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ABSTRACT
Background  Cellular immunotherapy using modified 
T cells offers new avenues for cancer treatment. T-cell 
receptor (TCR) engineering of CD8 T cells enables these 
cells to recognize tumor-associated antigens and tumor-
specific neoantigens. Improving TCR T-cell therapy through 
increased potency and in vivo persistence will be critical 
for clinical success.
Methods  We evaluated a novel drug combination to 
enhance TCR therapy in mouse models for acute myeloid 
leukemia (AML) and multiple myeloma (MM).
Results  Combining TCR therapy with the SUMO E1 
inhibitor TAK981 and the DNA methylation inhibitor 5-
Aza-2’ deoxycytidine resulted in strong antitumor activity 
in a persistent manner against two in vivo tumor models 
of established AML and MM. We uncovered that the drug 
combination caused strong T-cell proliferation, increased 
cytokine signaling in T cells, improved persistence of 
T cells, and reduced differentiation towards exhausted 
phenotype. Simultaneously the drug combination 
enhanced immunogenicity of the tumor by increasing HLA 
and co-stimulation and surprisingly reducing inhibitory 
ligand expression.
Conclusion  Combining T-cell therapy with TAK981 and 
5-Aza-2’ deoxycytidine may be an important step towards 
improved clinical outcome.

INTRODUCTION
Immunotherapies have significantly 
improved over the past decades. T-cell 
receptor (TCR) engineering of T cells is one 
of the immunotherapeutic strategies whereby 
patient’s own T cells are engineered ex vivo 
to express a tumor-targeting TCR before 
being reinjected into the patient.1 2 Tumor 
targeting TCR T cells can either recognize 
neoantigens derived from mutations that 
are unique to the tumor or tumor-associated 
antigens which are elevated in tumor tissues. 

These tumor antigens are presented to T cells 
by major histocompatibility complex (MHC) 
class I, and recognition of these antigens by T 
cells can result in direct lysis of tumor cells.3–5

While this approach has demonstrated 
early clinical potential, challenges remain 
regarding the efficacy and persistence of 
the transferred T cells.1 The antitumor effi-
cacy of adoptive T-cell therapy is dependent 
on potency, expansion, and persistence of 
transferred T cells.6 Current approaches to 
increase T-cell efficacy include a combina-
tion with cytokine treatment,7 T-cell-specific 
subset purification8 and genetic knockout 
of immune inhibitory molecules known as 
immune checkpoints9 among others.6

Here we aim to improve engineered TCR 
T-cell efficacy through a combination of two 
compounds targeting epigenetic regulation 
and post-translational modification (PTM). 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ T-cell receptor (TCR) engineering of CD8 T cells 
enables these cells to specifically recognize tumor 
cells.

WHAT THIS STUDY ADDS
	⇒ Combining TCR therapy with the SUMO E1 inhibitor 
TAK981 and the DNA methylation inhibitor 5-Aza-2’ 
deoxycytidine yielded strong antitumor activity in a 
persistent manner against two in vivo tumor models 
of acute myeloid leukemia and multiple myeloma.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Combining T-cell therapy with TAK981 and 5-Aza-2’ 
deoxycytidine may enhance the clinical efficacy of 
TCR therapy.
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The first compound in this combination regimen is the 
hypomethylating drug 5-Aza-2’ deoxycytidine (5-Aza-
2’).10 Interestingly, 5-Aza-2’ is suggested to also have 
immunotherapy-enhancing potential. 5-Aza-2’ enhances 
transcription of granzyme B and perforin, upregulates 
MHC class I and intercellullar adhesion molecule 1 
(ICAM-1), driving CD8+T cell towards a heightened acti-
vation state.11 12 Furthermore, hypomethylating agents 
overcome transcriptional repression induced by DNA 
methylation, enabling transcription of tumor suppressor 
genes and enabling tumor-specific transcripts that encode 
for neoantigens or tumor-associated antigens enhancing 
immunotherapy potential.13 14

The second compound we employ is the small mole-
cule SUMO E1 inhibitor TAK98115 because the PTM 
SUMO inhibits antitumor immune responses, and 
blocking of SUMOylation increases CD8+T cell activation 
and augments antitumor responses predominantly via 
upregulation of type I interferon signaling.16–19 Further-
more, abolishment of SUMOylation enhances MHC 
class I antigen presentation and consequently efficacy of 
immunotherapy possibly as a result of increased inter-
feron signaling.20

We have previously shown that a combination of 
5-Aza-2’ and SUMOylation inhibitor TAK981 possesses 
synergistic anticancer potential. Inhibition of SUMOyla-
tion enhances the 5-Aza-2’-induced entrapment of DNA 
methyl transferase 1 (DNMT1), resulting in more DNA 
damage.21 We found recently that these drugs synergize to 
kill B-cell lymphoma in vitro and in vivo.22 Our previous 
study was conducted in immunodeficient mice and there-
fore only demonstrated the combined cytotoxic potential 
of these drugs.

