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Abstract

NUT carcinoma (NC) is a rare exceptionally aggressive malignancy, defined by NUTM1
gene translocations, most commonly generating a BRD4:NUTM1 fusion that results in
a poor prognosis and limited therapeutic options. Oncolytic virotherapy has emerged
as a promising strategy for NC, and the dual bromodomain and extra-terminal domain
(BET) and p300/CBP inhibitor NEO2734 has demonstrated potent antiproliferative activity.
To investigate multimodal therapeutic approaches that combine epigenetic modulation
with immunogenic and cytotoxic effects of oncolytic viruses (OVs), we evaluated two
recombinant OVs, including the herpes simplex virus talimogene laherparepvec (T-VEC)
and a measles vaccine virus (MeV-GFP), in combination with NEO2734 in four distinct NC
cell lines. Viability assays revealed enhanced tumor cell reduction with all combinations,
including synergistic effects with T-VEC combinations. Cell cycle analysis showed G1 arrest
with NEO2734 alone, whereas its combination with T-VEC resulted in S-phase broadening
and reduced G2-phase populations, consistent with replicative stress and increased cyto-
toxicity. Evaluation of immunogenic cell death (ICD) markers displayed elevated ATP and
HMGBI levels and increased surface calreticulin with T-VEC and NEO2734 combinations.
Overall, these findings indicate that combining OVs with BET/p300 inhibitors elicits potent
antitumor responses, supports synergistic interactions and immunogenicity, and warrants
further investigation in multimodal therapeutic strategies for NC.

Keywords: NUT carcinoma; oncolytic viruses; virotherapy; talimogene laherparepvec;
T-VEC; MeV-GFP; BET /p300 inhibitor; NEO2734; immunogenic cell death

1. Introduction

NUT (nuclear-protein-in-testis) carcinoma (NC) is an extremely rare, highly aggressive,
and underdiagnosed squamous tumor that can affect any part of the body, particularly the
head and neck region, the mediastinum and the lungs [1-4]. The disease primarily affects
young adults with a median age of onset around 23.6 years [4,5].

NC arises from a single somatic gene translocation that fuses the NUTM1 (NUT
midline carcinoma family member 1) gene with various partner genes, in approximately
75% of cases with BRD4 [3], followed by BRD3 [6] (bromodomain containing protein 4 or 3)
or NSD3 (nuclear receptor binding SET domain protein 3) [7]. This fusion generates aberrant
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NUT fusion oncoproteins, which are associated with the recruitment and activation of p300,
a histone acetyltransferase. The p300-mediated hyperacetylation of histones promotes
their interaction with BET (bromodomain and extraterminal domain) proteins such as
BRD4 [8,9]. Consequently, extensive hyperacetylated chromatin megadomains are formed,
driving strong upregulation of transcription factors like MYC, SOX12, and TP63, thereby
promoting cell proliferation while blocking terminal differentiation [10-13].

Surgical resection, radiotherapy, and polychemotherapy represent current therapeutic
approaches [14-17]. However, their impact on the overall survival (OS) is limited, as the
median OS in NC patients remains only six to seven months [4,18].

New treatment strategies include immune checkpoint inhibitors (ICIs) used in a few
reported cases, often employed in combination with chemotherapy or radiotherapy [19,20].
The observed responses are mostly transient, as NCs often display low PD-L1 expres-
sion, a low tumor mutation burden (TMB), and a “cold” tumor microenvironment (TME).
Nevertheless, some cases suggest therapeutic potential [19,21-25].

Furthermore, RNA interference-based approaches and CRISPR-Cas9 gene editing
have shown promise in preclinical NC models, although clinical translation has not yet
followed [26-28].

Current research also focuses on the therapeutic application of small-molecule in-
hibitors (SMls), including BET, p300, CDK9 or CDK4/6 inhibitors as well as histone
deacetylase inhibitors (HDACis), as these specifically target epigenetic and transcriptional
effects of the NUTM]1 fusion [12,29-31]. Yet, BET inhibitors demonstrated only limited
efficacy in clinical studies, with modest response rates and the development of drug re-
sistance [12,31-34]. Interestingly, combinatorial SMI approaches have shown synergistic
tumor regression, as well as enhanced differentiation in both in vivo and in vitro mod-
els [12,29,30,35]. Among these, the dual p300/CBP and BET inhibitor NEO2734 exhibited
markedly stronger tumor regression and improved survival in preclinical studies for NC
compared with monotherapies [36]. This inhibitor is currently being investigated in a clini-
cal trial in patients with advanced solid tumors as well as with hematological malignancies
(NCT05488548).

