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KEY PO INTS

� MDM2 inhibition
sensitized AML cells
to allogeneic
T-cell–mediated
cytotoxicity through
the restoration of
TRAIL-R1/2 and MHC-II
production.

� MDM2 inhibitor-
mediated effects were
p53-dependent because
p53 knockdown
abolished TRAIL-R1/2
and MHC-II
upregulation.

Patients with acute myeloid leukemia (AML) often achieve remission after allogeneic
hematopoietic cell transplantation (allo-HCT) but subsequently die of relapse driven by
leukemia cells resistant to elimination by allogeneic T cells based on decreased major
histocompatibility complex II (MHC-II) expression and apoptosis resistance. Here we
demonstrate that mouse-double-minute-2 (MDM2) inhibition can counteract immune
evasion of AML. MDM2 inhibition induced MHC class I and II expression in murine and
human AML cells. Using xenografts of human AML and syngeneic mouse models of
leukemia, we show that MDM2 inhibition enhanced cytotoxicity against leukemia cells and
improved survival. MDM2 inhibition also led to increases in tumor necrosis factor-related
apoptosis-inducing ligand receptor-1 and -2 (TRAIL-R1/2) on leukemia cells and higher
frequencies of CD81CD27lowPD-1lowTIM-3low T cells, with features of cytotoxicity
(perforin1CD107a1TRAIL1) and longevity (bcl-21IL-7R1). CD81 T cells isolated from
leukemia-bearing MDM2 inhibitor-treated allo-HCT recipients exhibited higher glycolytic
activity and enrichment for nucleotides and their precursors compared with vehicle
control subjects. T cells isolated from MDM2 inhibitor-treated AML-bearing mice
eradicated leukemia in secondary AML-bearing recipients. Mechanistically, the MDM2

inhibitor-mediated effects were p53-dependent because p53 knockdown abolished TRAIL-R1/2 and MHC-II
upregulation, whereas p53 binding to TRAILR1/2 promotors increased upon MDM2 inhibition. The observations in the
mouse models were complemented by data from human individuals. Patient-derived AML cells exhibited increased
TRAIL-R1/2 and MHC-II expression on MDM2 inhibition. In summary, we identified a targetable vulnerability of AML
cells to allogeneic T-cell–mediated cytotoxicity through the restoration of p53-dependent TRAIL-R1/2 and MHC-II
production via MDM2 inhibition.
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Introduction
Allogeneic hematopoietic cell transplantation (allo-HCT) is a
curative therapy for acute myeloid leukemia (AML). However,
a significant proportion of patients experience relapses, and
leukemia relapse is responsible for 57% of the mortality of
patients undergoing allo-HCT.1,2 Mechanisms that lead to
escape of AML cells from immune-mediated elimination
include, among others,3 the loss of mismatched HLA,4

immune checkpoint ligand upregulation,5 reduced interleu-
kin-15 (IL-15) production,6,7 IDO1 (indoleamine 2,3-dioxyge-
nase 1) expression,8 leukemia-derived lactic acid release,9

and loss of surface expression of human leukocyte antigen
(HLA) -DR, -DQ, and -DP on leukemia cells because of down-
regulation of the HLA class II regulator CIITA5,10 and a PRC2-
dependent reduction in chromatin accessibility.11 These data
suggest that therapeutic approaches that increase MHC-II
expression could enhance antileukemia immunity after allo-
HCT. A cellular therapy concept for relapse treatment is
donor lymphocyte infusions (DLIs) alone or combined with
pharmacological approaches.12,13 A retrospective analysis on
response to DLIs reported complete response rates of 17%,14

and another large retrospective, multicenter study reported a
2-year overall survival on DLI treatment of 20% vs 9% on
chemotherapy-only treatment.13 These reports indicate that
donor T cells can exert graft-versus-leukemia (GVL) effects in
a fraction of patients, but also that strategies to improve
these GVL effects are urgently needed. Current pharmacolog-
ical approaches for the prevention and treatment of AML
relapse include the use of FLT3 kinase inhibitors,15,16 immune
checkpoint inhibitors,17,18 demethylating agents,12,19 BCL-2
inhibitors,20 and others.21 Mouse-double-minute-2(MDM2)
inhibitors22,23 can induce p53-dependent apoptosis in AML;
however, their role in the setting after allo-HCT has not been
evaluated to date.

The MDM2 protein functions as an ubiquitin ligase that recog-
nizes the N-terminal transactivation domain of p53. This inhibits
p53 transcriptional activation and facilitates proteasomal p53
degradation. MDM2 overexpression, in cooperation with onco-
genic Ras, promotes the transformation of primary rodent fibro-
blasts, whereas MDM2 inhibition increases p53 activity.23

Besides its antioncogenic effect, p53 can also increase the
expression of certain immune-related genes, and TP53 abnor-
malities correlate with immune infiltration in the bone marrow
(BM)24 and associate with response to immunotherapy in
patients with AML.25 Previous studies have shown that p53 can
activate the type-I interferon(IFN) pathway in the setting of anti-
viral immunity.26 In addition, p53 increases MHC-I expression on
pancreatic cancer cells.27 Recent studies have shown that the
ubiquitin ligase MDM2 sustains STAT5 stability in T cells that
enhance T-cell–mediated antitumor immunity in solid tumors.28

Since MDM2 inhibition with RG-7112 causes upregulation of
intracellular MDM2 as a positive feedback loop in response to
the inhibition,29 the increase of MDM2 in T cells can directly
enhance their antitumor activity.28 In addition, p53 can induce a
viral mimicry pathway and tumor inflammation signature genes
in patients with melanoma.30 These data suggest that MDM2
targeting may be an attractive strategy to improve immunother-
apy in solid tumors.

To render AML cells more susceptible to donor T-cell–mediated
cytotoxicity after allo-HCT, we aimed to restore p53 activity by
blocking MDM2. We observed that MDM2 inhibition increased
MHC-II expression and improved survival using xenografts of
human AML and syngeneic mouse models of leukemia. MDM2
inhibition also led to increases in tumor-necrosis factor related
apoptosis-inducing ligand receptor-1 and -2 (TRAIL-R1/2) on leu-
kemia cells and higher frequencies of nonexhausted CD81 T
cells, with features of cytotoxicity that eradicated leukemia in
secondary AML-bearing recipients. Mechanistically, the MDM2-
mediated effects were p53-dependent because p53 knockdown
abolished TRAIL-R1/2 and MHC-II upregulation, whereas p53
binding to TRAILR1/2 promotors increased upon MDM2 inhibi-
tion. These findings indicate that MDM2 inhibition is a novel
strategy to enhance the sensitivity of AML cells to T
cell–mediated cytotoxicity after allo-HCT, through the restora-
tion of p53-dependent TRAIL-R1/2 and MHC-II production.

