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Abstract

The treatment of metastatic melanoma patients with immune checkpoint inhibitors (ICI) leads to 

impressive response rates but primary and secondary resistance to ICI reduce progression-free 

survival. Novel strategies that interfere with resistance mechanisms are key to further improve 

patient outcome during ICI therapy. P53 is often inactivated by mouse-double-minute-2 (MDM2), 

which may decrease immunogenicity of melanoma cells.

We analyzed primary patient-derived melanoma cell lines, performed bulk sequencing analysis of 

patient-derived melanoma samples and used melanoma mouse models to investigate the role of 

MDM2-inhibition for enhanced ICI therapy.

We found increased expression of IL-15 and MHC-II in murine melanoma cells upon p53 

induction by MDM2-inhibition. MDM2-inhibitor induced MHC-II and IL-15-production, which 

was p53 dependent as p53 knockdown blocked the effect. Lack of IL-15-receptor in hematopoietic 

cells or IL-15 neutralization reduced the MDM2-inhibition/p53-induction mediated anti-tumor 

immunity. p53 induction by MDM2-inhibition caused anti-melanoma immune memory as T 

cells isolated from MDM2-inhibitor treated melanoma bearing mice exhibited anti-melanoma 

activity in secondary melanoma-bearing mice. In patient-derived melanoma cells p53 induction by 

MDM2-inhibition increased IL-15 and MHC-II. IL-15 and CIITA expression was associated with 

a more favorable prognosis in patients bearing WT but not TP53 mutated melanoma.

Implications: MDM2-inhibition represents a novel strategy to enhance IL-15 and MHC-II-

production, which disrupts the immunosuppressive tumor microenvironment. Based on our 

findings a clinical trial combining MDM2-inhibition with anti-PD-1 immunotherapy for metastatic 

melanoma is planned.
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Introduction

The treatment of metastatic melanoma patients with immune checkpoint inhibitors (ICI) 

leads to impressive response rates and improved overall survival (1). However, primary 

and secondary resistance to ICI reduce progression-free survival (2). Novel strategies 

that interfere with resistance mechanisms are key to further improve patient outcome 
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during ICI therapy. The host factors that cause ICI-resistance include patient-related factors 

such as physical performance status, microbiome, immune status, and medication. Tumor-

related factors include the proliferative activity, driver mutations, mutational burden and 

a non-inflamed tumor microenvironment. The non-inflamed tumor microenvironment can 

be potentially overcome by inducing local inflammation and pro-inflammatory cytokine 

production. Oncogenes and oncogenic signaling may promote immune escape as shown for 

example for c-myc through CD47 and PD-L1 (3). Signaling upon reduced expression of the 

tumor suppressor p53 may also cause immune escape.

Interleukin-15 (IL-15) is an activator of cytotoxic T cells and natural killer (NK) cells. A 

recent clinical trial using IL-15 treatment in patients with metastatic malignancies revealed 

expansion of NK cells, γδ T cells and CD8+ memory T cells as well as tumor regression 

in some patients (4). We have previously shown that FLT3-inhibition can lead to reduction 

of ATF4 which in turn increased IRF7 activation and consecutive IL-15 production by 

FLT3-ITD mutant leukemia cells, which enhanced anti-tumor immune responses in mice 

(5). The activity of FLT3-inhibition against FLT3-ITD mutant leukemia was also observed 

in a randomized placebo-controlled clinical trial (6). Melanoma cells may downregulate 

IL-15 production and MHC expression to escape immune responses. Our previous work 

has shown that microRNA-146a production by melanoma cells is a mechanism by which 

melanoma cells escape IFN-γ mediated immune responses (7). Mouse double minute-2 

(MDM2) inhibitors (8, 9) can induce p53-dependent apoptosis in different cancer cell types, 

however their role in shaping anti-cancer immune responses is unclear so far. The MDM2 

protein is an ubiquitin ligase that recognizes the N-terminal trans-activation domain of p53 

thereby inhibiting p53 transcriptional activation. Conversely, MDM2-inhibition increases 

p53 activity (9). Besides its effects on cell cycle, apoptosis and DNA-repair, p53 can also 

increase the expression of certain immune-related genes as shown in the setting of anti-viral 

immunity (10).

We observed that mouse-double-minute-2 (MDM2)-inhibition induced p53 which in turn 

caused the transcription of IL-15 and MHC class II in melanoma cells. Using loss-of-

function approaches for IL-15 receptor or antibody-based IL-15 blockade we could prove a 

functional role for IL-15 in anti-cancer immunity induced by MDM2-inhibition.

In agreement with these studies in mice we observed in melanoma patients that IL-15 

expression correlated with survival when p53 was wildtype.

Material and Methods:

Human samples and data analysis

Primary patient-derived melanoma cell lines were derived from a live-cell biobank 

containing heterogeneous melanoma cells from native biopsies (11) provided by the 

Department of Dermatology, University Hospital Zurich, Zurich, Switzerland. Bulk RNA-

seq data from skin cutaneous melanoma, with associated clinical information, was 

obtained from The Cancer Genome Atlas (TCGA) using the R/bioconductor package 

curatedTCGAdata (12). RNA-seq data was converted to counts per million (CPM) and 

then normalized using the housekeeping genes ABCF1, DNAJC14, ERCC3, G6PD, 
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GUSB, MRPL19, NRDE2, OAZ1, POLR2A, PSMC4, PUM1, SDHA, SF3A1, STK11IP, 

TBC1D10B, TBP, TFRC, TLK2, TMUB2, and UBB. Housekeeping normalization was 

performed by dividing the expression of all genes by the geometric mean of the 

housekeeping gene expressions. Samples were limited to primary and metastatic tumors, 

and were merged by patient, leaving 101 and 368 samples, respectively. For each of the 

target genes MDM2, C2TA, and IL-15, the top and bottom quartiles were defined as “high” 

and “low” expressing samples.

qPCR primer sequences are listed in Suppl. Table S1, Flow cytometry antibodies are shown 

in Suppl. Table S2, Western blot antibodies are listed in Suppl. Table S3. TP53, BRAF and 

NRAS mutational status of each cell line was assessed by sequencing (Suppl. Table S4).

Survivorship—For each of the target genes, survivorship differences between the “high” 

and “low” groups were assessed using the Log-Rank test.

Correlation with IFN signature—The log10-transformed expression of each of the 

target genes was compared to the log10-transformed expression of the Type I Interferon 

(alpha/beta IFN) pathway in each sample. First, expression of the target gene was correlated 

with each individual gene in the IFN pathway. Second, target gene expression was correlated 

with an overall pathway score, which was computed by taking the mean expression of 

all genes in the pathway. For both of the above tests, we assessed Pearson’s correlation 

coefficient R and the p-value from a linear model. Third, we performed a t-test comparing 

the overall pathway scores of the “high” and “low” expressing groups. Finally, we 

performed unsupervised hierarchical clustering of samples based on their expression of 

genes in the IFN signature.

Cell type deconvolution and imputation of cell-type specific gene expression
—We used CIBERSORTx (13) to infer the fractions of cell types present in each sample. 

First, deconvolution was performed separately to infer fractions of broad cell types and for a 

set of 22 immune cell types, using curated cell-type signatures provided by CIBERSORTx. 

Second, in high-resolution mode, the expression levels of each of our target genes was 

inferred per cell type.

Cell lines

B16.F10 murine melanoma cell line was provided by Prof. H. Pircher, Freiburg, Germany. 