In this study, we hypothesized that the immunomod-
ulatory potential of subcytotoxic dosage of 5-Aza-2’ 
combined with regular dosing of TAK981 could be 
employed to potentiate TCR therapy. We investigate 
the potentiating effect of TAK981-mediated inhibition 
of SUMOylation and hypomethylation via 5-Aza-2’ on 
targeted TCR therapy against acute myeloid leukemia 
(AML) and multiple myeloma (MM). The first line of 
treatment for AML is often effective, however, relapses 
occur frequently and patients with relapsed or refrac-
tory AML have poor prognosis.23 MM, the second-most 
frequent hematologic tumor is an incurable malignancy 
of the plasma cells, although several available treatments 
can provide remission and prolong survival.24 Therefore, 
new therapies including TCR therapy are in high demand 
for both malignancies and need to be further improved. 
Here we employ a xenograft NSG mouse model for 
both AML and MM with TCR T cells.3 High dosing of 
5-Aza-2’ is currently used to treat AML, however toxicity 
and therapy resistance are often observed for single 
compound use.10 Here, we employ the immune modula-
tory potential of both drugs, potentially preventing drug 
resistance and overcoming major toxicity issues via the 
use of subcytotoxic dosage of 5-Aza-2’ and altered treat-
ment frequency. We found that the combination of drugs 

strongly synergizes to potentiate TCR therapy, enabling 
effective eradication of AML and MM in vivo, by strong 
expansion of T cells, and optimization of T-cell tumor cell 
interaction.

MATERIALS AND METHODS
Materials and methods are described in detail in the 
online supplemental file.

RESULTS
Synergistic cytotoxic potential of SUMOylation inhibition 
and 5-Aza-2’ to inhibit acute myeloid leukemia and multiple 
myeloma in vitro
First, we addressed the synergistic cytotoxic capacity of 
TAK981 and 5-Aza-2’on AML. TAK981 is a SUMOyla-
tion inhibitor, acting via blocking the SUMO E1 enzyme 
and consequently abrogating SUMOylation of target 
proteins (online supplemental figure 1A). 5-Aza-2’ 
entraps DNMT1 to DNA, resulting in DNA-protein cross-
links that block replication, leading to cytotoxic stress 
(figure 1A). Trapped DNMT1 needs to be SUMOylated to 
be degraded, providing the molecular basis for the syner-
gistic cytotoxic potential of these drugs.21 22

TAK981 inhibited conjugation of SUMOs to target 
proteins in AML and MM cell lines as expected and did 
not interfere with ubiquitylation, demonstrating spec-
ificity (online supplemental figure 1B, C). TAK981 and 
5-Aza-2’ individually inhibited AML and MM cell growth 
in vitro in a dose-dependent manner (figure 1B, C, online 
supplemental figure 1D, E). Combining low nanomolar 
dosage of TAK981 and 5-Aza-2’ synergistically reduced 
tumor cell viability in AML in vitro (figure 1D and online 
supplemental figure 1F) consistent with current litera-
ture.22 To reduce viability in MM, a 10-fold higher dosage 
of TAK981 and 5-Aza-2’ was required.

TAK981 and 5-Aza-2’ synergize to potentiate NPM1-TCR 
activity in vivo
Following the strong synergistic effect of 5-Aza-2’and 
TAK981 in vitro, we continued to apply this strategy 
in vivo. For in vivo validation, 5-Aza-2’ and TAK981 
were combined with TCR therapy, following the strong 
evidence in recent literature that SUMO influences 
among others type I interferon signaling.16–18 We 
employed the previously established NPM1-TCR model, 
that contains a 4 bp frameshift insertion within the 
NPM1 gene, resulting in a C-terminal alternative reading 
frame of 11 aa.3 This represents the most frequent 
AML subtype. Detailed on-target specificity of the HLA-
A*02:01 restricted NPM1-TCR specific for mutant (m)
NPM1 has been established previously.3 Immunocom-
promised NSG mice were engrafted with luciferase trans-
duced OCI-AML3 cells (HLA-A*02:01+, mNPM1+) for 
10 days, followed by two rounds of compound treatment 
and intravenous inoculation of NPM1-TCR or CMV-
TCR CD8+T cells on day 15 (figure  2A). Compound 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 21, 2025
 

h
ttp

://jitc.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 S

ep
tem

b
er 2024. 

10.1136/jitc-2023-008654 o
n

 
J Im

m
u

n
o

th
er C

an
cer: first p

u
b

lish
ed

 as 

https://dx.doi.org/10.1136/jitc-2023-008654
https://dx.doi.org/10.1136/jitc-2023-008654
https://dx.doi.org/10.1136/jitc-2023-008654
https://dx.doi.org/10.1136/jitc-2023-008654
https://dx.doi.org/10.1136/jitc-2023-008654
https://dx.doi.org/10.1136/jitc-2023-008654
https://dx.doi.org/10.1136/jitc-2023-008654
http://jitc.bmj.com/


3Kroonen JS, et al. J Immunother Cancer 2024;12:e008654. doi:10.1136/jitc-2023-008654

Open access

treatment was continued biweekly. NPM1-TCR therapy 
combined with 5-Aza-2’ and TAK981 (“triple” therapy) 
demonstrated a striking better antitumor effect in the 
OCI-AML3 xenograft model compared with single and 
double treatments (figure  2B–D, online supplemental 
figure 2D). The reduction in tumor outgrowth obtained 
with the triple combination therapy was preserved for 

over 40 days in half of the mice after cessation of the drug 
treatment (figure  2C). In contrast, single compound 
treatments did not significantly reduce OCI-AML3 tumor 
outgrowth (figure  2B, online supplemental figure 2A). 
TAK981 significantly potentiated NPM1-TCR therapy, 
whereas TAK981 treatment had no benefit over control 
therapy (figure 2D, online supplemental figure 2B). The 