Materials and methods
Human sample collection
Human sample collection and analysis were approved by the
Institutional Ethics Review Board of the Medical Center, Univer-
sity of Freiburg, Freiburg, Germany (protocol number 100/20).
Written informed consent was obtained from each patient. All
analyses of human data were carried out in compliance with rel-
evant ethical regulations. The characteristics of patients are
listed in the supplemental Tables in the data supplement (avail-
able on the Blood Web site).

Mice
Animal protocols were approved by the animal ethics committee
Regierungspr€asidium Freiburg, Freiburg, Germany (protocol
numbers: G17-093 and G-20/96).

GVL mouse models
GVL experiments were performed as previously described.6

Briefly, recipients were IV-injected with leukemia cells and donor
BM cells (when indicated) after (sub) lethal irradiation using a
137Cs source. CD31 T cells were isolated from donor spleens or,
when indicated, peripheral blood of healthy donors and
enriched by negative selection using Pan T Cell Isolation Kit II
(Miltenyi Biotech) as previously reported.31 Obtained T-cell
purity was $90% as assessed by flow cytometry. Allogeneic
CD31 T cells were given on day 2 after BM transplantation. We
assessed graft-versus-host disease(GVHD) severity by histology
as previously reported.32

AMLMLL-PTD FLT3-ITD leukemia model For the AMLMLL-PTD FLT3-ITD

leukemia model, C57BL/6 recipients were transplanted with
5 3 103 AMLMLL-PTD FLT3-ITD cells and 5 3 106 BALB/c BM cells
via IV after lethal irradiation with 12 Gy in 2 equally split doses
performed 4 hours apart. A total of 3 3 105 BALB/c (allogeneic
model) splenic CD31 T cells were introduced via IV on day 2 after
initial transplantation, as previously reported.31,32

WEHI-3B leukemia model For the WEHI-3B leukemia model,
BALB/c recipients were transplanted with 5 3 103 AML (WEHI-3B)
cells and 5 3 106 C57/BL6 BM cells via IV after lethal irradiation
with 10 Gy in 2 equally split doses performed 4 hours apart.
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Figure 1.
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A total of 2 3 105 C57/BL6 (allogeneic model) splenic CD31

T cells were introduced via IV on day 2 after initial transplantation.

OCI-AML3 xenograft model For the OCI-AML3 xenograft
model,33 Rag22/2Il2rg2/2 recipients were transplanted with
2 3 105 OCI-AML3 (wild type [WT] or TRAIL-R2 knockout) or 1 x
106 OCI-AML3 (WT or p53-deficient) cells via IV as indicated after
sublethal irradiation with 5 Gy. A total of 1 3 105 human CD31 T
cells isolated from peripheral blood of healthy donors were intro-
duced via IV on day 2 after initial transplantation.

Primary human AML xenograft model For the primary
human AML xenograft model,33 Rag22/2Il2rg2/2 recipients
were used. Primary human AML cells were isolated by FICOLL
density centrifugation and depleted from CD31 cells by mag-
netic separation. A total of 10 3 106 CD31-depleted primary
human AML cells were transplanted via IV after sublethal irradia-
tion with 5 Gy. A total of 5 3 104 human CD31 T cells isolated
from peripheral blood of healthy donors were introduced via IV
on day 2 after initial transplantation.

MOLM-13 AMLFLT3 ITD xenograft model Rag22/2Il2rg2/2

recipients were transplanted with 0.1 3 106 MOLM-13Luc cells
via IV after sublethal irradiation with 3.5 Gy 1 day prior.19 A total
of 1 3 105 human CD31 T cells per mouse isolated from periph-
eral blood of healthy donors were introduced via IV on day 2
after initial transplantation.

Statistical analysis
For the sample size in the murine GVL survival experiments, a
power analysis was performed. A sample size of at least n 5 8
per group was determined by 80% power to reach a statistical
significance of 0.05 to detect an effect size of $1.06. Differences
in animal survival (Kaplan-Meier survival curves) were analyzed
by the Mantel-Cox test. The experiments were performed in a
nonblinded fashion. For statistical analysis, an unpaired t test
(2-sided) was applied. Data are presented as mean and standard
error of the mean (error bars). Differences were considered signifi-
cant when P , .01.

Results
MDM2 inhibition leads to a p53-dependent
increase of MHC class I and II expression,
enhances cytotoxicity against leukemia cells, and
improves survival in multiple GVL mouse models
To test the on-target activity of the MDM2 inhibitor RG-7112,
we studied the concentrations of p53 as the MDM2 target gene
in primary human leukemia cells. MDM2 inhibition increased
p53 (supplemental Figure 1A-C; supplemental Table 1 in the
data supplement) in primary human AML cells collected from
patients at primary diagnosis before treatment was started, indi-
cating on-target activity of RG-7112. We also studied the con-
centrations of MDM2 itself, which was shown to be upregulated
in an autoregulatory loop upon MDM2 inhibition.29 In human
MOLM-13, OCI-AML3, and murine WEHI-3B, as well as 32D
cells, we observed 2 MDM2 isoforms at 75 kDa and 90 kDa
(supplemental Figure 2A-C), which had been previously
described in other cell types.34 MDM2 inhibition increased the
75 kDa MDM2 isoform in the leukemia cell lines (supplemental
Figure 2A-C), indicating on-target activity of RG-7112.

Based on the central role of HLA downregulation for leukemia
relapse after allo-HCT,5,10 we studied the impact of MDM2 inhi-
bition on HLA expression. We observed that MDM2 inhibition
caused upregulation of HLA class I and II on human leukemia
cells (OCI-AML3 cell line) on the mRNA level (Figure 1A) and
protein level (Figure 1B-E). Consistent with the finding in human
AML cells, MDM2 inhibition increased p53 and MHC-II expres-
sion by mouse AML (WEHI-3B) cells using 2 different MDM2
inhibitors (RG-7112 and HDM201) (supplemental Figure 3A-F).
RG-7112 and HDM201 both inhibit p53 degradation by prevent-
ing MDM2 binding.