Oncolytic virotherapy is another promising therapeutic approach for the treatment of
NCs. Oncolytic viruses (OVs) selectively infect tumor cells by exploiting dysregulated signal-
ing pathways, including impaired antiviral defense mechanisms resulting from tumorigenesis,
while sparing healthy cells [37-39]. OVs further initiate immunogenic cell death (ICD), which
relies on the antigenicity of neoantigen epitopes and the adjuvant effect provided by specific
damage-associated molecular patterns (DAMPS) such as ATP and HMGBI (high mobility
group box 1) release as well as elevated calreticulin (CALR) cell surface expression [40].
These signals promote antigen presentation, activate T cells, and support the recruitment of
additional immune cells into the tumor microenvironment [37,41,42].

It has already been demonstrated that T-VEC efficiently infects NC cell lines in vitro
and causes pronounced cytotoxic effects [43]. Preclinical studies also indicate that combin-
ing T-VEC with BET inhibitors or other SMIs further enhances its antitumor efficacy [43,44].
Initial clinical observations come from a single case report in which the combination of
T-VEC and an ICI (pembrolizumab) in addition to standard therapy in a NC patient led
to tumor stabilization and an improvement in the patient’s quality of life [45]. These
observations underscore the possibility that OVs could achieve therapeutic value in multi-
modal approaches.

This study aimed to identify promising OV and NEO2734 combination therapies
for NC by evaluating synergistic effects on cell viability and cell cycle state. Further, the
hypothesis that NEO2734 influences OV-mediated ICD was studied.
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In this light, we investigated a multicomponent approach involving the combination
of the dual inhibitor NEO2734 with two different OVs. A recombinant measles vaccine
virus (MeV-GFP), derived from the Mérieux strain, was employed based on preclinical
evidence of its selective tumor tropism and oncolytic activity across diverse solid tumor
models [46—48]. In addition, talimogene laherparepvec (T-VEC), a genome-edited herpes
simplex virus approved by the US Food and Drug Administration (FDA) in 2015 for the
treatment of unresectable metastatic melanoma, was included [49]. Monotherapies and
combinatorial therapies were screened for potential synergisms in a panel of four NC cell
lines by viability assays. Further, the influence of those combinations on the cell cycle
state was studied. After identifying NEO2734 and T-VEC as a promising OV and SMI
combination, the influence of this combinatorial treatment on ICD was assessed.

2. Materials and Methods
2.1. NUT Carcinoma Cell Lines

The NUT carcinoma cell lines 143100, HCC2429, and 690100, which all carry
BRD4:NUTM]1 fusions, were kindly provided by Prof. Jens Siveke’s group at the Uni-
versity Hospital Essen, Germany. The SNU-3178S cell line, carrying a BRD3:NUTM1
fusion, was purchased from the Korean Cell Line Bank (Seoul National University College
of Medicine, Seoul, Korea). All cell lines were cultured in Dulbecco’s modified eagle’s
medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) in 75 cm? flasks and incubated at 37 °C in
a humidified atmosphere with 5% CO,. Experiments were performed using cells at low to
intermediate passage numbers (passages 10-30). For the respective experiments, the cells
were seeded in 6-, 24-, or 96-well plates.

2.2. Oncolytic Viruses

Two different OV constructs were used in this study. MeV-GFP, based on a commer-
cially available monovalent measles virus vaccine (Mérieux strain; Sanofi-Pasteur, Leimen,
Germany), was modified by inserting a gene that encodes for green fluorescent protein
(GFP) as a reporter gene, as described by Berchtold et al. (2013) [46].

The modified herpes simplex virus type 1 (HSV-1) talimogene laherparepvec (T-VEC)
was purchased as Imlygic® from the pharmacy of the University Hospital Tiibingen (Tiibin-
gen, Germany). In T-VEC, the ICP34.5 and ICP47 genes were deleted to improve tumor
selectivity, and a GM-CSF encoding gene was inserted to enhance the antitumor immune
response [50].

2.3. Combinatorial Treatment of Oncolytic Viruses with NEO2734

For viral infection, multiplicities of infection (MOls) were selected based on prelimi-
nary experiments to achieve 50-80% cell viability at 72 h post infection (hpi; Table S2). Virus
stocks were thawed on ice; T-VEC was additionally sonicated for 30 s at 4 °C. MOIs were
prepared in the following media: MeV-GFP in OptiMEM (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) and T-VEC in DMEM supplemented with penicillin/streptomycin.

Cells were seeded 24 h prior to viral infection in DMEM with 10% FBS (2 mL/well
for 6-well plates, 500 uL/well for 24-well plates, and 150 uL/well for 96-well plates). For
infection, the culture medium was removed from the 6- and 24-well plates and replaced
with 250 pL (24-well) or 1 mL (6-well) of infection medium. In the 96-well plates, 50 uL
infection medium was added. Mock controls and wells assigned to NEO2734 treatment
(Selleckchem, Miinchen, Germany) received the respective dilution medium without virus.
T-VEC infected cells were incubated for 1 h, whereas MeV-GFP required 3 h. The infection
medium was then replaced with cell culture media in the 6- and 24-well plates, whereas
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an additional 50 pL of culture medium was added to the 96-well plates. Cells designated
for NEO2734 treatment, alone or in combination with OVs, received ICps (inhibitory
concentration 25) or ICsy concentrations of NEO2734 determined in previous experiments,
diluted in the same medium. Cells were subsequently incubated for 72 h (24- and 96-well
plates) or 48 h (6-well plates).