Transducing the cells with a lentiviral vector containing firefly luciferase, a neomycin 

resistance gene, and green-fluorescent protein (GFP) produced a transgenic line of the 

B16.F10 luc+ GFP+. B16.F10 luc+ were selected with 2 mg/ml of the neomycin analog 

geneticin (G-418 Sulfate). TP53 knockdown B16.F10 TP53 KD and the control B16.F10 

Renilla were generated by retroviral transduction with a TP53 shRNA-containing vector 

(see Suppl. Methods). B16.F10 parental, B16.F10 luc+, B16.F10 TP53KD and B16.F10 

Renilla were authenticated by Microsynth (Switzerland). BRAFV600E-mutant 4434 mouse 

melanoma cell lines (14) were established from C57BL/6 LSL-BrafV600E; Tyr::CreERT2+/o 

mice and were provided by Dr. Richard Marais, Manchester, UK. BRAFV600E mutational 
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status was confirmed by genotyping (see Suppl. Methods). All cells were cultured at 37 °C 

in 5 % CO2.

Mice

C57BL/6 (H-2Kb) mice were purchased either from Janvier Labs (France) or obtained 

from the local stock of the animal facility at University Medical Center Freiburg, Germany. 

B6;129X1-Il-15ra(tm1Ama)/J mice were provided by Prof. Dr. Burkhard Becher from the 

University of Zurich. Mice were used between 6 and 14 weeks of age, 15–25 mg of weight, 

and only female or male donor/recipient pairs were used. All animal studies were approved 

by the animal ethics committee Regierungspräsidium Freiburg, Freiburg, Germany (Protocol 

approval numbers: G17–049, X15–10A, X20–06K).

Mouse melanoma models

WT C57BL/6 mice were injected with 5000 or 10 000 B16.F10 luc+ melanoma cells in the 

tail vein. Afterwards, their survival was monitored and bioluminescence images (BLI) were 

captured as described previously (15). In another experiment, the mice were sacrificed on 

day 12 or 13 and the organs were resected for further examination. For the second melanoma 

model, 2×106 4434 melanoma cells were injected intravenously (i.v.) in the tail vein and 

survival was monitored.

Subcutaneous models for melanoma involved injection of 1×106 B16.F10 luc+ melanoma 

cells into WT C57BL/6 mice. Tumor growth was monitored via palpation and BLI. The 

tumors and organs were isolated from mice euthanized on day 13.

Flow cytometry

For high dimensional analysis of spectral flow cytometry data, cells were stained using the 

antibodies specified in Supplementary Table 2. The detailed methods are described in the 

Suppl. Methods part.

Statistical analysis

For the sample size in the murine experiments a power analysis was performed. A sample 

size of at least n=10 per group was determined by 80 % power to reach a statistical 

significance of 0.05 to detect an effect size of at least 1.06. Differences in animal survival 

(Kaplan-Meier survival curves) were analyzed by Mantel Cox test. The experiments were 

performed in a non-blinded fashion.

For statistical analysis of two groups an unpaired two-tailed Student’s t-test was applied. All 

data were tested for normality applying the Kolmogorov-Smirnov test. If the data did not 

meet the criteria of normality, the Mann-Whitney U test was applied. If more than 2 groups 

were analyzed, we used the Kruskal-Wallis-Test if non-parametric testing was suggested 

and we performed a one-way ANOVA in case of normally distributed data. The p-values of 

fold changes were calculated using a one sample t-test or a one sample Wilcoxon Signed 

Rank test, if the data were not normally distributed. Statistical analysis was performed using 

GraphPad Prism (GraphPad Software; San Diego, CA). Data are presented as mean and 

s.e.m. (error bars). Differences were considered significant when the p-value was <0.05.
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Data availability statement:

All data are available from the authors upon request. Microarray data are deposited in the 

database GEO repository under the GEO accession number GSE184524.

All other methods can be found in the Suppl. Methods part.

Results

MDM2-inhibition induces p53 and MHC class I and II expression in melanoma cells

Previous observations showed that the B16 melanoma microenvironment is 

immunosuppressive (7) and we hypothesized that MDM2-inhibition may be able to 

disrupt this state. To characterize the impact of MDM2-inhibition on the melanoma 

microenvironment, we analyzed the gene expression of subcutaneous B16 melanoma tissue 

isolated from mice treated with anti-PD-1 antibody and vehicle or anti-PD-1 antibody and 

MDM2-inhibitor. We observed that MDM2-inhibition induced the transcription of multiple 

genes related to IFN-γ signaling in subcutaneous B16 melanoma tissue (Fig. 1A). This 

was of specific interest since it was shown that tumors responding to ICI therapy exhibit a 

type-II IFN signature indicative of a T cell-inflamed phenotype (16). IFN-dependent genes 

such as MHC-II molecules were transcribed upon MDM2-inhibition (Fig. 1A). Additionally, 

multiple genes related to inflammatory signaling were upregulated upon MDM2-inhibition 

(Fig. 1B). These 2 pathways are within the 5 most differentially regulated pathways 

between tumors treated with anti-PD-1 alone or combined to MDM2 inhibitors. The 10 

most differentially upregulated and downregulated pathways between tumors treated with 

anti-PD-1 alone or combined to MDM2 inhibitors are shown in Suppl. Figure 1A, B. To 

validate the gene expression data, we analyzed MHC-II protein expression in melanoma 

cells exposed to two different MDM2-inhibitors (HDM201, RG7112). We observed that 

MDM2-inhibition induced MHC-II (Fig. 1C–F) and MHC-I (Suppl. Fig. 2A–D) protein 

expression in murine B16 melanoma cells in vitro at concentrations that were non-toxic 

(Suppl. Fig. 2E, F).

To validate the role of MDM2 in human samples, we next analyzed melanoma cells 

derived from patients concerning the effects of MDM2 inhibition at concentrations that 

were non-toxic (Suppl. Fig. 2G). We observed that MDM2-inhibition caused upregulation 

of intracellular p53 and MDM2 as a positive feedback loop in response to the MDM2-

inhibition in patient-derived melanoma cell lines (Fig. 1G, H) and in murine melanoma 

cells (Suppl. Fig. 2H). Since this finding indicates that p53 activation causes high MDM2 

levels in patients, we analyzed whether high MDM2 levels correlated with gene expression 

signatures in patients. In agreement with the findings in mice, type I Interferon (alpha/beta 

IFN) pathway expression significantly correlated with the expression of MDM2 (Fig. 1I). 

Unsupervised clustering of samples based on IFN pathway gene expression successfully 

separated “high” and “low” MDM2 expressing samples (Fig. 1J). These findings indicate 

that in mice and patient-derived cell lines MDM2-inhibition leads to high MDM2 levels and 

the expression of a pro-inflammatory type I Interferon gene response.
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MDM2-inhibition induced p53 improves anti-melanoma immune responses in vivo and 
increases the frequency of CD8+CD73+TCF-1+IFNγ+TNF+ T cells

To assess the impact of p53 induction by MDM2-inhibition on anti-melanoma T cell 

responses in vivo, we analyzed the survival of mice in the absence of anti-PD-1-treatment. 

MDM2-inhibition alone did not improve survival of melanoma-bearing mice (Fig. 2A). 

Conversely, MDM2-inhibition led to improved survival of melanoma-bearing mice treated 

with anti-PD-1 antibodies (Fig. 2B). This survival pattern was reproducible in a second 

model with higher B16 melanoma burden (Suppl. Fig. 3). Improved survival correlated with 

a lower bioluminescence signal in MDM2-inhibitor treated compared to vehicle treated 

mice bearing luciferase- and GFP-expressing metastatic melanoma cells (Fig. 2C, D). 

Additionally, the frequencies of macroscopic lung metastases and GFP+ melanoma cells 

in the lungs were lower in MDM2-inhibitor-treated compared to vehicle-treated melanoma-

bearing mice (Fig. 2E, F).