To validate if the findings made in humans in murine cell lines
have a correlation in patients, we analyzed human primary AML
cells. We observed that MDM2 inhibition increased HLA-DR
expression on primary human AML cells (supplemental Figure
3G-H) of patients that were treatment-naïve (supplemental Table
2). To understand if MDM2 was connected to CIITA, the positive
regulator of MHC-II expression in human AML cells, we analyzed
the gene expression profiles of AML blasts in 2 independent

Figure 1. MDM2 inhibition leads to increased MHC expression and improves survival in xenograft mouse models. (A) Microarray-based analysis of the expression
level of HLA class I and II in OCI-AML3 cells after treatment with DMSO, RG-7112 (1 mM), or HDM-201 (200 nM) for 24 hours is shown as tile display from Robust
Multichip Average (RMA) signal values, (Z-score), n 5 6 biologically independent samples per group. The adjusted P value was calculated using the Benjamini &
Hochberg method. *indicates significant regulation (P , .05) compared with DMSO. (B-C) Representative flow cytometry histograms show the mean fluorescence
intensity (MFI) for (B) HLA-DR or (C) HLA-A,B,C expression on OCI-AML3 cells after treatment with the indicated concentrations of MDM2 inhibitor RG-7112 for 72 hours.
(D) The bar diagram shows the MFI for HLA-DR expression on OCI-AML3 cells after treatment with the indicated concentrations of MDM2 inhibitor RG-7112 for
72 hours. Bar graphs show the mean 6 standard error of the mean (SEM) from n 5 5 to 6 independent experiments. P values were calculated using the 2-sided Student
unpaired t test. (E) The bar diagram shows the MFI for HLA-A,B,C expression on OCI-AML3 cells after treatment with the indicated concentrations of MDM2 inhibitor
RG-7112 for 72 hours. Bar graphs show the mean 6 SEM from n 5 5 to 6 independent experiments. P values were calculated using the 2-sided Student unpaired t
test. (F-G) Percentage survival of Rag22/2Il2rg2/2-recipient mice after the transfer of primary human AML cells from 2 different patients is shown. As indicated, mice
were injected with additional human CD31 T cells (isolated from the peripheral blood of an HLA nonmatched healthy donor) and treated with either vehicle or MDM2
inhibitor RG-7112. Shown are n 5 10 or 8 independent animals, and P values were calculated using the 2-sided Mantel-Cox test. (H) Percentage of specific lysis of iso-
lated, CD3/28, and IL-2 expanded human T cells in contact with OCI-AML3 cells is shown. OCI-AML3 cells were pretreated with either DMSO or the MDM2-inhibitor
RG-7112, and the E:T (effector [T-cell] to target [OCI-AML3 cell]) ratio was titrated between 10:1 and 1:1 as indicated. One representative experiment of 3 independent
experiments is shown. (I) Representative Western blots showing the activation of caspase-3 and loading control (b-actin) in OCI-AML3 cells. OCI-AML3 cells exposed to
DMSO or RG-7112 (1 mM) were cocultured with activated T cells at an E:T ratio of 10:1 for 4 hours. (J) The bar diagram indicates the ratio of the cleaved caspase-3 to
pro–caspase-3 normalized to b-actin. The values were normalized to the T-cell–only group (set as “1”). (K-L) The graph shows fold change of MFI for (K) HLA-DR and (I)
HLA-A,B,C expression on WT OCI-AML3 (WT) or p53 knockdown (p53 KD) OCI-AML3 cells after treatment with RG-7112 (2 mM) for 72 hours as mean 6 SEM from n 5

4 independent experiments. MFI of control-treated cells was set as 1.0. P values were calculated using a 2-sided Student unpaired t test. (M) Percentage survival of
Rag22/2Il2rg2/2-recipient mice after transfer of human WT or p53 knockdown (p53 KD) OCI-AML3 cells are shown. As indicated, mice were injected with additional
human T cells (isolated from the peripheral blood of an HLA nonmatched healthy donor) and treated with either vehicle or MDM2-inhibitor RG-7112. Shown are
n 5 10, 11, or 21 independent animals per group from $2 independent experiments, and P values were calculated using the 2-sided Mantel-Cox test.
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patient cohorts that included cases from the Beat AML (Person-
alized Medicine for Acute Myeloid Leukemia Based on Func-
tional Genomics) initiative (n 5 451)35 and cases from TCGA
(The Cancer Genome Atlas) initiative (n 5 200).36 In agreement
with a negative regulation of MDM2 on the CIITA/MHC-II axis, a
negative correlation between the transcript levels of MDM2
mRNA and CIITA mRNA in human AML cells was detected (sup-
plemental Figure 3I-J). Pearson correlation was 20.22 for the
TCGA data and 20.16 for Beat AML data, indicating a correla-
tion. The Beat AML data also include cases that were not pro-
filed at diagnosis but during therapy.35 Therefore, we
performed the same analysis on 338 samples from patients who
did not receive a previous allo-HCT and found a comparable
pattern (Pearson, 20.17) (supplemental Figure 3K). Based on
the potential role of p53 for MHC-I and MHC-II induction by
MDM2 inhibition, we determined the number of p53-mutant
cases in the 2 patient cohorts. TP53-mutant cases accounted for
42 of 451 cases in the Beat AML dataset (9%) and 16 of 200
cases in the TCGA dataset (8%). Therefore, p53-mutant cases
were too rare to separately test for the association between the
MDM2 and CIITA transcript levels in these subgroups. We ana-
lyzed posttransplantation relapse samples from 3 different stem
cell transplant centers located in Freiburg, T€ubingen, and Milano
to determine if the MDM2 inhibitor effect was reproducible in
the context of AML relapse. We observed that HLA-A,B,C
increased upon exposure to the MDM2 inhibitor (supplemental
Figure 3L-M). The increase of HLA-DR upon MDM2 inhibition
we had seen in freshly isolated AML samples was not observed
when we used frozen AML relapse samples. We could expose
the frozen cells for only 24 hours to the MDM2 inhibitor, as the
cell viability decreased below 50% after 24 hours of cell culture.
A longer exposure time to the MDM2 inhibitor might also
induce HLA-DR expression in freshly isolated AML cells from
relapse patients.

To test the functional role of MDM2 inhibition in xenograft mod-
els, we next isolated PBMC from 2 AML patients that were
treatment-naïve (supplemental Table 3) and depleted the CD31

T cells (supplemental Figures 4A and 5A). Immunodeficient mice
bearing the human AML cells and allogeneic T cells experienced
improved survival upon MDM2 inhibition (Figure 1F-G). In vitro,

cytotoxicity of allogeneic human T cells was higher when OCI-
AML3 cells were exposed to MDM2 inhibition (Figure 1H). Con-
sistently, cleaved caspase-3 was highest in OCI-AML3 cells
when T cells were combined with MDM2 inhibition (Figure 1I-J).
The synergistic effect was dependent on intact p53 because nei-
ther HLA-A,B,C, nor HLA-DR increased with MDM2 inhibition
using RG-7112 (Figure 1K-L) or HDM201 (supplemental Figure
6A-D) in human p53-knockdown OCI-AML3 cells. MDM2 inhibi-
tion and allogeneic T cells improved the survival of OCI-AML3
cell-bearing immunodeficient mice (Figure 1M). Conversely,
p53-knockdown OCI-AML3 AML cells enriched for the trans-
genic cells (supplemental Figure 6E) were resistant to the
MDM2 inhibitor/allo–T-cell combination in vivo (Figure 1M). To
test if increasing p53 independent of MDM2 would lead to com-
parable effects, we used the MDMX inhibitor XI-006.37 We
observed that MDMX inhibition also increased HLA-A,B,C and
HLA-DR on OCI-AML3 cells (supplemental Figure 7A-B). The
upregulation of HLA-A,B,C and HLA-DR was reproducible for
MOLM-13 cells (supplemental Figure 7C-D). MDM2 inhibition
induced HLA-A,B,C in MV4-11 cells (supplemental Figure 7E).
HLA-DR upregulation was not observed in MV4-11 cells upon
MDM2 inhibition (supplemental Figure 7F). We had previously
shown that AML cells in relapsed patients release lactic acid
(LA).9 To understand if LA interferes with the expression of HLA
molecules upon MDM2 inhibition, we repeated the studies and
included LA in the culture. We found that despite the presence
of LA, MDM2 inhibition caused an increase of HLA-A,B,C and
HLA-DR on OCI-AML3 cells (supplemental Figure 7G-H).