2.4. Microscopy

Cell morphology, virus spread, and cell death were documented using a Leica DMi8
phase contrast and fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
Data acquisition was performed using Leica Application Suite X 3.7.2.22383 software.
Fluorescence was recorded using a GFP filter set for MeV-GFP, whereas phase contrast
imaging was performed for T-VEC and the dual inhibitor NEO2734.

2.5. Sulforhodamine B Cell Viability Assay

NC cell lines were seeded in 24-well plates for sulforhodamine B (SRB) cell viability
assays. At 72 hpt (hours post treatment), the cells were washed with ice cold phosphate
buffered saline (PBS; Sigma-Aldrich, St. Louis, MO, USA) and fixed with 10% trichloroacetic
acid (TCA; Carl Roth, Karlsruhe, Germany) at 4 °C for at least 30 min. Next, wells were
rinsed with water and dried at 40 °C. Fixed cells were stained with 0.4% SRB in 1% acetic
acid for 15 min, washed with 1% acetic acid, and dried at 40 °C for at least 3 h. Dye was
solubilized with 10 mM Tris (pH 10.5; Carl Roth, Karlsruhe, Germany) for 10 min, and the
samples were transferred to 96-well plates in duplicates. The absorbance was measured
in technical duplicates using a Tecan Genios Plus Microplate Reader (Tecan, Mannedorf,
Switzerland) at 564 nm.

2.6. Cell Cycle Analysis by Flow Cytometry

Cell cycle distribution was assessed by propidium iodide (PI; Thermo Fisher Scientific,
Waltham, MA, USA) staining and flow cytometry. Cells were seeded in 6-well plates, treated
24 h afterwards, and harvested 48 hpt. After washing with PBS, the cells were detached
with Accutase (Sigma-Aldrich, St. Louis, MO, USA), collected, and fixed in 70% ethanol
at 4 °C for at least 1 h. The fixed cells were then washed twice with FACS buffer (PBS,
2% FBS, 2 mM EDTA (Lonza, Basel, Switzerland)). Next, approximately 1 — 2 x 10° cells
were treated with RNAse (final concentration of 100 pug/mL; Biozym Scientific, Hessisch
Oldendorf, Germany) for 15 min at room temperature (RT). Then, the cells were stained
with PI (50 pg/mL) for 15 min in the dark at RT. The samples were analyzed using an
Attune NxT flow cytometer (Thermo Fisher Scientific, Waltham, MA, USA) with 488 nm
excitation and 574 nm emission. All flow cytometry data were analyzed using Flow]o v.10
software (Flow]Jo, Ashland, OR, USA). The gating strategies are shown in Figure 54.

2.7. CellTiter-Glo® Luminescence Cell Viability Assay

Extracellular ATP was quantified using a modified CellTiter-Glo® luminescent cell
viability assay (Promega, Madison, WI, USA, G7571) adapted from the manufacturer’s
protocol [51]. The cells were seeded in 24-well plates and treated as described above. At
66 hpt (six hours before the end of treatment), the medium was replaced with serum-free
DMEM, as serum may contain ATPases that could interfere with ATP measurement. After
another 6 h (at 72 hpt), cell-culture supernatants were collected, vortexed, and centrifuged
(12,100% g for 5 min). A total of 100 uL supernatant was transferred to opaque-walled
96-well plates; DMEM served as the background control. CellTiter-Glo® reagent was added
1:1, plates were shaken for 2 min and incubated for 10 min, and the luminescence was
recorded using a Synergy HT microplate reader and Gen5.11 software (BioTek Instruments,
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Winooski, VT, USA) with a gain setting of 135. All measurements were performed in
technical duplicates.

2.8. Lumit® HMGB1 (Human/Mouse) Immunoassay

HMGBI (high-mobility-group-protein B1) levels in cell-culture supernatants were
quantified using the Lumit® human/mouse immunoassay (Promega, Madison, WI, USA,
W6610). The cells were seeded in opaque-walled 96-well plates with clear bottoms and
treated as described above. At 72 hpt, the supernatant volume in each well was adjusted to
80 uL by removing 170 pL of the initial 250 pL. Then, the HMGB1 levels were determined
following the manufacturer’s instructions [52].