To characterize the changes in the CD8+ T cell compartment upon anti-PD-1 and 

MDM2-inhibition in the lungs of mice with metastatic melanoma, we performed high 

dimensional single cell analyses (Suppl. Fig. 4A, B). T cell factor-1 (TCF-1) was shown 

to drive the maintenance of the immune response of CD8+ T cells after PD-1 checkpoint 

blockade therapy (17, 18). Resorting to unsupervised representation learning techniques 

and self-organizing maps meta-clustering based, we observed an increased frequency of 

CD8+CD73+TCF-1+IFNγ+TNF+ T cells derived from the lungs of MDM2-inhibitor/anti-

PD-1-treated compared to vehicle/anti-PD-1-treated melanoma-bearing mice (Fig. 2G, H). 

Additionally, CD8+ T cells derived from the lungs of MDM2-inhibitor/anti-PD-1-treated 

mice expressed increased longevity T cell markers TCF-1 and CD127 (IL-7R) and the 

activation marker CD25 compared to vehicle/anti-PD-1-treated melanoma-bearing mice 

(Fig. 2I–K). Multiple other markers were not different between the groups, although there 

was a trend towards lower CD8+TOX+ T cells in the lungs of MDM2-inhibitor/anti-PD-1-

treated compared to vehicle/anti-PD-1-treated melanoma-bearing mice (Suppl. Fig. 5A–C).

To test the effect of MDM2-inhibition in a second model, we used a subcutaneous melanoma 

model and observed that the bioluminescence signal derived from the tumor cells was 

lower in the anti-PD-1/MDM2-inhibitor treated melanoma bearing mice compared to the 

anti-PD-1/vehicle group (Fig. 2L). To understand if the improved melanoma control was 

associated with a higher T cell activation status, we analyzed T cells isolated from mice 

treated with anti-PD-1 with or without MDM2-inhibitor for calcium influx upon TCR 

stimulation. We found that T cells from the mice treated with the MDM2-inhibitor exhibited 

a higher calcium response upon TCR stimulation (Fig. 2M). To analyze if the efficacy 

of T cells in MDM2-inhibitor treated melanoma-bearing mice against melanoma cells is 

enhanced compared to T cells from vehicle-treated melanoma-bearing mice, we isolated 

T cells from such mice and transferred them into secondary recipient melanoma-bearing 

mice. Transfer of T cells isolated from MDM2-inhibitor treated mice improved survival of 

recipient melanoma-bearing mice compared to secondary recipient melanoma-bearing mice 

treated with T cells isolated from vehicle treated mice (Fig. 2N). These findings indicate that 

MDM2-inhibition enhances efficacy of anti-PD-1 immunotherapy against melanoma in two 
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independent models, increases the frequency of CD8+CD73+TCF-1+IFNγ+TNF+ T cells and 

promotes TCR activation and immune memory against melanoma cells.

IL-15 is induced by p53 upon MDM2-inhibition and hematopoietic IL-15R−/− mice exhibit 
reduced protective effects

Based on the central role of IL-15 for anti-tumor immune responses (19) and because we 

had previously shown that inhibition of oncogenic signaling can release IL-15 transcription 

(5), we studied the impact of MDM2-inhibition on IL-15 production by melanoma cells. 

MDM2-inhibition with two different MDM2-inhibitors (HDM201, RG7112) induced IL-15 

expression in melanoma cells at the RNA (Fig. 3A) and protein level (Fig. 3B–E). Since 

IL-15 is only active in the context of IL-15Rα-trans-presentation, we also studied IL-15Rα 
which was increased upon MDM2-inhibition (Fig. 3F). The protective in vivo effects 

of MDM2-inhibition on survival and melanoma growth were reduced when IL-15 was 

neutralized with an anti-IL-15/anti-15Rα antibody (Fig. 3G–I). To study the role of IL-15Rα 
in the immune compartment, we generated bone marrow chimeras that lacked IL-15Rα 
in hematopoietic cells and compared these to mice that had received WT bone marrow. 

Lack of IL-15Rα reduced the protective MDM2-inhibitor effect on survival (Fig. 3J). We 

observed no difference in survival of mice that lacked IL-15Rα compared to WT control in 

hematopoietic cells when treated with isotype antibody only (Suppl. Figure 6A).

Since the IFN pathway gene expression signature was identified in melanoma tissue of 

MDM2-inhibitor treated mice we performed unsupervised clustering of expression of IFN 

pathway genes in human melanoma samples. This analysis separated “high” and “low” 

IL-15 expression samples (Fig. 3K). Stratification of the patients according to “high” 

and “low” IL-15 expressing samples led to the identification of a higher survival rate of 

patients with a “high IL-15” signature (Fig. 3L). High resolution analysis of gene expression 

revealed that also in patients, the melanoma cells themselves produced IL-15, besides cancer 

associated fibroblasts (CAF), macrophages and B cells (Fig. 3M).

The findings indicate that the p53/MDM2-inhibitor effect is mediated to some extent by 

IL-15 induction in mice and that a “high IL-15” signature is connected to a higher survival 

rate of patients with melanoma.

TNF and TNF-signaling related genes increase upon p53 induction by MDM2-inhibition in 
the tumor microenvironment

Further transcriptional analysis of the melanoma tumor microenvironment (TME) of 

B16.F10 melanoma tissue grown subcutaneously in mice revealed increased expression 

of TNF and TNF-related genes in melanoma-bearing mice treated with anti-PD-1 and 

MDM2-inhibitor compared to mice treated with anti-PD-1 plus vehicle. (Fig. 4A). To 

determine the origin of TNF in the TME, we analyzed CD4+ T cells and found increased 

intracellular TNF levels in melanoma-bearing mice treated with MDM2-inhibitor compared 

to vehicle-treated mice (Fig. 4B, C). CD8+ T cells in melanoma-bearing mice treated 

with MDM2-inhibitor exhibited higher BCL-2 levels compared to vehicle-treated mice 

(Fig. 4D, E). Consistent with reduced immunosuppressive activity we observed lower 

fold changes of percentage of CD4+Foxp3+ regulatory T cells in melanoma-bearing mice 
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treated with MDM2-inhibitor compared to vehicle-treated mice (Fig. 4F, G). High resolution 

immune-phenotyping revealed that CD8+TOX+ exhausted T cells isolated from the tumor 

itself were reduced in melanoma-bearing mice treated with MDM2-inhibitor/anti-PD-1 

compared to vehicle/anti-PD-1-treated mice (Fig. 4H–I), while other populations were 

not significantly different between the groups (Suppl. Fig. 7A, B). The observation that 

CD8+TOX+ exhausted T cells isolated from the tumor itself were reduced is compatible 

with the observed trend towards reduced CD8+TOX+ exhausted T cells isolated from the 

lungs of tumor bearing mice (Suppl. Fig. 5B). CD11b+ cells were increased in the melanoma 

tissue of mice treated with MDM2-inhibtor compared to vehicle-treated mice, while this 

difference was not seen in the lung tissue of melanoma bearing mice (Suppl. Fig. 8A, 

B). We found that the CD8+CD73+TCF+IFNγ+TNF+ cells express only marginal levels 

of PD-1 (Suppl. Fig. 8C, D). The total CD8+TCF+ population showed PD-1 expression 

which was reduced after treatment with MDM2-inhibitor (Suppl. Fig. 8E, F). These findings 

indicate that MDM2-inhibition increases the frequency of activated TNF+CD4+ T cells and 

BCL2+CD4+ T cells, while reducing frequencies of Treg and CD8+TOX+ exhausted T cells 

in subcutaneously grown melanoma.

MDM2-inhibition affects p53 pathway activity in the melanoma microenvironment

Since MDM2-inhibition was shown to increase p53 activity (9), we analyzed the 

transcription of genes related to the p53 pathway. We observed the differential regulation 

of multiple p53-related genes upon MDM2-inhibition (Fig. 5A). Additionally, Transporter 

associated with antigen processing 1 (TAP1), a transporter involved in antigen presentation 

via MHC-II was upregulated upon MDM2-inhibition as well as MDM2 itself (Fig. 5A). 