These findings indicate that MDM2 inhibition leads to a p53-
dependent increase of MHC class I and II expression and
improves survival in patient xenograft-based and human cell
line-based GVL mouse models.

MDM2 inhibition enhances in vivo leukemia
elimination in syngeneic AML-bearing mice and
TRAIL-R1/2 upregulation on leukemia cells
To validate the observation that MDM2 inhibition can synergize
with the allogeneic immune response in xenografts, we treated
syngeneic AML-bearing mice with allo-HCT using BM alone or

Figure 2. MDM2 inhibition enhances GVL effects in syngeneic AML models and TRAIL-R1/2 upregulation on leukemia cells. (A) Percentage survival of BALB/c
recipient mice after transfer of AML WEHI-3B cells (BALB/c background) and allogeneic C57BL/6 BM is shown. Mice were injected with additional allogeneic T cells (Tc;
C57BL/6) and/or treated with either vehicle or MDM2 inhibitor RG-7112 when indicated. A total of n 5 9 to 10 independent animals per group are shown, and P values
were calculated using the 2-sided Mantel-Cox test. (B) Percentage survival of C57BL/6-recipient mice after transfer of AMLMLL-PTD FLT3-ITD cells (C57BL/6 background)
and allogeneic BALB/c BM is shown. Mice were injected with additional allogeneic T cells (BALB/c) and/or treated with either vehicle or MDM2-inhibitor RG-7112 when
indicated. A total of n 5 10 biologically independent animals from 2 experiments are shown, and P values were calculated using the 2-sided Mantel-Cox test.
(C) Representative bioluminescence imaging (BLI) on day 14 after transplantation with LUC1 MOLM-13 leukemia cells showing the expansion of the leukemia cells in
Rag22/2Il2rg2/2 mice. When indicated, mice received human CD31 T cells (isolated from the peripheral blood of an HLA nonmatched healthy donor) and were treated
with either vehicle or MDM2 inhibitor RG-7112. Images are of a representative mouse from each of the groups. (D) The graph shows the quantification of the BLI signal
at day 14 after allo-HCT for each treatment group. Data from 3 independent experiments were pooled. The mean 6 standard error of the mean (SEM) for each treat-
ment group is shown. The P values were calculated using the 2-sided Mann-Whitney U test. (E) The graph shows the percent of human CD451CD32CD82 cells (repre-
senting the MOLM-13 AML cells) of all viable cells in the BM of Rag22/2Il2rg2/2 mice 23 days after transplantation with LUC1 MOLM-13 leukemia cells and human
CD31 T cells. Data are shown as mean 6 SEM from n 5 3 independent experiments. P values were calculated using a 2-sided Student unpaired t test. (F) Microarray-
based analysis of the expression level of TRAIL-R1 and TRAIL-R2 (TNFRSF10A and TNFRSF10B) in OCI-AML3 cells after treatment with DMSO, RG-7112 (1 mM), or
HDM-201 (200 nM) for 24 hours is shown as a tile display from Robust Multichip Average (RMA) signal values (Z-score), n 5 6 biologically independent samples per
group. The adjusted P value was calculated using the Benjamini & Hochberg method. For both genes, a significant upregulation (both P , .001) compared with DMSO
was observed. (G) The graph shows the fold change of MFI for TRAIL-R1 expression on OCI-AML3 cells after treatment with the indicated concentrations of MDM2-
inhibitor RG-7112 for 72 hours. Data are shown as mean 6 SEM from n 5 3 independent experiments. P values were calculated using a 2-sided Student unpaired t
test. (H) The graph shows the fold change of MFI for TRAIL-R2 expression on OCI-AML3 cells after treatment with the indicated concentrations of MDM2 inhibitor
RG-7112 for 72 hours as mean 6 SEM from n 5 5 independent experiments. P values were calculated using a 2-sided Student unpaired t test. (I-J) The graph shows
fold change of MFI for (I) TRAIL-R1 or (J) TRAIL-R2 expression on WT OCI-AML3 or p53 KD OCI-AML3 cells after treatment with the indicated concentrations of MDM2
inhibitor RG-7112 for 72 hours as mean 6 SEM from n 5 4 independent experiments. MFI of control-treated cells was set as 1.0. P values were calculated using the
2-sided Student unpaired t test.
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in combination with T cells. In AML-bearing mice, the addition
of T cells to the allogeneic BM graft improved survival
(Figure 2A). Treatment of leukemia-bearing mice with MDM2
inhibitor in the absence of donor T cells improved survival but
did not lead to long-term protection (Figure 2A). Conversely,
when T cells were combined with MDM2 inhibitor treatment,
the majority of the mice (.80%) showed long-term protection
(Figure 2A). A comparable survival pattern was seen in the

AMLMLL-PTD/FLT3-ITD model (Figure 2B). The T cell/MDM2 inhibi-
tor combination reduced the leukemia burden (Figure 2C-E)
without increasing acute GVHD severity compared with T cells/
vehicle (supplemental Figure 8A-C).