Figure 1  TAK981 and 5-Aza-2’ synergistically reduce OCI-AML3 viability. (A) Mode of action of hypomethylation drug 5-Aza-
2’-deoxycytidine. 5-Aza-2’ incorporates into the DNA and entraps DNA methyl transferase 1 (DNMT1). Trapped DNTM1 is 
SUMOylated and degraded by the proteasome. (B) OCI-AML3 cell viability is shown after 4 days of 5-Aza-2’ treatment (0.025–
20 µM) or control DMSO 0.01% treatment. IC50 was calculated with GraphPad Prism V.9.3.1 (n=3). (C) OCI-AML3 cell viability 
after 4 days of TAK981 treatment (0.0001–0.1 µM) or control DMSO 0.01% treatment. IC50 was calculated with GraphPad Prism 
V.9.3.1 (n=3). (D) OCI-AML3 cell viability after 4 days of combination treatment with dose-response range of 5-Aza-2’ combined 
with 10 nM of TAK981. Excess overbliss calculations of single 5-Aza-2’ doses versus 5-Aza-2’ doses with 10 nM TAK981 are 
provided to show drug synergy.
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combination of 5-Aza-2’ with NPM1-TCR therapy was 
additive (figure 2D, online supplemental figure 2C). The 
prolonged tumor reduction with combination therapies 
suggests prolonged and/or heightened effectivity of the 
T cells in combination with 5-Aza-2’ and TAK981.

To investigate whether the efficacy of the triple therapy 
was not restricted to the NPM1 specificity of the TCR, we 
repeated the experiment with a similar dosing regimen 
but with another antigen specificity of the TCR-modified 
CD8+T cells (online supplemental figure 2F). OCI-AML3 

Figure 2  NPM1-TCR CD8+T cell antitumor efficacy is enhanced by 5-Aza-2’ and TAK981 in vivo. (A) Timeline of in vivo 
experiment. Luciferase-expressing OCI-AML3 cells (1×10∧6) were injected intravenously into the tail vein of NSG mice and 
engrafted for 10 days. Tumor volume was measured by IVIS. At day 10 treatment was started. Two rounds of the drug treatment 
with TAK981 (25 mg/kg) and/or 5-Aza-2’ (2.5 mg/kg) were carried out. Subsequently, NPM1-TCR or CMV-TCR CD8+T cells 
(3×10∧6) were intravenously injected on day 15. Biweekly drug treatments were continued until day 50 post-tumor injection. 
(B) OCI-AML3 tumor outgrowth average per group (n=6/7), control group consisted of 20% (2-hydroxypropyl)-ß-cyclodextrin 
(HPBCD) buffer (n=3) and CD8+CMV TCR (n=3), which both fail to inhibit tumor outgrowth as shown in online supplemental 
figure 2E. Relative bioluminescent signal (BLI photons/sec/cm2/r) per mouse at day 10 is shown. (C) Survival curves for each 
group from B. The spaced line at day 50 indicates the end of the drug treatment. (D) Average OCI-AML3-Luc tumor outgrowth 
per group (n=6) ratio to bioluminescent (BLI photons/sec/cm2/r) signal per mouse at day 10. Graphs represent the time point 
when all mice were present in the experiment. A selection of groups from (B) containing at least NPM1-TCR as therapy are 
shown. One-way analysis of variance analysis was performed for tumor signals at day 35, in GraphPad Prism V.9.3.1. TCR, T-
cell receptor.
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(HLA-A*02:01+HA2+) engrafted NSG mice were treated 
with a suboptimal dose of HA2-TCR CD8+T cells specific 
for the HA2 minor histocompatibility antigen in the 
context of HLA-A*02:01.25 Treatment of OCI-AML3 
engrafted NSG mice with the HA2-TCR CD8+T cells alone 
did not reduce OCI-AML3 outgrowth (online supple-
mental figure 2G). TAK981 alone could not potentiate 
the HA2-TCR T cells and 5-Aza-2’ gave some reduction 
of the tumor outgrowth. In contrast, combining HA2-
TCR therapy with both drugs showed a major reduction 
in OCI-AML3 outgrowth, underlining the efficacy of the 
triple therapy (online supplemental figure 2G).

To further strengthen our findings, we investigated 
whether the efficacy of the triple therapy was not 
restricted to AML but could be extended to other hema-
tological malignancies. For this purpose, we employed an 
MM xenograft model with luciferase transduced U266 
cells (HLA-A*02:01+, HLA-B*07:02+, BOB1+, MAGE-
A1+) targeted by an HLA-B*07:02 restricted BOB1-TCR26 
or HLA-A*02:01 restricted MAGE-A1-TCR.5 Single 
compound treatment as well as a combination of both 
5-Aza-2’ and TAK981 had no effect on U266 outgrowth 
(online supplemental figure 3A), comparable to the poor 
effect on OCI-AML3 (figure 2B and online supplemental 
figure 2A). We then treated MM-engrafted NSG mice with 
suboptimal doses of BOB1-TCR or MAGE-A1-TCR T cells 
to investigate increased efficacy with TAK981 or 5-Aza-2’, 
or both. Treatment with low numbers of BOB1-TCR T 
cells alone did not reduce U266 outgrowth. Combination 
with TAK981 alone could also not potentiate the TCR effi-
cacy as a single compound. However, a combination of 
both drugs with TCR therapy caused clear tumor reduc-
tion (online supplemental figure 3B). Treatment with 
MAGE-A1-TCR T cells reduced U266 outgrowth in vivo. 
Additional treatment with TAK981 or 5-Aza-2’ did poten-
tiate the T-cell therapy (online supplemental figure 3C). 
Once more, the triple combination gave an even faster 
and larger reduction in tumor outgrowth compared 
with the dual combinations. These results demonstrate 
the strength of the triple therapy. Boosting TCR therapy 
with single compounds partially depends on the poten-
tial of TCR T cells towards the tumor. TAK981 can poten-
tiate TCR therapy only when CD8+T cells show initial 
effectivity.