To decipher the functional role of p53 in the MDM2-inhibitor mediated effects, we next 

generated TP53 knockdown (TP53 KD) B16 melanoma cells (Fig. 5B, Suppl. Fig. 9). 

TP53 knockdown reduced the MDM2-inhibitor induced increase of MHC-II and IL-15 

(Fig. 5C, D). To test the functional role of p53 in melanoma cells in vivo, we next used 

Renilla-shRNA-vector control or TP53 KD melanoma cells. Melanoma-related mortality 

was not different when Renilla-shRNA-vector control or TP53 KD melanoma cells were 

used in vehicle/anti-PD-1-treated mice (Fig. 5E). Conversely, the protective effect of 

MDM2-inhibitor/anti-PD-1 treated mice was abolished in TP53 KD melanoma-bearing mice 

compared to Renilla-shRNA-vector control melanoma-bearing mice (Fig. 5E). Consistent 

with the role of the p53/IL-15 axis in mice we found that the survival advantage of patients 

with a “high IL-15” signature was detectable in patients with WT melanoma but not in 

patients with TP53 mutant melanoma (Fig. 5F).

These findings indicate that the MDM2-inhibitor mediated immune effects via IL-15 require 

intact p53.

P53 induction by MDM2-inhibition is also active in BRAFV600E mutated melanoma

BRAF somatic mutations are found in 66% of malignant melanomas (20) and BRAF-

inhibition is a major therapeutic approach for BRAFV600E mutated melanoma. To 

understand whether the findings made in BRAF-WT melanoma cells can be extended 

to BRAFV600E mutated melanoma, we used the 4434 melanoma cell line (14) derived 

from Braf+/LSL-BRAFV600E;Tyr::CreERT2+/o mice. We observed that BRAF-inhibition did 
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not interfere with the MDM2-inhibition induced IL-15 and MHC-I expression (Fig. 6A–D) 

at concentrations that were non-toxic (Suppl. Fig. 10). The protective effect of combined 

anti-PD-1 and MDM2 was not lost when a BRAF-inhibition was added (Fig. 6E). The 

protective effect of combined anti-PD-1, MDM2- and BRAF-inhibition was lost when 

mice were treated with anti-IL-15/anti-15Rα (Fig. 6F). In agreement, the combination of 

anti-PD-1, MDM2- and BRAF-inhibition was not effective in mice that lacked IL-15Rα in 

hematopoietic cells (Fig. 6G). BRAF-inhibition alone was not sufficient to cause survival 

beyond day 60, indicating that long-term melanoma control was via the synergism between 

anti-PD-1 and MDM2-inhibition. These findings indicate that MDM2-inhibition also has 

activity in BRAFV600E mutated melanoma.

TP53 mutated patient-derived melanoma cells are resistant to MDM2-inhibition induced 
expression of the CIITA / HLA axis

To validate whether the effects of MDM2-inhibition on mouse melanoma cells could be 

reproduced in human primary melanoma cells, we next exposed melanoma cells derived 

from primary human melanoma biopsies to p53 induction by MDM2-inhibition. We 

observed increased HLA-DR (Fig. 7A) and HLA-A/B/C (Suppl. Fig. 11) expression upon 

MDM2-inhibition in melanoma cells derived from 8 different patients. The presence of 

BRAFV600E and NRAS mutations, two important driver mutations in melanoma, had no 

impact on HLA-DR and HLA-A/B/C expression. CIITA is the transcriptional activator of 

HLA-DR. We performed unsupervised clustering of gene expression in human melanoma 

samples based on IFN pathway gene expression and observed that the gene expression 

signature separated “high” and “low” CIITA expressing samples (Fig. 7B). Stratification 

of the patients according to “high” and “low” CIITA expressing samples revealed a higher 

survival rate of patients with a “high CIITA” signature (Fig. 7C). The connection between 

the IFN pathway gene expression and “high” CIITA expression was reproducible in the 

presence of a BRAFV600E mutation and NRAS mutations (Fig. 7D, E). We found increased 

IL-15 protein expression upon MDM2-inhibition in melanoma cells derived from 8 different 

patients (Fig. 7F). The presence of BRAFV600E and NRAS mutations had no impact on 

IL-15 expression. A connection between the IFN pathway gene expression and “high” IL-15 

expression was found in the presence of a BRAFV600E mutation and NRAS mutations (Fig. 

7G).

To understand if the observed effects were p53-dependent, we also studied TP53 
mutated patient-derived melanoma cells (TP53 Exon5 ENST00000269305: 76 (451) 

[chr17:g.7578479 (hg19)] c.451C>G, p.Pro151Ala VAF 100% (8405 reads) rs28934874 

(ClinVar; dbSNP), COSM44944 (COSMIC)) (21). In the presence of the TP53 mutation, 

MDM2-inhibition did not cause increases of MDM2 expression (Fig. 7H) nor of HLA-DR, 

HLA-A/B/C and IL-15 expression (Fig. 7I). These findings indicate that MDM2-inhibition 

induces expression of the CIITA / HLA axis and IL-15 in human primary melanoma cells in 

a p53-dependent manner and that CIITA-high expression correlates with improved survival 

in patients. Our findings are summarized in a graphical abstract (Suppl. Fig. 12).
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Discussion

Overcoming resistance to anti-PD-1 immunotherapy in tumors with a low immune cell 

infiltration is a major task in order to improve progression-free survival of cancer patients 

(2). Here we identify p53 induction by MDM2-inhibition as a potent therapeutic strategy to 

enhance activity of anti-PD-1 immunotherapy against melanoma.

Our findings extend previous work showing that pharmacological activation of p53 triggers 

the expression of endogenous retroviruses (ERV), which was LSD1- and DNMT1-dependent 

(22). The authors found increased infiltration of cytotoxic CD8+ T cells and tumor-

suppressive M1 macrophages in vivo in a colon carcinoma model Colon26 upon treatment 

with stapled peptide MDM2 inhibitor ALRN-6924 (22). We extend this by showing that 

MDM2-inhibition induced p53 induction caused IL-15 and MHC-II expression, which is 

dependent on intact p53. Using IL-15R loss-of-function approaches and antibody-based 

IL-15 blockade we provide a functional role for IL-15 for the synergistic effect of MDM2-

inhibition and anti-PD-1 immunotherapy. Consistent with our findings on the central role 

of IL-15 for melanoma regression, others had shown that the intratumoral delivery of an 

IL-15-expressing plasmid into established B16 murine melanoma tumors led to dramatic 

tumor regression (23). A similar observation was made when treating melanoma-bearing 

mice with an IL-15-IL-15Rα fusion protein (24). Additionally, it was shown that IL-15 

treatment can convert “cold” tumors into “hot” tumors, by promoting lymphocyte infiltration 

into the TME (19).

Our finding on the p53/IL-15 axis induced by MDM2-inihibition extends other findings 

showing that MDM2 sustains STAT5 stability in T-cells which enhanced T-cell-mediated 

antitumor immunity in solid tumors (25). Since MDM2-inhibition with RG7112 causes 

upregulation of intracellular MDM2 as a positive feedback loop in response to the inhibition 

(26, 27), the increase of MDM2 in T-cells can directly enhance their anti-tumor activity 

(25). This is consistent with our observation that MDM2-inhibition increased MDM2 levels 

in human melanoma cells. Further, we show that MDM2 levels positively correlate with 

IFN-related gene signature in patient-derived melanoma. This indicates the association of 

p53 with an immunostimulatory microenvironment when using MDM2 expression level as a 

surrogate marker for high p53 transcriptional activity.