In addition to the effects on MHC, gene expression analysis
revealed upregulation of TNF-related apoptosis-inducing ligand
receptor-1 (TRAIL-R1) and TRAIL-R2 by leukemia cells upon
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Figure 3. MDM2 inhibition increases p53 binding to TRAIL-R1/2 promoters and sensitizes AML cells to TRAIL-mediated apoptosis. (A) The graph shows the
percentage of viable cells. Where indicated, WT OCI-AML3 or p53 KD OCI-AML3 were incubated with 1 mM MDM2 inhibitor RG-7112. After 48 hours, limiting
concentrations of hTRAIL (TNFSF 10) were added for 24 hours, where indicated. The viability of cells was measured by flow cytometry. The mean of triplicates 6 stan-
dard error of the mean (SEM) is displayed. P values were calculated using a 2-sided Student unpaired t test. (B-C) ChIP-qPCR analysis in OCI-AML3 cells treated with
DMSO or 2 mM RG-7112 for 12 hours to detect the binding of p53 to the promoter of (B) TRAIL-R1 (TNFRSF10A) and (C) TRAIL-R2 (TNFRSF10B). Data are represented
as percent input and are representative of 3 experiments; error bars, SEM from 3 technical replicates. N.D., not detected. (D) The bar diagram shows the viability of
WT or TRAIL-R22/2 OCI-AML3 cells (TRAIL-R22/2) that were incubated with 1 mM of the MDM2 inhibitor RG-7112, where indicated. After 48 hours, limiting concentra-
tions of hTRAIL (TNFSF 10) were added for 24 hours, where indicated. The viability of the AML cells was measured by flow cytometry. The mean of triplicates 6 SEM is
displayed. P values were calculated using a 2-sided Student unpaired t test. (E) Representative Western blots showing caspase-8, caspase-3, PARP, and loading control
(b-actin) in human OCI-AML3 cells. OCI-AML3 cells exposed to DMSO or RG-7112 (1 mM) were cocultured with activated T cells at an E:T ratio of 10:1 for 4 hours. (F)
The bar diagram shows the viability of MOLM-13 cells pretreated with DMSO or 1 mM MDM2 inhibitor for 24 hours, as indicated. hTRAIL (TNFSF10) was added for an
additional 24 hours before analysis by flow cytometry. P values were calculated using the one-way ANOVA test. (G) The graph shows the viability of MV4-11 cells pre-
treated with 1 mM MDM2 inhibitor for 24 hours. Limiting concentrations of hTRAIL (TNFSF10) were added for an additional 24 hours before analysis by flow cytometry.
P values were calculated using the one-way ANOVA test. ns, not significant.
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Figure 4. TRAIL contributes to enhanced GVL effects upon MDM2 inhibition. (A) Percentage survival of C57BL/6 recipient mice after transfer of AMLMLL-PTD FLT3-ITD

cells (C57BL/6 background) and allogeneic BALB/c BM is shown. Mice were injected with additional allogeneic T cells (BALB/c) and treated with the MDM2-inhibitor
RG-7112 and either anti-TRAIL antibody or IgG isotype, as indicated. A total of n 5 10 independent animals from 2 experiments are shown, and P values were
calculated using the 2-sided Mantel-Cox test. (B) Percentage survival of C57BL/6-recipient mice after transfer of AMLMLL-PTD FLT3-ITD cells (C57BL/6 background) and
allogeneic BALB/c BM is shown. Mice were injected with additional allogeneic T cells (BALB/c), either WT T cells or TRAIL2/2 T cells. A total of n 5 10 independent
animals from 2 experiments are shown, and P values were calculated using the 2-sided Mantel-Cox test. (C) Western blots showing the activation of caspase-3,
caspase-8, and loading control (b-actin) in OCI-AML3 cells. Activated T cells were pretreated with 10 mg/mL anti-TRAIL neutralizing antibody or IgG control for 1 hour
and were cocultured with OCI-AML3 cells exposed to DMSO or RG-7112 (1 mM) at an E:T ratio of 10:1 for 4 hours. (D) Quantification of the ratio of cleaved caspase-3/
total caspase-3 normalized to isotype control. One representative experiment of 3 experiments with comparable results is shown. (E) Quantification of the ratio of
cleaved caspase-8/total caspase-8 normalized to isotype control. One representative experiment of 3 experiments with comparable results is shown. A total of n 5 3
independent experiments were performed. (F) Survival of Rag22/2Il2rg2/2 mice receiving WT OCI-AML3 cells or CRISPR/Cas-mediated TRAIL-R2 knockout (TRAIL-R22/

2) OCI-AML3 cells. Mice were additionally injected with primary human T cells isolated from healthy donors and treated with vehicle or MDM2 inhibitor RG-7112. A
total of n 5 10 animals from 2 independent experiments are shown. P values were calculated using the 2-sided Mantel-Cox test. (G) Percentage survival of C57BL/6-
recipient mice after transfer of AMLMLL-PTD FLT3-ITD cells (C57BL/6 background) and BMT using allogeneic BALB/c BM is shown. Mice were injected with additional allo-
geneic T cells (BALB/c) on day 2 after BMT. When indicated, CD8 T cells or NK cells were depleted from the allogeneic T-cell transplant. A total of n 5 10 independent
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MDM2 inhibition (Figure 2F). Downregulation of proapoptotic
receptors, including TRAIL-R1 and TRAIL-R2, was shown to be
connected to therapy resistance and relapse in AML.38 Consis-
tent with the gene expression data, both TRAIL-R1/TRAIL-R2
proteins and TRAIL-R1/TRAIL-R2 RNAs increased dose-
dependently upon MDM2 inhibition in human OCI-AML3 cells
(Figure 2G-H; supplemental Figure 9A-J). This was also the case
in mouse WEHI-3B cells using 2 different MDM2 inhibitors (RG-
7112 and HDM201) (supplemental Figure 10A-H). To test if
increasing p53 independent of MDM2 would lead to compara-
ble effects, we used the MDMX inhibitor XI-006.37 We observed
that MDMX inhibition also increased TRAIL-R1/TRAIL-R2 pro-
teins on OCI-AML3 cells (supplemental Figure 11A-C). The upre-
gulation of TRAIL-R1/2 was reproducible using additional human
AML cell lines, including MOLM-13 and MV4-11 (supplemental
Figure 11D-G). We found that despite the presence of LA,
MDM2 inhibition caused an increase of TRAIL-R1/TRAIL-R2 pro-
teins on OCI-AML3 cells (supplemental Figure 11H-I). To deter-
mine if LA-exposed T cells were resistant to the MDM2 inhibitor
effect, we studied the survival of leukemia-bearing allo-HCT
mice treated with LA-exposed T cells and vehicle or MDM2
inhibitor. We observed that despite the exposure of the donor T
cells to LA, the group treated with the MDM2 inhibitor experi-
enced an improved survival compared with the vehicle group
(supplemental Figure 11J).

To understand if MDM2 inhibition has similar effects on primary
human AML cells, we used patient-derived AML cells. MDM2
inhibition increased concentrations of TRAIL-R1/TRAIL-R2 pro-
teins (supplemental Figure 12A-D; supplemental Table 4
[22 patients]). We also analyzed posttransplantation relapse sam-
ples to determine if the MDM2 inhibitor effect on TRAIL-R1/2
expression was reproducible in the context of AML relapse. We
observed that TRAIL-R1, TRAIL-R2, and p53 expression
increased upon exposure to MDM2 inhibitors (supplemental
Figure 12E-G).