Immunomodulatory effect of TAK981 and 5-Aza-2’ on CD8+ T 
cells
Next, we investigated the immunomodulatory properties 
of both drugs on the T cells in vitro. Activated CD8+T cells 
were treated overnight with low concentrations of TAK981 
and/or 5-Aza-2’, after which expression of different cyto-
kine signaling and cytolytic pathways were measured. 
We measured interferon, interleukin and cytolytic mole-
cule signaling at the transcriptional level via quantitative 
PCR analysis. Combining low doses of TAK981 (10 nM) 
and 5-Aza-2’ (25 nM) increased transcription of both 
type I (IFN-α and IFN-β) and type II interferon (IFN-
γ), IFN-stimulated genes and transcription factors, and 

transcription of interleukins (figure 3A). 10-fold higher 
dosage of TAK981 single treatment induces transcription 
of IFN-related genes as expected (online supplemental 
figure 4A).17 18 We observed that 100 nM TAK981 (online 
supplemental figure 4A) resulted in substantially higher 
expression of IFN and IFN-related genes compared with 
10 nM TAK981 (figure 3A). Furthermore, 10-fold higher 
dosage of 5-Aza-2’ (250 nM) induces transcription of cyto-
lytic molecule granzyme B.11 A combination of a higher 
dosages of TAK981 and 5-Aza-2’ did not lead to a proper 
readout due to cytotoxic effects (online supplemental 
figure 4D). We use subcytotoxic dosage of 5-Aza-2’ for the 
combination treatment to realize induction of cytokine 
transcription (figure 3A).

Subsequently, we investigated whether TAK981 and 
5-Aza-2’ enhance the reactivity of NPM1-TCR CD8+T 
cells towards OCI-AML3 cells in vitro, since NPM1-TCR 
CD8+T cells recognize the mutated neoantigen NPM1 in 
the context of HLA-A*02:01 that are both expressed by 
OCI-AML3 cells.3 OCI-AML3 or NPM1-TCR CD8+T cells 
were pretreated for 4 days with 10 nM TAK981 and/or 
25 nM 5-Aza-2’ or DMSO 0.01% as control. Drug-treated 
OCI-AML3 or NPM1-TCR CD8+T cells were co-cultured 
with untreated NPM1-TCR CD8+T cells or OCI-AML3 
cells overnight (figure  3B). Pretreatment of OCI-AML3 
target cells did not lead to a significant increase in 
IFN-γ production (figure  3C), whereas pretreatment of 
NPM1-TCR CD8+T cells with TAK981 potentiated reac-
tivity of T cells towards OCI-AML3 targets cells, IFN-γ 
production doubled compared with DMSO control 
(figure 3D, online supplemental figure 4B). Combining 
pretreated NPM1-TCR CD8+T cells and pretreated OCI-
AML3 cells showed that mainly SUMOylation inhibition 
is responsible for the induction of IFN-γ in vitro (online 
supplemental figure 4E, F). Taken together, our data 
show that subcytotoxic dosage of 5-Aza-2’ combined with 
the regular dosage of TAK981 has immunomodulatory 
capacity towards CD8+T cells.

TAK981 and 5-Aza-2’ synergize to induce CD8+ T-cell 
proliferation in vivo
Based on the observation that combination treatment 
enhanced the in vivo responses induced by TCR T cells, 
we hypothesized that combination treatment might affect 
T-cell activation state and/or persistence. To gain insight 
into the effect of TAK981 and 5-Aza-2’ on NPM1-TCR 
CD8+T cell proliferation and persistence in vivo, we 
generated luciferase expressing CD8+T cells. This 
approach allowed us to locate and quantify NPM1-TCR 
CD8+T cells in mice, using a similar experimental setting 
as presented in figure 3. NSG mice were transplanted with 
OCI-AML3 (non-luciferase) cells, treated on days 14 and 
17 with the two drugs and subsequently inoculated with 
NPM1-TCR CD8+Luc T cells at day 18. Drug treatment 
was continued biweekly as indicated. Bioluminescence of 
NPM1-TCR T cells was measured on days 3, 6 and 9 post 
T-cell injection (figure 4A). Strikingly, combining 5-Aza-2’ 
and TAK981 treatment led to a 10-fold higher BLI signal 
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at day 6 compared with the single T-cell treatment or 
double combinations (figure 4B and C). This correlated 
with elevated numbers of CD8+T cells harvested from the 

bone marrow of triple-treated mice (figure 4D). TAK981 
treatment induced a modest increase in NPM1-TCR 
T cells on days 6 and 9. 5-Aza-2’ treatment boosted 