Besides the functional studies in the mouse model, we were able to validate our findings 

using patient-derived melanoma cells. Here we could link the MDM2-inihibitor induced 

IFN-related gene signature to increased expression of IL-15 and CIITA. Expression of IL-15 

and CIITA correlated with the survival rate of patients indicating that these molecules 

contribute significantly to immunogenicity of the melanoma cells in patients. This effect 

was not seen when the melanoma cells had a TP53 loss-of-function mutation. Consistent 

with an effect of MDM2-inhibition on T cells, we observed an increased frequency of 

CD8+CD73+TCF-1+IFNγ+TNF+ T cells derived from the lungs of MDM2-inhibitor/anti-

PD-1-treated compared to vehicle/anti-PD-1-treated melanoma-bearing mice. This could be 

connected to IL-15 production as the common gamma chain cytokine IL-15 promotes T 

cells survival and TCF-1 was shown to drive the maintenance of the immune response of 

CD8+ T cells after PD-1 checkpoint blockade therapy (17, 18). Recent findings indicate 
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that treatment with tumor infiltrating lymphocytes (TIL) led to improved progression-free 

survival compared to ipilimumab in patients with advanced melanoma (28). Since MDM2-

inhibition had a profound effect on IL-15 as shown by us and a direct effect on the T cells 

as shown by others (25) and us (27), a combination of TIL with MDM2-inhibition is a 

promising novel therapeutic concept.

The analysis of biopsy specimens from patients treated with the MDM2-inhibitor HDM201 

revealed PD-1 and PD-L1 upregulation and an increase in CD8+ tumor-infiltrating 

lymphocytes (29), which is consistent with our findings. In contrast to our work, this study 

did not assess the functional role of IL-15, MHC-I or MHC-II. Others have shown that 

MHC-II-expressing melanomas are eliminated by tumor-specific cytotoxic CD4+ T-cells 

leading to tumor regression in an adoptive T cell transfer model (30, 31) and MHC-II 

expression in human melanoma cells is associated with response to anti-PD-1 treatment (32, 

33). Conversely, another study reported an immunosuppressive effect of MHC-II expression 

on melanoma cells (34). Based on our finding that MDM2-inhibitors induce MHC-II 

expression on melanoma cells, we identify MHC-II upregulation by MDM2-inhibitors 

as a novel mechanism to increase sensitivity of malignant melanoma towards anti-PD-1 

treatment. In mouse tumor models, the MDM2-inhibitor HDM201 induced an increase in 

the number of dendritic cells, in the percentage of T cells in tumors and tumor-draining 

lymph nodes, and in the ratio of CD8+ T cells to regulatory T cells in tumors (29). 

Consistently we also observed reduced Treg frequencies in mice treated with the MDM2-

inhibitor. However we extend these findings by high resolution flow-cytometry based 

analysis showing that p53 induction by MDM2-inhibition leads to increased frequency of 

CD8+CD73+TCF-1+IFNγ+TNF+ T cells.

In summary, our findings in mouse models, patient-derived melanoma cells and 

transcriptional analyses of human melanoma samples indicate that p53-induction by 

MDM2-inhibition represents a novel strategy to enhance IL-15 and MHC-II-production in 

melanoma cells, which disrupts the immunosuppressive tumor microenvironment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: MDM2-inhibition induces expression of genes related to IFN-γ signaling in the melanoma 
microenvironment in mice and patients.
(A, B) Relative expression, as microarray heatmap (“Z-score intensity”), of RNA isolated 

from subcutaneous B16.F10 melanoma of C57BL/6 mice. In this model 1×106 B16.F10 

luc+ melanoma cells were injected subcutaneously. Mice received 100 μl intraperitoneal 

injections of PD-1 blocking antibody or Isotype control on days 1, 4, and 8 and received 

100 mg per kg body weight of MDM2-inhibitor RG7112 (n=3) or vehicle (n=2) via oral 

gavage every second day on day 2–12 (6 doses) following transplantation of melanoma cells. 
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Tumors were collected on day 13 after melanoma injection. Tile display shows the most 

significantly differentially regulated genes as determined from robust multichip average 

(RMA) signal values. The scale represents the level of gene expression with red being 

highest and blue being lowest. Heatmaps show all significantly regulated genes that belong 

to IFN-g signaling (A) and inflammatory signaling (B). Red arrows point towards genes 

related to IFN signatures.

(C-F) Fold change bar diagram and representative flow cytometry histogram show the mean 

fluorescence intensity (MFI) for MHC-II on B16.F10 cells after treatment with DMSO or 

the indicated concentrations of MDM2-inhibitor HDM201 (C, D) or RG7112 (E, F) for 72 

hours. The experiment was repeated n=10–11 times and the results (mean ± s.e.m.) were 

pooled. The p-values were calculated using a One-way ANOVA and a Dunnett’s multiple 

comparisons or a Kruskal Wallis and a Dunn’s multiple comparison test. ns = not significant.

(G, H) Fold change diagram and Western blot show the MDM2 and p53 protein levels of 

a representative experiment with primary human melanoma cell lines treated with DMSO 

or 0.5 μM RG7112 for 72 hours. Each data point represents an individual patient-derived 

cell line (n=8). Intensities of protein bands were normalized to Vinculin. The p-values were 

calculated using a one sample t-test.

(I) Correlation between the expression of MDM2 and genes making up the IFN-alpha 

pathway in 469 pre-treatment melanoma patients. R: Pearson’s correlation coefficient. The 

p-values are derived from linear models.

(J) Heatmap of genes expressed in the IFN-alpha pathway among “high” and “low” 

expressors of MDM2. These groups are the top and bottom quartiles of the 469-patient pre-

treatment melanoma cohort. Patients are ordered by unsupervised hierarchical clustering.
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Fig. 2: MDM2-inhibition improves anti-melanoma immune responses in vivo and increases the 
frequency of CD8+CD73+TCF-1+IFNγ+TNF+ T cells.
(A) Percentage survival of C57BL/6 mice after transfer of 10 000 B16.F10 melanoma 

cells is shown. Mice received 100 mg per kg body weight of MDM2-inhibitor RG7112 or 

vehicle via oral gavage every second day on day 2–10 (5 doses) following transplantation of 

melanoma cells. n=10 animals per group from 2 experiments are shown and p-values were 

calculated using the two-sided Mantel-Cox test. ns = not significant.

(B) Percentage survival of C57BL/6 mice after transfer of 5 000 B16.F10 melanoma cells 

per mouse is shown. Mice received 100 μl intraperitoneal injections of PD-1 blocking 
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antibody or Isotype control on days 1, 4, 8, 16 and 22 and received 100 mg per kg body 

weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 

2–10 (5 doses) following transplantation of melanoma cells. n=10 animals per group from 2 

experiments are shown and p-values were calculated using the two-sided Mantel-Cox test.

(C) The graph shows the photon flux (p/s/mouse) of C57BL/6 mice after transfer of 

B16.F10 luc+ melanoma. In this model 10 000 B16.F10 luc+ melanoma cells were injected. 

Mice received 100 μl intraperitoneal injections of PD-1 blocking antibody or Isotype control 

on days 1, 4, 8, 16 and 22 and received 100 mg per kg body weight of MDM2-inhibitor 

RG7112 or vehicle via oral gavage every second day on day 2–10 (5 doses) following 

transplantation of melanoma cells. For the bioluminescence imaging measurements the 

following parameters were kept constant for all groups: amount of luciferin injected, type 

of luciferin, exposure time and distance to camera. The means +/− s.e.m. are shown. n=10 

animals per group from 2 experiments are shown and p-values were calculated using two-

sided Student’s unpaired t-test.

(D) Representative bioluminescence images of mice described in (C) taken 28 days after 

tumor injection are shown.

(E) Representative images of the lungs of C57BL/6 mice 23 days after transfer of 10 000 

B16.F10 melanoma cells. Mice received 100 μl intraperitoneal injections of PD-1 blocking 

antibody or Isotype control on days 1, 4, 8, 16 and 22 and received 100 mg per kg body 

weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 

2–10 (5 doses) following transplantation of melanoma cells.

