/p53 interaction, enhanced the

expression of MHC and costimulatory molecules on den-
dritic cells. Consequently, this led to an augmentation in
the proliferation and activation of the stimulated T cells
[51]. Specifically, nutlin-3(a) has been found to enhance
HLA expression in tumor cells, resulting in improved
recognition and killing of such cells by lymphocytes and
inhibition of immune evasion [39]. Moreover, nutlin-3(a)
accelerates dendritic cell maturation and subsequently
enhances CD4+and CD8+ T-cellproliferation [45].
Finally, nutlin-3(a) increases the expression of natural
killer cell-activating receptors (NK-ARs), which enhances
NK-mediated tumor cell killing [53]. Taken together, these
findings suggest that nutlin-3(a) represents an effective
modulator of the TIME and therefore may increase sen-
sitivity to anticancer immunotherapy. NVP-CGMO097
is an MDM2 inhibitor that functions by impeding the
MDM2-P53 interaction [61], thereby obstructing tumor
cell proliferation. This is achieved through upregula-
tion of the tumor suppressor proteins p53 and p21, with
concurrent downregulation of phospho-Rb and E2F1
[62]. Recent studies have revealed that administration of
NVP-CGMO097 also activates anticancer immunity, lead-
ing to an elevation in the serum levels of IL-2 and IFN-y,
in addition to an increase in the CD4+ T-cell count [39].
HDM201, or siremadlin [63], has been shown to have
the potential to inhibit tumor proliferation and induce
apoptosis by targeting the MDM2-P53 interaction and
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upregulating P21 expression [64]. Additionally, pre-
clinical tumor models have revealed that combining
HDM201 with PD-1/PD-L1 blockade can significantly
increase antitumor efficacy by boosting the count of DCs
and increasing the CD8+ T/Treg ratio while also elevat-
ing the concentration of IL-2 [49]. Similar to the proper-
ties of NVP-CGMO097 and HDM201, RG7388 is noted
for its capacity to increase IL-2 levels, thereby augment-
ing the immune system’s anticancer responses [49]. The
novel MDM2 inhibitor APG-115 is believed to possess a
higher affinity for MDM2 than other MDM2-p53 inhibi-
tors, which can result in the inhibition of tumor cell pro-
liferation and an enhancement in radiotherapy sensitivity.
By rescuing P53 function and inducing the arrest of cells
at the GO/G1 phase, APG-115 is a promising therapeu-
tic agent in the field of oncology [65]. Recent research
has revealed that APG-115 also plays an important role
in regulating infiltrating immune cells in the TIME. This
includes the stabilization of T-cell STAT5 and consequent
activation of CD8+ T-cell-mediated antitumor immunity
[48]. Additionally, APG-115 suppresses M2 macrophage
polarization and promotes M1 macrophage polarization,
leading to CD4+ T-cell activation. Combined with data
from preclinical tumor models, these findings suggest
the potential of APG-115 as a supportive agent for anti-
cancer immunotherapy [50]. Table 2 shows the compre-
hensive variety of enrolled MDM2 inhibitors, including,
AMG-232. Similar to other MDM?2 inhibitors, AMG-232
has the capacity to effectively trigger p53 activity, result-
ing in cell cycle arrest and the inhibition of tumor growth,
as demonstrated by a previous study [66]. The impact of
AMG-232 on anticancer immunity was further evaluated,
and recent research [52] suggests that it enhances the sen-
sitivity of high MDM2-expressing tumor cells to T-cell-
mediated killing.

In summary, the utilization of MDM2 inhibitors has
clearly demonstrated a considerable impact on the TIME
by affecting a variety of mechanisms that target multiple
immune cells, such as CD4+and CD8+T cells, DCs,
NK cells and macrophages. Studies have confirmed the
potential therapeutic value of MDM2 inhibitors in con-
junction with PD1/PD-L1 blockade for malignancies
in preclinical settings. The mechanisms and targets of
MDM2 inhibitors in regulating TIME function are fur-
ther illustrated in Figs. 2 and 3.

MDM2-inhibition has recently been investigated in
combination with immunotherapy for various solid
tumors. A phase I study is being conducted to test the
combination of the MDM2-inhibitor APG-115 and
pembrolizumab in patients with metastatic solid tumors
(NCT03611868). Additionally, for patients with dif-
ferent cancer types such as colorectal cancer, breast
cancer, and renal cell cancer, the anti-PD1 antibody
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spartalizumab is being tested in combination with sire-
madlin (NCT04785196). Another phase I/1I clinical trial
(NCT03787602) for merkel cell carcinoma patients is
using KRT-232 (AMG232) with or without anti-PD-1/
anti-PD-L1 therapy. These trials demonstrate the signifi-
cant interest in overcoming immune resistance through
MDM2-inhibition.

Conclusion

MDM2 has been identified as a biomarker of poor prog-
nosis for patients undergoing ICI treatment for malignan-
cies. In particular, patients with MDM2 amplification are
at a high risk of developing HPD after anticancer immu-
notherapy, resulting in a substantial impairment of sur-
vival rates. Mechanistically, MDM2 acts as an oncogene
in the development of malignancies and can promote
tumor cell proliferation and metastasis, directly con-
tributing to disease progression. Furthermore, MDM2
plays a key role in modifying the TIME and influencing
immune cells, ultimately mediating immune tolerance
and evasion. Fortunately, various MDM2 inhibitors have
demonstrated efficacy in alleviating the TIME suppres-
sion caused by MDM2. This research indicates promis-
ing opportunities for combination therapy with MDM?2
inhibitors and anticancer immunotherapy.
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