Figure 3  SUMOylation inhibition in combination with hypomethylation activates the interferon pathway, cytokine production 
and cytolytic compound signaling in CD8+T cells. (A) CD8+T cells were isolated from three different healthy donors. CD8+ 
were treated 10 days post stimulation with 10 nM TAK981 and/or 25 nM 5-Aza-2’ or DMSO 0.01% as control overnight. 
mRNA expression levels of IFN-γ, IFN-β, IFN-α, STAT1, IFNAR1, IFIT1, IFITM3, ISG15, ISG56, IRF7, T-bet, TNF-α, granzyme 
B, perforin-1, IL-2, IL-4, IL-5 and IL-10 were measured using quantitative PCR. 18sRNA, SDHA and SRPR were used as 
housekeeping genes. Expression was plotted as a ratio to DMSO 0.01% control, individual per donor (n=3). *p<0.05, **p<0.01, 
***p<0.001, two-way ANOVA compared with DMSO 0.01%, followed by Dunnett multiple comparison correction GraphPad 
Prism V.9.3.1. (B) Experimental co-culture set-up to measure the production of IFN-γ by CD8+T cell on co-culture with OCI-
AML3 target cells. Either CD8+T cells or OCI-AML3 cell were pretreated with TAK981 and/or 5-Aza-2’ pre-overnight co-culture. 
(C) OCI-AML3 target cells were pretreated on days 4 and 1 with 10 nM TAK981 and/or 25 nM 5-Aza-2’. Subsequently, OCI-AML3 
cells were co-cultured overnight with CD8+T cells. Supernatant was harvested and analyzed by IFN-γ ELISA. Five different 
donors were used for the generation of CD8+NPM1 TCR T cells. *p<0.05, two-way ANOVA compared with DMSO 0.01%, 
followed by Fisher’s LSD test, GraphPad Prism V.9.3.1. (D) CD8+T cells were pretreated on days 4 and 1 with 10 nM TAK981 
and/or 25 nM 5-Aza-2’. Subsequently, CD8+T cells were co-cultured with OCI-AML3 cells overnight. Supernatant was harvested 
and analyzed by IFN-γ ELISA. Five different donors were used for the generation of CD8+NPM1 TCR T cells *p<0.05, two-way 
ANOVA compared with DMSO 0.01%, followed by Fisher’s least significant difference test, GraphPad Prism V.9.3.1. ANOVA, 
analysis of variance; IFN, interferon; mRNA, messenger RNA; TCR, T-cell receptor.
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Figure 4  Combination therapy of 5-Aza-2’ and TAK981 potentiate CD8+T cell proliferation in vivo. (A) Time line of in vivo 
experiment. Luciferase expressing NPM1-TCR or CMV-TCR CD8+T cells (3×10∧6) were injected 18 days post OCI-AML3 
(1×10∧6) engraftment. Two times dosing with TAK981 (25 mg/kg) and/or 5-Aza-2’ (2.5 mg/kg) prior to T-cell injection was 
performed and three times following T-cell injection, matching the dosing time to figure 3. Bioluminescence (photons/sec/
cm2/r) was measured at indicated time points on days 3, 6 and 9 post T-cell injection. (B) Raw values of ventral BLI signal 
(photons/sec/cm2/r) for days 3, 6 and 9 are visualized per group. Each dot represents an individual mouse. Differences to 
CD8+NPM1 TCR Luc group were analyzed per time point via two-way analysis of variance (mixed model) followed by Tukey 
multiple comparisons. *p<0.05, **p<0.01 (day 3: n=10 per group, day 6: n=8 per group) (C) Visualization of luciferase transduced 
CD8+T in all mice imaged in figure 4B. Scaling for bioluminescence was kept the same for each time point (Living Image 
Software). Six mice in the NPM1-TCR/TAK981 group reached the humane endpoint. (D) Ratio of CD8+cells per total live cells 
(human and mouse) in bone marrow. (E) Ratio of OCI-AML3 cells per total live cells (human and mouse) in bone marrow. 
Samples were taken from mice depicted in figure 4B, large symbols for mice on day 6 match the ratio OCI-AML3+counts/
total live count for day 7 and large symbols for mice on day 9 match the ratio OCI-AML3+counts/total live count for day 9. Day 
9 samples containing CD8+CMV TCR T cells were not included due to lack of live cells (online supplemental figure 5). Gating 
strategy is shown in online supplemental figure 5A, B. i.v., intravenously; TCR, T-cell receptor.
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NPM1-TCR T cells at an early stage; however, this boost 
was reduced on day 6. On day 9 BLI signal decreased 
again for the NPM1-TCR T cells treated with 5-Aza-2’and 
TAK981, whereas total CD8+T cell count from the bone 
marrow showed persistent elevation (figure 4D). Further-
more, measuring the total OCI-AML3 counts within the 
harvested bone marrow samples confirmed the efficiency 
of the triple therapy (figure 4E).

TAK981 and 5-Aza-2’ synergize to increase in vivo activity of 
NPM1-TCR CD8+ T cells
To gain more insight into the mechanisms underlying 
the efficacy of the triple therapy, we conducted spec-
tral flow cytometry analysis on the bone marrow of 
OCI-AML3 engrafted NSG-mice at several days after 
NPM1-TCR T-cell injection and compound treatment 
(figure 5A). On days 2, 5 and 8 post NPM1-TCR T-cell 
injection, bone marrow was harvested and spectral 
flow cytometry analysis was performed both on the 
NPM1-TCR CD8+T cells (figure  5) and OCI-AML3 
cells (figure 6). Consistent with figure 4 the total T-cell 
counts were highest at day 5 and day 8 in the group 
treated with the combination of 5-Aza-2’ and TAK981 
(figure  5B). In line with this finding, the increase of 
Ki67-positive cells was also most pronounced in mice 
treated with the combination of 5-Aza-2’ and TAK981, 
up to approximately 60% of the T cells were positive for 
Ki67 in this group. In general, the percentage of T cells 
expressing the proliferation marker Ki67 increased in 
all treatment groups at day 5 after infusion, indicating 
antitumor activity. An increase of approximately 20% 
was shown for mice treated with TAK981 or no drug 
treatment and approximately 40% for 5-Aza-2’ treated 
mice (figure  5C). In all groups, the percentage of T 
cells expressing Ki67 dropped at day 8, however in the 
triple treatment group the level of Ki67 expression on 
TCR T cells was still increased compared with day 2. 
Together these findings demonstrate that the combi-
nation of 5-Aza-2’ and TAK981 leads to strong in vivo 
proliferation of transferred tumor targeting TCR T 
cells.

Furthermore, the percentage of interferon tran-
scription factor 1 (IRF1) positive T cells in mice 
treated with 5-Aza-2’ and TAK981 was dramatically 
increased and sustained compared with control or 
single drug treatment. The 5-Aza-2’ single-treatment 
equally increased the percentage of IRF1 positive T 
cells at day 2, however, this effect did not persist to 
later time points (figure 5C).