(F) The scatter bar graph shows the quantification of GFP+ B16 melanoma cells detected 

in the lungs of C57BL/6 mice 23 days after transfer of 10 000 B16.F10-GFP+ melanoma 

cells. Mice received 100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 

4, 8, 16 and 22 and received 100 mg per kg body weight of MDM2-inhibitor RG7112 or 

vehicle via oral gavage every second day on day 2–10 (5 doses) following transplantation 

of melanoma cells.The means +/− s.e.m. are shown. The p-values were calculated using 

two-sided Student’s unpaired t-test (n=5 mice per group).

(G) Uniform manifold approximation and projection (UMAP) map displaying randomly 

sampled cells from the lung CD8+ T cell compartment of B16.F10 melanoma-bearing 

C57BL/6 mice treated with anti-PD-1 and vehicle or MDM2-inhibitor (RG7112) analyzed 

by flow cytometry. Colors correspond to FlowSOM-guided clustering of cell populations. 

In this model 10 000 B16.F10 luc+ melanoma cells were injected. Mice received 100 μl 

intraperitoneal injections of PD-1 blocking antibody on days 1, 4, and 8 and received 

100 mg per kg body weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every 

second day on day 2–12 (6 doses) following transplantation of melanoma cells. Lungs were 

collected on day 13 after melanoma injection.

(H) Scatter bar graph displaying the frequency of CD8+CD73+TCF-1+IFNγ+TNF+ T cells 

from the metastatic lungs of B16.F10 melanoma-bearing C57BL/6 mice. In this model 

10 000 B16.F10 luc+ melanoma cells were injected. Mice received 100 μl intraperitoneal 

injections of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body 

weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 

2–12 (6 doses) following transplantation of melanoma cells. Lungs were collected on day 

13 after melanoma injection. Cells were stimulated using a Cell Stimulation Cocktail (plus 

Langenbach et al. Page 19

Mol Cancer Res. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein transport inhibitors). Statistical analysis was performed using an unpaired Student’s 

t-test (n=5 mice per group, from one experiment).

(I) The scatter bar graph shows the median expression of TCF-1 in CD8+ T cells from 

the metastatic lungs of B16.F10 melanoma-bearing C57BL/6 mice. In this model 10 000 

B16.F10 luc+ melanoma cells were injected. Mice received 100 μl intraperitoneal injections 

of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body weight 

of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 2–12 (6 

doses) following transplantation of melanoma cells. Lungs were collected on day 13 after 

melanoma injection. Cells were stimulated using a Cell Stimulation Cocktail (plus protein 

transport inhibitors). Statistical analysis was performed using an unpaired Student’s t-test 

(n=5 mice per group, from one experiment).

(J) The scatter bar graph shows the median expression of CD127 in CD8+ T cells from 

the metastatic lungs of B16.F10 melanoma-bearing C57BL/6 mice. In this model 10 000 

B16.F10 luc+ melanoma cells were injected. Mice received 100 μl intraperitoneal injections 

of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body weight 

of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 2–12 (6 

doses) following transplantation of melanoma cells. Lungs were collected on day 13 after 

melanoma injection. Statistical analysis was performed using an unpaired Student’s t-test 

(n=5 mice per group, from one experiment).

(K) The scatter bar graph shows the median expression of CD25 in CD8+ T cells from 

the metastatic lungs of B16.F10 melanoma-bearing C57BL/6 mice. In this model 10 000 

B16.F10 luc+ melanoma cells were injected. Mice received 100 μl intraperitoneal injections 

of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body weight 

of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 2–12 (6 

doses) following transplantation of melanoma cells. Lungs were collected on day 13 after 

melanoma injection. Statistical analysis was performed using an unpaired Student’s t-test 

(n=5 mice per group, from one experiment).

(L) The graph shows the photon flux (p/s/mouse) based on bioluminescence measurements 

of C57BL/6 mice after subcutaneous injection of 1×106 B16.F10-luc+ melanoma cells. Mice 

received 100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 4, and 8 and 

received 100 mg per kg body weight of MDM2-inhibitor RG7112 or vehicle via oral gavage 

every second day on day 2–12 (6 doses) following transplantation of melanoma cells. For 

the bioluminescence imaging measurements the following parameters were kept constant 

for all groups: amount of luciferin injected, type of luciferin, exposure time and distance to 

camera. The means +/− s.e.m. are shown. n=6 animals per group are shown and p-values 

were calculated using two-sided Student’s unpaired t-test.

(M) The graph shows the calcium influx in T cells isolated from B16.F10 melanoma-

bearing. In this model 10 000 B16.F10 luc+ melanoma cells were injected. Mice received 

100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 4, and 8 and received 

100 mg per kg body weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every 

second day on day 2–12 (6 doses) following transplantation of melanoma cells. T cells were 

isolated from spleens on day 13 after melanoma injection. After one minute of baseline 

measurement, T cells were stimulated with 3 μg/ml anti-mCD3ε. Pooled data for n=3 mice 

per group are shown. Statistical analysis was performed using an unpaired Student’s t-test. 

Mean values ± s.e.m. are shown.
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(N) Percentage survival of C57BL/6 recipient mice after transfer of 10 000 B16.F10 

melanoma cells is shown. Mice were sub-lethally irradiated and injected with additional 

syngeneic T cells (C57BL/6) from spleens harvested on day 12 after melanoma injection 

(day 2 after melanoma injection of recipient mice). Syngeneic T cells were derived from 

B16.F10 melanoma-bearing mice that had been treated with MDM2-inhibitor RG7112 or 

vehicle for 5 times every second day. n=10 animals per group from 2 experiments are shown 

and p-values were calculated using the two-sided Mantel-Cox test.
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Fig. 3: IL-15 is induced by MDM2-inhibition and hematopoietic IL-15R−/− mice exhibit reduced 
protective effects of MDM2-inhibition.
(A) The scatter bar graph shows fold changes of Il15 mRNA expression levels in B16.F10 

cells, as determined by qPCR, after in vitro treatment with MDM2-inhibitor RG7112 at 

the indicated concentrations for 24 hours. Ct values were normalized to Mon2 and/or Hprt 

expression as housekeeping genes. Fold changes were calculated relative to DMSO treated 

control. The experiment was repeated n=6 times and the results (mean ± s.e.m.) were 
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pooled. Significance was calculated with the Kruskal-Wallis test and individual p-values 

using the Dunn’s multiple comparison test. ns = not significant.

(B-E) The scatter bar graphs and representative flow cytometry histograms show the mean 

fluorescence intensity (MFI) for IL-15 in B16.F10 cells after treatment with the indicated 

concentrations of DMSO or MDM2-inhibitor RG7112 (B, C) or HDM201 (D, E) for 72 

hours. Cells were stimulated using BD Golgi Plug for 5 h. The experiment was repeated 

n=10–11 times and the results (mean ± s.e.m.) were pooled. The p-values were calculated 

using the Kruskal-Wallis and the Dunn’s multiple comparisons test.

(F) The scatter bar graph shows Il15ra mRNA expression levels in B16.F10 cells determined 

by qPCR after in vitro treatment with DMSO or the indicated concentrations of MDM2-

inhibitor RG7112 for 24 hours. Ct values were normalized to Mon2 and/or Hprt mRNA 

expression as housekeeping genes. Fold changes were calculated relative to DMSO treated 

control. The experiment was repeated n=6 times and the results (mean ± s.e.m.) were 

pooled. Significance was calculated with the one-way ANOVA and individual p-values using 

the Dunnett’s multiple comparison test. ns = not significant.

(G) Percentage survival of C57BL/6 mice injected with 5 000 B16.F10 melanoma cells. 