In addition, MDM2 inhibition increased concentrations of
TRAIL-R1 and TRAIL-R2 RNAs (supplemental Figure 13A-D;
supplemental Table 5 [12 patients]) in primary human AML
cells. We used p53-knockdown OCI-AML3 cells (supplemental
Figure 6A) to test whether increased TRAIL-R1/2 expression
after MDM2 inhibition was p53-dependent. TRAIL-R1/2
expression increased upon MDM2 inhibition on WT-AML but
not on p53-knockdown AML using RG-7112 (Figure 2I-J) or
HDM201 (supplemental Figure 14A-B) as MDM2-inhibitors.
These findings indicate that MDM2 inhibition enhances in vivo
leukemia elimination and p53-dependent TRAIL-R1/2 upregu-
lation on leukemia cells.

The p53/TRAIL-R1/2 axis is required for enhanced
T-cell–mediated antileukemia cytotoxicity upon
MDM2 inhibition
To understand if p53 was required for TRAIL-R1/2 dependent
cytotoxicity, we studied the impact of soluble recombinant
TRAIL plus MDM2 inhibitor on the viability of human OCI-AML3

leukemia cells. We observed that soluble recombinant TRAIL
plus MDM2 inhibitors induced less apoptosis in p53-knockdown
AML cells compared with WT AML cells (Figure 3A). This
supports the concept that upon MDM2 inhibition, the resulting
p53 increase induces TRAIL-R1/2 expression. To directly test this
connection, we exposed human OCI-AML3 leukemia cells to a
vehicle or MDM2 inhibitor. Chromatin immunoprecipitation
revealed increased p53 binding to the TRAILR1/2 promoters
upon MDM2 inhibition in human OCI-AML3 leukemia cells
(Figure 3B-C). To functionally test the role of TRAIL-R1/2,
we generated clustered regularly interspaced short palind-
romic repeats (CRISPR)/Cas9-mediated TRAILR2-knockout and
TRAILR1/2-knockout AML cells (supplemental Figure 15A-B).

The combination of MDM2 inhibition and soluble recombinant
TRAIL caused higher cytotoxicity compared with soluble recom-
binant TRAIL alone (Figure 3D), which is in agreement with the
upregulation of TRAIL-R1/2 on leukemia cells upon MDM2 inhi-
bition, which renders cells more susceptible to TRAIL-mediated
apoptosis. MDM2 inhibitor/TRAIL-mediated killing was reduced
in TRAIL-R2-knockout and TRAIL-R1/2-knockout AML cells com-
pared with WT AML cells (Figure 3D; supplemental Figure 15C-
D). Consistent with a central role of TRAIL-mediated apoptosis
induction during allogeneic antileukemia immune responses, the
combination of MDM2 inhibition and allogeneic T cells caused
activation of the TRAIL-R1/2 downstream pathway (caspase-8,
caspase-3, and poly (ADP-ribose) polymerase (PARP)) in human
AML cells (Figure 3E). The observation that MDM2 inhibition
increased TRAIL-mediated apoptosis was reproducible using the
human AML cell lines MOLM-13 and MV4-11 (Figure 3F-G).
These findings indicate that the p53/TRAIL axis is required for
enhanced leukemia elimination upon MDM2 inhibition.

TRAIL-R1/2 contributes to enhanced GVL effects
upon MDM2 inhibition in mice
To determine to what extent TRAIL-R1/2 expression in AML cells
contributes to enhanced GVL effects upon MDM2 inhibition
in vivo, we treated mice with an anti-TRAIL antibody. This inter-
vention reduced the protective effect of the allo–T-cell/MDM2
inhibition against AML (Figure 4A). Consistent with the role of
TRAIL expression on the alloreactive T cells, the transfer of
TRAIL-deficient donor T cells (Tnfsf10tm1b(KOMP)Wtsi/MbpMmucd)
reduced the protective effect of MDM2 inhibition (Figure 4B).
Furthermore, in vitro anti-TRAIL antibody reduced the cytotoxicity
of allogeneic T cells against MDM2 inhibitor-exposed leukemia
cells (Figure 4C-E). CRISPR/Cas9-mediated TRAIL-R2-knockout
AML cells (supplemental Figure 15A-B) were less susceptible to
the allo–T-cell/MDM2 inhibition effect in vivo (Figure 4F). To
understand which donor cell type was responsible for the immu-
nomodulatory effect of MDM2 inhibition, we selectively depleted
CD81 T cells or natural killer (NK) cells. We observed that deple-
tion of CD81 T cells but not NK cells (supplemental Figure 16A-B)
abrogated the protective MDM2 inhibition effect (Figure 4G),
indicating that the antileukemia effect is mediated mainly by
CD81 T cells. To understand whether recall immunity developed
under MDM2 inhibitor treatment, we isolated donor-type CD81

Figure 4 (continued) animals from 2 experiments are shown, and P values were calculated using the 2-sided Mantel-Cox test. (H) Percentage survival of
C57BL/6-recipient mice after transfer of AMLMLL-PTD FLT3-ITD cells (C57BL/6 background) and allogeneic BALB/c BM is shown. Mice were injected with additional
allogeneic T cells (BALB/c) derived from previously challenged and treated (MDM2 inhibitor or vehicle) mice. Shown are n 5 10 independent animals from 2 experiments, and
P values were calculated using the 2-sided Mantel-Cox test.
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Figure 5. MDM2 inhibition promotes cytotoxicity and longevity of donor T cells. (A-H) Scatterplots and representative histograms show expression of (A-B)
perforin, (C-D) CD107a, (E-F) IFN-g, and (G-H) TNF of CD81 T cells isolated from the spleen on day 12 following allo-HCT of WEHI-3B leukemia-bearing BALB/c mice
transplanted with C57BL/6 BM plus allogeneic C57BL/6 T cells and treated with either vehicle or MDM2 inhibitor RG-7112. Mean value 6 standard error of the mean
(SEM) from n 5 14 to 19 biologically independent animals per group from 2 experiments are shown, and P values were calculated using the 2-sided Mann-Whitney U
test. (I) UMAP showing the FlowSOM-guided manual metaclustering of splenic live CD451 cells from leukemia-bearing BALB/c mice after allo-HCT. (J) UMAP showing
the FlowSOM-guided manual metaclustering (top) and heatmap showing median marker expression (bottom) of donor-derived (H-2kb1) TCRb1 CD81 T cells from
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T cells from leukemia-bearing mice treated with vehicle or MDM2
inhibitor (supplemental Figure 17A). T cells derived from MDM2
inhibitor-treated, leukemia-bearing mice caused improved control
of leukemia in secondary leukemia-bearing mice (Figure 4H), indi-
cating an antileukemia recall response. These findings indicate
that TRAIL contributes to enhanced GVL effects upon MDM2 inhi-
bition in mice and that leukemia-reactive donor T-cell clones
evolve.