Interestingly, the NPM1-TCR T cells in triple-treated 
mice showed no increase in early activation/differen-
tiation markers such as ICOS, CD137, CD25, PD-1, 
and LAG3 compared with no or single-drug-treated 
mice (figure  5C). NPM1-TCR T cells in 5-Aza-2’ or 
TAK981 treatment conditions showed increased 
expression of activation markers ICOS, PD-1, LAG3 
and CD137. For 5-Aza-2’ treatment, the expression 
peaked on day 5, whereas for TAK981 treatment 

most activation markers increased till day 8, which 
corresponds with the hypothesis that TAK981 facili-
tates prolonged T-cell activation and persistence, and 
therefore prolonged repression of tumor outgrowth 
as presented in figure  2. In contrast, we show that 
HLA-DR was typically upregulated for a prolonged 
time in the NPM1-TCR T cells of all treatment groups. 
In the triple therapy group, HLA-DR was the earliest 
and highest upregulated, correlating with the largest 
activation response. Taken together, triple therapy 
leads to upregulation of Ki67, IRF1 and HLA-DR, 
whereas early activation and differentiation markers 
were not increased.

TAK981 and 5-Aza-2’ increase immunogenicity of tumor cells
Antigen presentation by HLA class I molecules is vital 
for CD8+T cell recognition of tumor cells. To investigate 
whether 5-Aza-2’, TAK981 or a combination of treatment 
potentiates the T-cell reactivity via changes in HLA class 
I expression as well as adhesion and co-inhibitory or 
co-stimulatory molecules, we analyzed OCI-AML3 tumor 
cells from the bone marrow of NSG mice by spectral 
flow cytometry. Bone marrow was harvested 18 days post 
engraftment after three rounds of treatment (figure 6A). 
Tumor cell surface molecules involved in the interac-
tion between T cell and tumor cell were investigated 
(figure 6B). TAK981 and 5-Aza-2’ single or combination 
treatments all induced upregulation of HLA class I and 
co-stimulatory ligand CD86, which was most prominent 
in the triple treatment. Adhesion molecules CD54 and 
CD58 were not changed or slightly downregulated on 
the different treatments. Interestingly, programmed cell 
death 1 ligand 1 (PD-L1) a key immune checkpoint facil-
itating immune escape, was downregulated on 5-Aza-2’ 
single treatment and even more pronounced in combina-
tion with TAK981 (figure 6B).

Subsequently, we investigated whether the interaction 
with the TCR CD8+T cells would influence HLA class I 
molecule and PD-L1 expression on OCI-AML3 cells. Mice 
were drug treated two times prior to T-cell injection, and 
on days 2, 5 and 8 post NPM1-TCR T-cell injection, bone 
marrow was harvested and spectral flow cytometry anal-
ysis was performed on the OCI-AML3 cells (figure 6C). 
At day 2 after T-cell infusion the expression of HLA class 
I, ki67 and PD-L1 on the OCI-AML3 (figure 6D) resemble 
the expression as measured without infusion of the T cells 
(figure 6B). HLA class I upregulation at day 2 was most 
prominently observed for the triple treatment, and PD-L1 
downregulation was also most prominently observed in 
the triple therapy (figure 6D). Treatment with 5-Aza-2’ in 
the presence of T cells also resulted in an increase in ki67 
in the OCI-AML3 tumor cells. At day 5 after T-cell infu-
sion HLA class I cell surface expression on the OCI-AML3 
was further upregulated in the presence of NPM1-TCR 
T cells treated in vivo with TAK981 (figure 6D). Due to 
treatment efficiency, no OCI-AML3 cells were left for 
analysis in the triple combination group on days 5 and 
8 after T-cell infusion. In accordance, single-cell gene 
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Figure 5  SUMOylation inhibition enhances NPM1-TCR CD8+T cell activation and in combination with 5-Aza-2’ increases 
proliferation in vivo.(A) Timeline of in vivo experiment; NSG-mice were engrafted with OCI-AML3 cells for 14 days followed 
by treatment with 25 mg/kg TAK981 and/or 2.5 mg/kg 5-Aza-2’ or with a buffer control on the indicated days. NPM1-TCR 
CD8+T cells were injected on day 15 post OCI-AML3 engraftment. Harvesting of bone marrow occurred on days 2, 5 or 8 post 
inoculation with the NPM1-TCR CD8+Luc T cells and analyzed with spectral flow cytometry. n=4 per group for day 2, n=3 per 
group for day 5 and 8. (B) Ratio of CD8+count/total live (human and mouse) count in bone marrow. Samples were used for 
marker analysis (figure 5C) of CD8+NPM1 TCR Luc T cells and OCI-AML3 cells. (C) Bar-graphs represents the percentage of 
Ki67, IRF1, CD137, PD-1, CD25, HLA-DR, ICOS and LAG3 positive NPM1-TCR CD8+T cells from bone marrow as described in 
figure 5A. Differences between control (CD8+NPM1 TCR) and treated groups per day were calculated via two-way analysis of 
variance followed by Dunnett multiple comparison *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. i.v., intravenously; TCR, T-cell 
receptor.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

E
rasm

u
sh

o
g

esch
o

o
l

at D
ep

artm
en

t G
E

Z
-L

T
A

 
o

n
 M

ay 21, 2025
 

h
ttp

://jitc.b
m

j.co
m

/
D

o
w

n
lo

ad
ed

 fro
m

 
26 S

ep
tem

b
er 2024. 