Mice received 100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 4, 

8, 16 and 22 and received 100 mg per kg body weight of MDM2-inhibitor RG7112 via 

oral gavage every second day on day 2–10 (5 doses) along with 100 μl intraperitoneal 

injections of nonspecific IgG or anti-IL-15/IL-15R antibody on days 2, 7 and 15 following 

transplantation of melanoma cells. n=10 independent animals per group from 2 experiments 

are shown and the p-value was calculated using the two-sided Mantel-Cox test.

(H) The scatter bar graph shows the quantification of GFP+ B16 melanoma cells detected 

in the lungs of C57BL/6 mice 23 days after transfer of 5 000 B16.F10-GFP+ melanoma 

cells. Mice received 100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 

4, 8, 16 and 22 and received 100 mg per kg body weight of MDM2-inhibitor RG7112 via 

oral gavage every second day on day 2–10 (5 doses) following transplantation of melanoma 

cells along with 100 μl intraperitoneal injections of nonspecific IgG or anti-IL-15/IL-15R 

antibody on days 2, 7 and 15 following transplantation of melanoma cells. Lungs were 

isolated on day 23 after melanoma injection. The means +/− s.e.m. are shown. The p-value 

was calculated using the Mann-Whitney test (n=5 mice per group). ns = not significant.

(I) Representative bioluminescence images of C57BL/6 mice injected with 5 000 B16.F10 

luc+ melanoma cells. Mice received 100 μl intraperitoneal injections of PD-1 blocking 

antibody on days 1, 4, 8, 16 and 22 and received 100 mg per kg body weight of MDM2-

inhibitor RG7112 via oral gavage every second day on day 2–10 (5 doses) along with 100 

μl intraperitoneal injections of nonspecific IgG or anti-IL-15/IL-15R antibody on days 2, 

7 and 15 following transplantation of melanoma cells. For the bioluminescence imaging 

measurements the following parameters were kept constant for both groups: amount of 

luciferin injected, type of luciferin, exposure time and distance to camera.

(J) Percentage survival of chimera mice with a hematopoietic system from C57BL/6 

IL-15Ra−/− or C57BL/6 WT mice as indicated. Survival after transfer of 10 000 B16.F10 

melanoma cells is shown. Mice received 100 μl intraperitoneal injections of PD-1 blocking 

antibody on days 1, 4, 8, 16 and 22 and received 100 mg per kg body weight of MDM2-

inhibitor RG7112 via oral gavage every second day on day 2–10 (5 doses) following 
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transplantation of melanoma cells. n=11–12 animals per group from one experiment are 

shown and p-values were calculated using the two-sided Mantel-Cox test.

(K) Heatmap of genes expressed in the type I Interferon pathway among “high” and “low” 

expressors of IL-15. These groups are the top and bottom quartiles of the 469-patient pre-

treatment melanoma cohort. Patients are ordered by unsupervised hierarchical clustering.

(L) Survivorship differences between “high” and “low” expressors of IL-15. The p-value 

was obtained using the Log-Rank test.

(M) Imputed expression of IL-15 in a set of cell types inferred by deconvoluting bulk 

RNAseq data.
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Fig. 4: TNF and TNF-signaling related genes increase upon MDM2-inhibition in the tumor 
microenvironment while Treg and CD8+TOX+ exhausted T cell frequencies decrease.
(A) Relative expression, as microarray heatmap (“Z-score intensity”), of RNA isolated 

from subcutaneous B16.F10 melanoma of C57BL/6 mice. In this model 1×106 B16.F10 

luc+ melanoma cells were injected subcutaneously. Mice received 100 μl intraperitoneal 

injections of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body 

weight of MDM2-inhibitor RG7112 (n=3) or vehicle (n=2) via oral gavage every second day 

on day 2–12 (6 doses) following transplantation of melanoma cells. Tumors were collected 
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on day 13 after melanoma injection. Tile display shows the most significantly differentially 

regulated genes as determined from robust multichip average (RMA) signal values. The 

scale represents the level of gene expression with red being highest and blue being lowest. 

Red arrow points towards the increased expression of Tnf.

(B-G) Scatter bar graphs and representative flow cytometry histograms or frequencies show 

expression of TNF-α (B, C), BCL-2 (D, E) and Foxp3 (F-G) of CD4+ or CD8+ T-cells 

isolated from spleen on day 12 following transfer of 10 000 B16.F10 melanoma cells in 

C57BL/6 mice. Mice received 100 mg per kg body weight of MDM2-inhibitor RG7112 or 

vehicle via oral gavage every second day on day 2–10 (5 doses) following transplantation 

of melanoma cells. Fold change of TNF-α and BCL-2 MFI in CD4+ and CD8+ T-cells, 

respectively, (B, D) or fold change of percentages of Foxp3+ cells of all CD4+ T-cells 

(F) is shown in relation to the mean of vehicle control samples. Cells were stimulated 

using a Cell Stimulation Cocktail (plus protein transport inhibitors). Mean value ± s.e.m. 

from n=11–12 animals per group are shown and p-values were calculated using two-sided 

Student’s unpaired t-test.

H) Heatmap displaying the median marker expression of tumor infiltration CD45+ cells 

from B16.F10 melanoma injected mice. In this model 1×106 B16.F10 luc+ melanoma 

cells were injected subcutaneously. Mice received 100 μl intraperitoneal injections of PD-1 

blocking antibody on days 1, 4, and 8 and received 100 mg per kg body weight of 

MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 2–12 (6 

doses) following transplantation of melanoma cells. Tumors were collected on day 13 after 

melanoma injection (n=4 mice per group, from one experiment).

(I) Scatter bar graph displaying the frequency of CD8+ TOX+ T cells isolated from 

tumors of subcutaneous B16.F10 melanoma injected mice. In this model 1×106 B16.F10 

luc+ melanoma cells were injected subcutaneously. Mice received 100 μl intraperitoneal 

injections of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body 

weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day on day 

2–12 (6 doses) following transplantation of melanoma cells. Tumors were collected on day 

13 after melanoma injection. Cells were stimulated using a Cell Stimulation Cocktail (plus 

protein transport inhibitors). Statistical analysis was performed using an unpaired Student’s 

t-test (n=4 mice per group, from one experiment).
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Fig. 5: MDM2-inhibition affects p53 pathway activity in the melanoma micro-environment.
(A) Relative expression, as microarray heatmap (“Z-score intensity”), of RNA isolated 

from subcutaneous B16.F10 melanoma of C57BL/6 mice. In this model 1×106 B16.F10 

luc+ melanoma cells were injected subcutaneously. Mice received 100 μl intraperitoneal 

injections of PD-1 blocking antibody on days 1, 4, and 8 and received 100 mg per kg body 

weight of MDM2-inhibitor RG7112 (n=3) or vehicle (n=2) via oral gavage every second day 

on day 2–12 (6 doses) following transplantation of melanoma cells. Tumors were collected 

on day 13 after melanoma injection. Tile display shows the most significantly differentially 
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regulated genes as determined from robust multichip average (RMA) signal values. The 

scale represents the level of gene expression with red being highest and blue being lowest. 

Red arrows point towards important genes related to the p53 pathway.

(B) The scatter bar graph shows p53 protein intensities relative to Vinculin determined by 

Western blotting. Cell lysates were prepared after growing wildtype, Renilla control shRNA 

and TP53 KD B16.F10 with or without 0.5 μM Doxorubicin for 24 hours. The experiment 

was repeated n=6 times and the results (mean ± s.e.m.) were pooled. The p-value was 

calculated using a two-sided unpaired t-test.

(C, D) MFI of MHC-II (C) and IL-15 (D) expression are shown on Renilla shRNA and 

TP53 KD B16.F10 cells after in vitro treatment with 1 μM MDM2-inhibitor (RG7112) 

for 72 hours. Fold changes were calculated relative to DMSO treated controls. Cells for 

intracellular IL-15 staining were stimulated using BD Golgi Plug for 5 h. The experiment 

was repeated n=7–8 times and the results (mean ± s.e.m.) were pooled. Significance was 

calculated using the Kruskal-Wallis test and individual p-values using the Dunn’s multiple 

comparison test. ns = not significant.