MDM2 inhibition promotes cytotoxicity and
longevity of donor T cells
Donor (C57BL/6) CD81 T cells isolated from leukemia-bearing
MDM2 inhibitor-treated allo-HCT recipients (BALB/c) displayed
higher expression of the antitumor cytotoxicity markers perforin,
TRAIL, and CD107a, and of IFN-g and TNF in leukemia-bearing
MDM2 inhibitor-treated allo-HCT recipients compared with
those receiving vehicle (Figure 5A-H; supplemental Figure 18A).
In addition, CD69 and TRAIL expression were higher on donor
(C57BL/6) CD81 T cells isolated from leukemia-bearing MDM2
inhibitor-treated allo-HCT recipients (BALB/c) without there
being an increase in total CD81 T cells (supplemental Figure
19A-C).

Patients undergoing allo-HCT receive calcineurin inhibitors
(CNI), and it is unclear how this GVHD prophylaxis may impact
the effect of the MDM2 inhibitor. Therefore, we pretreated mice
undergoing allo-HCT with cyclosporine A (CSA) using a previ-
ously reported CNI dosage39 and then analyzed the donor
T cells. We observed that the perforin and TNF expression
increased in splenic CD81 T cells derived from the group
treated with the MDM2 inhibitor compared with the group
treated with vehicle, despite CSA treatment in both groups (sup-
plemental Figure 19D). MDM2 inhibition prolonged survival of
AML-bearing mice despite CSA treatment compared with AML-
bearing mice that received T cells and vehicle (supplemental
Figure 19E). In addition, we isolated T cells from patients after
allo-HCT that had received CSA and exposed them to a vehicle
or MDM2 inhibitor in the presence of OCI-AML3 cells. We
observed that the frequencies of CD81CD27lowPD-1lowTIM-3low

T cells increased (supplemental Figure 19F), whereas
CD81CD271TIM31 T cells and CD81PD11TIM31 T cells
declined upon treatment with the MDM2 inhibitor (supplemental
Figure 19G-H). In addition, bcl-2, IFN-g, and TNF production by
human CD81 T cells derived from patients treated with CSA
increased upon treatment with MDM2 inhibitor compared with
vehicle treatment (supplemental Figure 19I-K). These findings
are consistent with the data from the mouse models.

In naïve mice, CD107a, TNF, and bcl-2 increased in CD81 T cells
upon MDM2 inhibition (supplemental Figure 20A-D). Effector
T cells lacking CD27 display a high antigen-recall response,40

and we observed a lower frequency of CD81CD271TIM31

donor T cells (TOX1TIM31PD11) in MDM2 inhibitor-treated
recipients (Figure 5I-K; supplemental Figure 21A-B). T cells in
MDM2 inhibitor-treated leukemia-bearing mice exhibited

features of longevity,41 including high Bcl-2 and IL-7R (CD127)
expression (Figure 5L-O).

These findings indicate that MDM2 inhibition enhances cytotox-
icity and longevity of donor T cells in leukemia-bearing mice.

MDM2 inhibition enhances the glycolytic activity
and enriches nucleotides and their precursors in
donor T cells
Based on our previous observation that glycolysis is linked to
GVL effects,6,9 we next analyzed the metabolic activity of the
donor T cells of leukemia-bearing mice. We observed that
donor (C57BL/6) CD81 T cells isolated from leukemia-bearing
MDM2 inhibitor-treated allo-HCT recipients (BALB/c) exhibited
higher glycolytic activity compared with vehicle control subjects
(Figure 6A-B). Increased glycolytic flux was confirmed by the ele-
vated incorporation of U-13C-glucose into several glycolysis
intermediates (supplemental Figure 22A). In addition, nucleoti-
des and their precursors, particularly of the pyrimidine biosyn-
thesis pathway, were enriched in T cells isolated from MDM2
inhibitor-treated mice (Figure 6C-E). Purine and pyrimidine de
novo synthesis was shown to positively regulate cell cycle pro-
gression and maintain the survival of activated T cells.42

Increased glycolytic flux and nucleotide biosynthesis are indica-
tive of strong T-cell activation, corresponding to higher GVL
activity.9

To understand if CSA impacts the effect of the MDM2 inhibitor
on metabolic changes in T cells, we analyzed the glycolytic activ-
ity of human T cells that were treated with the MDM2 inhibitor
in the presence vs absence of CSA. We observed that glycolytic
activity was not different in MDM2 inhibitor-treated T cells
exposed to the vehicle compared with MDM2 inhibitor-treated
T cells exposed to CSA (supplemental Figure 22B-C). Enrich-
ment for nucleotides and their precursors was not different in
the MDM2 inhibitor/vehicle-treated T cells compared with
MDM2 inhibitor/CSA-treated T cells (supplemental Figure 23A).

These findings indicate that besides the phenotypical changes
of T cells upon MDM2 inhibition, glycolytic activity and nucleo-
tide synthesis increased in donor T cells upon MDM2 inhibition.

Discussion
The curative potential of allo-HCT for AML is limited by relapse,
causing 57% of the mortality of patients undergoing this inter-
vention.1,2 The GVL effect depends on donor T cells that recog-
nize foreign MHC molecules on the AML cells. Therefore, major
mechanisms of immune evasion include the genetic loss of mis-
matched MHC4 and reduced expression of MHC molecules on
leukemia cells.5,10 These data suggest that therapeutic
approaches that increase MHC-II expression could enhance anti-
leukemia immunity after allo-HCT. Here, we identified a pharma-
cological approach to enhance MHC-II expression on AML cells
using MDM2 inhibition. The increased MHC-II expression was
connected to increased expression of markers of cytotoxicity

Figure 5 (continued) leukemia-bearing BALB/c mice after allo-HCT treated with RG-7112 or vehicle, as indicated. (K) Quantification of donor-derived (H-2kb1) TCRb1

CD81 CD271 TIM31 T cells from leukemia-bearing BALB/c mice after allo-HCT treated with RG-7112 or vehicle, as indicated. (L-O) Scatterplots and representative
histograms show expression of (L-M) CD127 and (N-O) Bcl-2 of CD81 T cells isolated from spleen on day 12 following allo-HCT of WEHI-3B leukemia-bearing BALB/c
mice transplanted with C57BL/6 BM plus allogeneic C57BL/6 T cells and treated with either vehicle or MDM2 inhibitor RG-7112. Mean value 6 SEM from n 5 14 to 19
biologically independent animals per group from 2 experiments are shown. P value was calculated using the 2-sided Mann-Whitney U test.