10.1136/jitc-2023-008654 o
n

 
J Im

m
u

n
o

th
er C

an
cer: first p

u
b

lish
ed

 as 

http://jitc.bmj.com/


10 Kroonen JS, et al. J Immunother Cancer 2024;12:e008654. doi:10.1136/jitc-2023-008654

Open access�

Figure 6  SUMOylation inhibition and 5-Aza-2’ improve immunogenicity of tumor cells. (A) Timeline of in vivo experiment; NSG-
mice were engrafted with OCI-AML3 cells for 10 days followed by treatment with 25 mg/kg TAK981 and/or 2.5 mg/kg 5-Aza-2’ 
or with a buffer control on the indicated days. Consequently, bone marrow was harvested on day 18 and analyzed with spectral 
flow cytometry. (B) Histogram plots show marker expression of HLA-ABC, CD86, CD58, CD54, Ki67 and PD-L1 on OCI-AML3 
cells. Plots include the average MFI signal per group. Control (n=4), 5-Aza-2’(n=4), TAK981 (n=4), TAK981 and 5-Aza-2’ (n=2). 
Samples were removed from analysis if insufficient OCI-AML3 cells were present total count <1000. Gating strategy is shown in 
online supplemental figure 6. (C) Timeline of in vivo experiment; OCI-AML3 cells were engrafted for 10 days in NSG-mice. Mice 
were treated with 25 mg/kg TAK981 and/or 2.5 mg/kg 5-Aza-2’ or with a buffer control on indicated days. NPM1-TCR CD8+T 
cells were injected on day 15 post OCI-AML3 engraftment. OCI-AML3 cells were analyzed from bone marrow harvested on 
days 2, 5 or 8 post injection with the NPM1-TCR CD8+Luc T cells via spectral flow cytometry. (D) Histogram plots show marker 
expression of HLA-A2, Ki67 and programmed cell death 1 ligand 1 (PD-L1) on OCI-AML3 cells from mice also inoculated with 
NPM1-TCR CD8+T cells. Plots include the average Mean Fluorescence Intensity (MFI) signal per group. Samples were removed 
from analysis if insufficient OCI-AML3 cells were present in sample, indicating a total count of cells <300 for day 2 samples 
and <1000 for day 5 and 8 samples. Gating strategy is shown in online supplemental figure 6. i.v., intravenously; TCR, T-cell 
receptor.
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expression analysis of tumor cells OCI-AML3 xeno-
grafts treated with NPM1-TCR T cells in the presence 
or absence of 5-Aza-2’ and/or TAK981 (figure 7A) also 
indicated additional upregulation of MHC molecules in 
treatment groups (figure 7B). Furthermore, a cluster of 
proliferative markers was found to be upregulated in the 
OCI-AML3 cells in the triple therapy group.27

Taken together, 5-Aza-2’ and TAK981 regulate the 
expression of multiple different cell surface molecules 
thereby increasing the immunogenicity of tumor cells. 
Combined, these results provide insight into the poten-
tial molecular mechanism underlying the improved effi-
cacy of TCR therapy by 5-Aza-2’ and TAK981.

DISCUSSION
In this study, we evaluated a novel drug combination to 
augment TCR T-cell therapy. Excitingly, combining TCR 
T-cell therapy with the SUMO E1 inhibitor TAK981 and 
the DNA methylation inhibitor 5-Aza-2’ resulted in strong 
antitumor activity against two in vivo tumor models of 
hematological malignancies using four engineered TCR 
T-cell specificities. We uncovered that the drug combi-
nation caused strong TCR T-cell proliferation in vivo. 
In addition, the drug combination increased cytokine 
signaling in T cells, and reduced differentiation towards 
exhausted phenotype, while simultaneously increasing 
the immunogenicity of the tumor by increasing HLA and 
co-stimulation but lowering inhibitory ligand expression.

Sustained cytokine signaling, ongoing proliferation, 
and reduced exhaustion of tumor-targeting T cells is a 
unique signature of this therapy. The proliferation of T 
cells and active IFN signaling are thought to be mutu-
ally exclusive because of the antiproliferative effect of 
IFN,28 however, the drug combination induced a more 
than 10-fold increase in luciferase signal and CD8+T cell 
numbers at the peak of the antitumor immune response 
in vivo.

Both compounds contribute distinctively to the therapy 
efficacy. SUMOylation is known to block IFN transcrip-
tion29 30; consequently, SUMOylation inhibition by 
TAK981 enhances cytokine production in T cells. This 
is consistent with recent findings that TAK981 enhances 
T-cell IFN transcription and production,17–19 providing 
a mechanistic explanation for the positive effect of 
TAK981 on CD8+T cell activation in vivo. TAK981 effi-
cacy is fully dependent on the presence of T cells, since 
single compound TAK981 treatment did not block tumor 
growth. Ex vivo evaluation of T-cell phenotype showed 
reduced upregulation of early and late activation markers 
over time, with the exception of HLA-DR, resulting in 
reduced differentiation towards the exhausted pheno-
type of T cells. Hypomethylation via 5-Aza-2’ treatment 
results in additional removal of transcriptional blockage 
resulting in increased cytolytic compound production 
and in combination with TAK981 overall increase cyto-
kine signaling.