(E) Percentage survival of C57BL/6 mice after transfer of 5 000 murine WT or TP53 
knockdown B16.F10 melanoma cells is shown. Mice received 100 μl intraperitoneal 

injections of PD-1 blocking antibody on days 1, 4, 8, 16 and 22 and received 100 mg 

per kg body weight of MDM2-inhibitor RG7112 or vehicle via oral gavage every second day 

on day 2–10 (5 doses) following transplantation of melanoma cells. n=10 animals per group 

from 2 experiments are shown and p-values were calculated using the two-sided Mantel-Cox 

test. ns = not significant.

(F) Survivorship differences between “high” and “low” expressors of IL-15, as sorted by 

TP53 mutation status. Patients were first separated into wild type and mutated cohorts, and 

then the top and bottom quartile of each cohort was assigned “high” or “low” expressor 

status. The p-values were obtained using the Log-Rank test.
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Fig. 6: MDM2-inhibition and BRAF-inhibition act in synergy in BRAFV600E mutated 
melanoma.
(A, C) Scatter bar graphs show the mean fluorescence intensity (MFI) for IL-15 (A) and 

H-2Kb (C) on 4434 BRAFV600E mutated melanoma cells after treatment with the indicated 

concentrations of MDM2-inhibitor RG7112 and/or BRAF-inhibitor vemurafenib for 72 

hours. Cells for intracellular IL-15 staining were stimulated using BD Golgi Plug for 5 

h. The experiment was repeated n=6 times and the results (mean ± s.e.m.) were pooled. 

Significance was calculated using a one-way ANOVA and individual p-values using the 

Dunnett’s multiple comparison test. ns = not significant.
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(B, D) Flow cytometry histogram shows the mean fluorescence intensity (MFI) for IL-15 

(B) and H-2Kb (D) protein on 4434 BRAFV600E mutated melanoma cells after treatment 

with the indicated concentrations of DMSO or MDM2-inhibitor RG7112 for 72 hours of a 

representative experiment.

(E) Percentage survival of C57BL/6 mice injected with 2×106 4434 melanoma cells is 

shown. Mice received 100 μl intraperitoneal injections of PD-1 blocking antibody or Isotype 

control on days 1, 4, 8, 16 and 22 and received 100 mg per kg body weight of MDM2-

inhibitor RG7112 or vehicle via oral gavage every second day on day 2–10 (5 doses) along 

with 24 mg per kg body weight of BRAF-inhibitor vemurafenib or vehicle via oral gavage 

every day from day 6–15 (10 doses) following transplantation of melanoma cells. n=7–10 

animals per group from 2 experiments are shown and p-values were calculated using the 

two-sided Mantel-Cox test.

(F) Percentage survival of C57BL/6 mice injected with 2×106 4434 melanoma cells. Mice 

received 100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 4, 8, 16 

and 22 and received 100 mg per kg body weight of MDM2-inhibitor RG7112 via oral 

gavage every second day on day 2–10 (5 doses) along with 24 mg per kg body weight of 

BRAF-inhibitor vemurafenib via oral gavage every day from day 6–15 (10 doses) and 100 μl 

intraperitoneal injections of nonspecific IgG or anti-IL-15/IL-15R antibody on days 2, 7 and 

15 following transplantation of melanoma cells. n=10 independent animals per group from 

2 experiments are shown and p-values were calculated using the two-sided Mantel-Cox test. 

Points without vertical drop indicate a censoring event (representing killing of an animal).

(G) Percentage survival of hematopoietic C57BL/6 IL-15Ra−/− chimera mice and C57BL/6 

WT mice after transfer of 2×106 4434 melanoma cells (C57BL/6 background) is shown. 

Mice received 100 μl intraperitoneal injections of PD-1 blocking antibody on days 1, 4, 8, 

16 and 22 and received 100 mg per kg body weight of MDM2-inhibitor RG7112 via oral 

gavage every second day on day 2–10 (5 doses) along with 24 mg per kg body weight of 

BRAF-inhibitor vemurafenib via oral gavage every day from day 6–15 (10 doses) following 

transplantation of melanoma cells. n=10 animals per group from 2 experiments are shown 

and p-values were calculated using the two-sided Mantel-Cox test.
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Fig. 7: MDM2-inhibition induces expression of the CIITA / HLA axis in human primary 
melanoma cells and CIITA-high expression correlates with improved survival in patients.
(A) The scatter bar graphs indicate mean ± s.e.m fold changes of HLA-DR protein levels 

in 8 human melanoma patient-derived cell lines (M150536, M140625, 121008: BRAFV600E 

mutated, M130404, M130429, 130219, 010817: NRAS mutated, 121224: BRAFV600E and 

NRAS mutated) assessed by flow cytometry after in vitro treatment with MDM2-inhibitor 

RG7112 at 0.1 – 1 μM for 72 hours (121224, 130227: 0.1 μM, 121008, 130219: 0.25 μM, 

010817, M150536, M150619, M140625, M130404, M130429: 0.5 μM, 150672: 1 μM). For 

individual cell lines non-toxic concentrations of MDM2-inhibitor were employed, as verified 
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by flow cytometry using viability staining. Fold changes were calculated relative to DMSO 

treated control. Individual patient-derived cell lines are represented in separate diagrams. 

The experiments were repeated n=6–7 times and the results (mean ± s.e.m.) were pooled. 

The p-values were calculated using one sample t-test or Wilcoxon-test.

(B) Heatmap of genes expressed in the IFN-alpha pathway among “high” and “low” 

expressors of CIITA. These groups are the top and bottom quartiles of the 469-patient pre-

treatment melanoma cohort. Patients are ordered by unsupervised hierarchical clustering.

(C) Survivorship differences between “high” and “low” expressors of CIITA. The p-value 

was obtained using the Log-Rank test.

(D) Correlation between the expression of CIITA and genes making up the IFN-alpha 

pathway in BRAF and NRAS mutated melanoma patients. R: Pearson’s correlation 

coefficient. The p-values are derived from linear models.

(E) Normalized IFN-alpha gene set expression scores in BRAF and NRAS mutated 

melanoma patients, as compared between the highest and lowest quartiles of expressors 

of CIITA.

(F) The scatter bar graphs show mean ± s.e.m fold change of IL-15 protein levels in 8 

human melanoma patient derived cell lines determined by flow cytometry. Cells were treated 

in vitro with non-toxic concentrations of MDM2-inhibitor RG7112 (0.1 – 0.5 μM) for 

72 hours (see (A)). Cells were stimulated using BD Golgi Plug for 5 h. Individual patient-

derived cell lines are represented in separate diagrams. The experiments were repeated n=6–

8 times and the results (mean ± s.e.m.) were pooled. The p-values were calculated using one 

sample t-test or Wilcoxon-test.

(G) Normalized IFN-alpha gene set expression scores in BRAF and NRAS mutated 

melanoma patients, as compared between the highest and lowest quartiles of expressors 

of IL-15.

(H) Western blot shows MDM2 and p53 protein expression of a primary human melanoma 

cell line with a TP53 mutation after treatment with MDM2-inhibitor RG7112 at 0.5 μM for 

72 h.

(I) Scatter bar graphs show mean ± s.e.m fold changes of HLA-A, B, C; HLA-DR and 

IL-15 protein expression relative to DMSO treated negative control after treatment of a 

primary human melanoma cell line with TP53 mutation using the MDM2-inhibitor RG7112. 

Cells for intracellular IL-15 staining were stimulated using BD Golgi Plug for 5 h. The 

experiments were repeated n=3 times and the results (mean ± s.e.m.) were pooled. The 

p-values were calculated using a one sample t-test. ns = not significant.
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