TARGETING MDM2 TO ENHANCE GVL blood® 8 SEPTEMBER 2022 | VOLUME 140, NUMBER 10 1177

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/10/1167/1919089/bloodbld2022016082.pdf by guest on 04 M

ay 2024



2ATP + HCO3
–

Gln Glu

2ADP + Pi

Carbamoylphosphate + aspartate

UTP OMP

Carbamoylaspartate

OrotateUMPUDP

Dihydroorotate

Pe
ak

 ar
ea

 (A
U) 5�107

4�107

3�107

2�107

1�107

0

ns

Vehicle MDM2i

Pe
ak

 ar
ea

 (A
U)

2.5�106

2.0�106

1.5�106

1.0�106

5.0�105

0.0

*

Vehicle MDM2i

Pe
ak

 ar
ea

 (A
U) 2.0�106

1.5�106

1.0�106

5.0�105

0.0

*

Vehicle MDM2i

Pe
ak

 ar
ea

 (A
U)

2.0�106

1.5�106

1.0�106

5.0�105

0.0

**

Vehicle MDM2i

Pe
ak

 ar
ea

 (A
U)

1.5�105

1.0�105

5.0�104

0.0

*

Vehicle MDM2i

Pe
ak

 ar
ea

 (A
U)

8�104

6�104

4�104

4�104

0

ns

Vehicle MDM2i

Pe
ak

 ar
ea

 (A
U)

3�107

2�107

1�107

0

ns

Vehicle MDM2i

C

0
0

100

200

300

400

500
Glucose Oligomycin

Extracellular acidification rate

**
**

**
** *

2-DG

20 40

Time (minutes)
60 80

%
 o

f b
as

el
in

e

AMLWEHI-3B + BM + Tc + vehicle (n=4)

AMLWEHI-3B + BM + Tc + MDM2 inhib. (n=4)

A

%
 o

f b
as

el
in

e

AMLWEHI-3B + BM + Tc + vehicle

AMLWEHI-3B + BM + Tc + MDM2 inhib.

0

300
0.0023

Glycolysis

200

100

%
 o

f b
as

el
in

e

0

400

300

0.0089

Glycolytic capacity

200

100

B

ED

0.001

0.01

0.1

1
–3

Depleted with
MDM2 inhibitor

Enriched with
MDM2 inhibitor

–2 –1 0

log2 fold change

p-
va

lu
e

1 2

MDM2 inhibitorVehicle

UDP-Glucuronic acid

cAMP

–2

–1

0

1

2Uridine
Inosine
FAD
Pentose-phosphate
Adenosine
NADPH
NADH
Fructose-1,6-bisphosphate
Hexose-phosphate
N-acetylneuraminic acid
GMP
Glutamic acid
D-Glucosamine-6-phosphate
Argininosuccinic acid
TMP
2-Oxoglutaric acid
S-Adenosylhomocysteine
TDP
UMP
UDP
GDP
Orotic acid
Uracil
Carbamoylaspartic acid
CMP

Figure 6.

1178 blood® 8 SEPTEMBER 2022 | VOLUME 140, NUMBER 10 HO et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/140/10/1167/1919089/bloodbld2022016082.pdf by guest on 04 M

ay 2024



and activation, whereas exhaustion markers were reduced on
T cells.

In addition, MDM2 inhibition induced TRAIL-R1/2 expression
and sensitized AML cells to TRAIL-mediated apoptosis, which
could be induced by soluble TRAIL or TRAIL-expressing T cells.
Upon TRAIL ligation, TRAIL death receptors induce the assembly
of the death-inducing signaling complex, composed of FAS
(CD95/TNFRSF6)-associated protein with death domain and pro-
caspase-8/10 at their intracellular death domain,43 thus TRAIL-R
activation exerts antitumor activity.44 In addition, we found that
MDM2 inhibition increased markers of cytotoxicity and activation
on T cells in naïve mice in the absence of leukemia.

These findings indicate that targeting MDM2 enhances antileu-
kemia immunity after allo-HCT in mice and humans via 3 con-
verging mechanisms involving MHC-II upregulation on AML
cells, increased TRAIL-R1/2 expression on leukemia cells, and
direct T-cell activation (supplemental Figure 24).

Our finding that p53 plays a central role in response to immuno-
therapy is in agreement with studies showing that p53 increases
MHC class-I expression on pancreatic cancer cells, rendering
them more immunogenic.27 We show that MDM2 inhibition
does not lead to upregulation of HLA-DR and HLA-A,B,C, as
well as TRAIL-R1/2 in p53-mutant leukemia, which is relevant for
a fraction of patients with TP53-mutated AML.45 The direct
effect of MDM2 inhibition on T cells that we observed in mice
without leukemia will still be intact despite the lack of functional
p53 in the AML cells. Consistent with our results, others have
described the direct effects of MDM2 inhibition on T cells used
to treat solid tumors in mouse models.28 MDM2 inhibition leads
to upregulation of MDM2, and high MDM2 concentrations in
T cells sustain STAT5 stability, which enhances T-cell–mediated
antitumor immunity against solid tumors.28 Consistent with this
report, we also observed increased MDM2 concentrations in
leukemia cells and increased T-cell activation in leukemia-free
mice upon MDM2 inhibition. In addition to the effects of the
MDM2/STAT5 axis in T cells, MDM2-induced p53 can activate a
viral mimicry pathway and tumor inflammation signature genes
in melanoma patients.30 These studies and our study support
the concept of a central role for p53 in immune activation for
cancer immunotherapy. However, p53-mutant AML is per se not
resistant to immunotherapy, as previous work has shown that
TP53 abnormalities correlate with immune infiltration and associ-
ate with response to flotetuzumab immunotherapy, a bispecific

dual-affinity retargeting (DART) antibody to CD3epsilon and
CD123, in AML,24 indicating that the role of functional p53 in
immunotherapy is dependent on the immunotherapeutic inter-
vention and that the bispecific DART antibody flotetuzumab
acts possibly independent of functional p53. Type 1 IFNs cause
upregulating of MHC-II and were recently tested in a trial for the
prevention of leukemia relapse after allo-HCT.46 Patients with
treatment-resistant AML not in remission or those with poor-risk
leukemia received pegylated IFNa.46 The authors reported that
the incidence of relapse was 39% at 6 months, which was sus-
tained through 1 year after allo-HCT.46

The finding that MDM2 inhibition installs MHC-II and TRAIL-R1/
2 on the surface of AML cells is of particular interest because
MDM2 inhibitors are well tolerated not only in our experimental
AML models but also in patients with cancer.47 At advanced
stages of leukemia, immune surveillance is disturbed by multiple
mechanisms such as LA release and impaired T-cell function.9

Therefore, the immune-sensitizing effect of MDM2 inhibition on
AML cells is likely most effective when applied in the context of
a functionally intact immune system, in particular at minimal
residual disease stage after allo-HCT in which MDM2 inhibition
may allow for sensitizing the AML cells to TRAIL-mediated elimi-
nation by alloreactive T cells activated by MHC-I and II. This
treatment concept will be clinically explored in a phase 1/2
proof-of-concept trial (siremadlin [HDM201] for post–allo-HCT
for AML relapse prevention, Novartis-sponsored study
CHDM201K12201). In summary, we identified a targetable vul-
nerability of AML cells to T-cell–mediated cytotoxicity through
the restoration of p53-dependent TRAIL-R1/2 and MHC-II pro-
duction by AML cells and donor T-cell activation via MDM2
inhibition.
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