Figure 7  Single-cell sequencing of OCI-AML3 tumor cells from OCI-AML3 xenograft model. (A) Timeline of in vivo experiment; 
OCI-AML3 cells were engrafted for 10 days in NSG-mice. Mice were treated with 25 mg/kg TAK981 and/or 2.5 mg/kg 5-Aza-2’ 
or with a buffer control on indicated days. NPM1-TCR CD8+T cells were injected on day 15 post OCI-AML3 engraftment. OCI-
AML3 cells were harvested from bone marrow 2 days post injection with the NPM1-TCR CD8+Luc T cells and sent for single-cell 
sequencing. (B) Expression dotplot of single-cell sequencing data obtained from mouse bone marrow implanted with OCI-AML3 
cells following treatments indicated in A. Genes for proliferation, MHC expression, cell surface and checkpoint are displayed. 
i.v., intravenously; MHC, major histocompatibility complex; RNA-seq, RNA sequencing; TCR, T-cell receptor.
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Furthermore, induction of MHC I cell surface expres-
sion is observed on treatment of OCI-AML3 with 5-Aza-2’ 
and TAK981 in the absence of T cells, whereas single treat-
ment only marginally increased MHC I. In contrast, in the 
presence of T cells a large increase in MHC I cell surface 
expression was observed in an early response to 5-Aza-2’ 
2 days post T cells, whereas MHC I cell surface expression 
peaked 5 days after T-cell injection in response to TAK981 
treatment. This is compatible with a slower but prolonged 
activation of TAK981 treatment compared with 5-Aza-
2’, and suggests that IFN production by T cells strongly 
contributes to MHC I upregulation on tumor cells. Our 
data on MHC I regulation corresponds with recent liter-
ature,20 where it has been shown that active SUMO has 
repressive effects on MHC I cell surface expression. In 
addition, it was found previously that hypomethylation 
of antigen presentation complex (APC)-related genes 
by 5-Aza-2’ enhanced antigen presentation on tumor 
cells.12 31 Increased expression of APC machinery is not 
restricted to the MHC molecules but extends to CD86 
co-stimulatory ligand. It has to be noted that CD54 was not 
upregulated in our ex vivo analysis after either 5-Aza-2’ or 
TAK981 single treatment, in contrast to literature.12 Inter-
estingly, PD-L1 inhibitory ligand was downregulated early 
after 5-Aza-2’ treatment, and combined drug treatment 
even downregulated PD-L1 expression more drastically, 
potentially reducing immune checkpoint signaling. This 
is in contrast with literature where 5-Aza-2’ treatment 
upregulated PD-L1 expression,32 33 which potentially 
could be explained by differences in dosage. Combined, 
these drugs mutually support the increased tumor-
targeting potential of TCR therapy. Our data suggest that 
the “triple therapy” supports effective antitumor activity 
in a persistent manner, and reduces T-cell overactiva-
tion and differentiation towards exhausted phenotype. 
SUMO is reported to play a role in inducing exhaustion 
via aryl hydrocarbon receptor stability, whereas inhibition 
of SUMO leads to degradation of the aryl hydrocarbon 
receptor and consequently a decrease in exhaustion via 
this protein.34 Naturally, T-cell exhaustion is a complex 
process,35 and further research has to establish the full 
scale of mechanisms involved regarding T-cell immune 
responses and comprehend in vivo consequences of 
5-Aza-2’ and TAK981 treatment, in a dosage and cancer 
type-specific manner.

To fully understand the mechanisms underlying triple 
therapy efficacy, more research has to be conducted. Molec-
ular understanding of the combinatorial efficacy of both 
compounds on TCR T-cell persistence, proliferation and 
activation and on tumor immunogenicity will be essential 
to further develop this therapeutic strategy. Extending the 
single-cell RNA sequencing with T cells harvested from the 
bone marrow was not successful. T-cell yield was very low, 
resulting in an insufficient number of T cells for proper 
single-cell analysis. Future efforts improving this technique 
would help in deep understanding of the pathways at play, 
extending our knowledge beyond the marker analysis 
for T cells and tumor cells presented here. In addition, 

investigating the epigenetic profile of T cells on TAK981 
and 5-Aza-2’ treatment would create more insight in among 
others T-cell exhaustion mechanisms. SUMOylation and 
methylation are both important players in the regulation of 
gene transcription and therefore TAK981 and 5-Aza-2’ are 
interesting epigenetic modulation compounds.

Furthermore, it is important to study the most optimal 
dosing regimen of the three components of the triple therapy. 
5-Aza-2’ and TAK981 display distinct functions within our 
therapy. It would be worthwhile to investigate pretreating 
the tumor with 5-Aza-2’ only, or employing single 5-Aza-2’ 
drug treatment post TCR T-cell injection once, followed 
by continuous treatment with TAK981. This strategy might 
limit the toxicity of 5-Aza-2’ on rapidly proliferating T cells, 
while prolonged TAK981 treatment might still enhance the 
persistence of the TCR T cells.

Here, we already show the effectiveness of the triple 
therapy for two tumor types, each targeted by two different 
TCR T cells. Future research should address to what extent 
our findings can be extended to other target specificities 
and malignancies. It is especially challenging to treat solid 
“cold” tumors that are often less susceptible to T-cell therapy. 
Enhancement of T-cell proliferation and persistence and 
increasing the immunogenicity of the tumors are important 
features that might enable overcoming immunosuppressive 
tumor microenvironments.1 36

We provide evidence for a novel strategy to enhance TCR 
therapy with subcytotoxic dosing of 5-Aza-2’ and regular 
dosing of TAK981. In summary, SUMOylation inhibition 
via TAK981 in combination with 5-Aza-2’ synergizes to 
enhance cellular immunotherapy by altering transcriptional 
regulation of CD8+T cells, increasing cytokine production 
including IFNs indicating increased activation, whereas the 
differentiation towards an exhausted phenotype is reduced. 
Moreover, the immunogenicity of tumor cells is markedly 
increased. Combining TCR T-cell therapy with TAK981 and 
5-Aza-2’ represents an important step towards improved clin-
ical outcome.
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