2.9. Quantification of Calreticulin Exposure by Flow Cytometry

Calreticulin exposure on the cell surface was assessed by flow cytometry following
an adapted protocol based on Liu et al. (2020) [53]. Cells were seeded in 6-well plates
and treated 24 h later. Then, 48 hpt, cells and supernatants were collected, detached with
TrypLE Express (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and washed twice
with ice-cold PBS (500x g, 5 min, 4 °C). Cells were then stained with ViaDye™ Violet
(CYTEK Biosciences, Fremont, CA, USA) diluted 1:500 in PBS for 20 min at 4 °C in the
dark, washed and subsequently incubated with Alexa Fluor® 488 anti-calreticulin antibody
(Abcam, Cambridge, UK) diluted 1:100 in FACS buffer (PBS with 1% FBS) for 30 min at
4 °C in the dark. After an additional washing step with FACS buffer, cells were fixed with
4% paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO, USA)/FACS bulffer (1:1, 15 min,
4 °C) and washed twice before resuspension in FACS buffer (final concentration 1-10 x 10°
cells/mL). Flow cytometry was performed on an Attune NxT cytometer and analyzed
using the FlowJo v.10 software. The gating strategies are shown in Figure S5.

2.10. Statistical Analysis

Synergy Scores were calculated using SynergyFinder+ web application (Faculty of
Medicine, University of Helsinki, Helsinki, Finland) [54]. Statistical analyses were con-
ducted using GraphPad Prism Version 10 (GraphPad Software, San Diego, CA, USA).
One-way Welch-ANOVAs for inhomogeneous variances were performed, followed by Dun-
nett’s T3 post hoc test, to analyze the cell viability and extracellular ATP levels. HMGB1
levels were evaluated using an ordinary one-way ANOVA with homogeneous variances,
followed by Tukey’s multiple comparisons test. Data from cell cycle analyses as well as
analyses of the CALR surface expression were assessed using unpaired ¢-tests with or
without Welch'’s correction depending on variance homogeneity. Exact sample sizes (1)
are included in the figure legends. p-values of <0.05 were considered statistically signifi-
cant. We expressed the level of significance with the following annotations in the figures:
*p <0.05,** p <0.01, *** p < 0.001, *** p < 0.0001, and ns = not significant.

3. Results
3.1. Combined Therapy of Dual Inhibitor NEO2734 with OVs Reduces Cell Viability of NC Cells

To investigate novel multimodal therapeutic approaches for the extremely aggressive
NC, NEO2734 was combined with two different OVs, which were a measles vaccine virus
(MeV-GFP) and the herpes simplex virus talimogene laherparepvec (T-VEC). Combinations
were analyzed in four NC cell lines: 143100, 690100, HCC2429, and SNU-3178S.

First, preliminary tests were conducted to determine the ICy5 and ICsy values of
NEO2734 as a monotherapy for each cell line. Cell viability was assessed at 72 hpt using an
SRB viability assay. In all four cell lines, the dual inhibitor induced a dose-dependent reduc-
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tion in cell viability in the low nanomolar concentration range, confirming its previously
reported therapeutic potential (Figure S1 and Table S1) [36].

Building on this, the potential of combining NEO2734 with OVs was investigated
to assess whether interactions between the epigenetic modulator and virotherapy could
enhance the therapeutic efficacy. To this end, each NC cell line was treated with combination
therapies consisting of NEO2734 and a single OV, and the results were compared with
those of the respective monotherapies using SRB viability assays at 72 hpt. Combination
treatments were performed using ICy5/1Csy concentrations of NEO2734 (Table S1). The
MOIs of the OVs were selected to achieve approximately 50-80% cell viability under
monotherapy conditions (Table S2).

Predominantly additive to synergistic effects were observed in the combinations of
NEO2734 with MeV-GFP and T-VEC (Figures 1, 2 and S3; Table S3). Overall, cell line 143100
proved to be the most sensitive to the combined treatments, particularly upon co-treatment
with T-VEC (Figure le).
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Figure 1. Combinatorial treatment of NC cells with NEO2734 and MeV-GFP or T-VEC results in
enhanced reduction in cell viability: Combined treatment of different NUT carcinoma (NC) cell
lines (143100, 690100, HCC2429, SNU-3178S) with the dual inhibitor NEO2734 and two recombinant
oncolytic viruses (OVs), a measles vaccine virus (MeV-GFP, (a-d)) and talimogene laherparepvec (T-
VEC, (e-h)), showed mostly additive effects on cell viability with MeV-GFP, as well as at least additive
effects (HCC2429) up to synergistic interactions (143100, 690100, SNU-3178S) with T-VEC, compared
to the respective monotherapies. Cells were incubated for 72 h and subsequently analyzed by
sulforhodamine B (SRB) viability assays. All cell lines were treated with the ICsq or ICy5 of NEO2734
determined in preliminary experiments (Table S1) and infected with MeV-GFP at multiplicities
of infection (MOIs) of (a) 0.5, (b) 0.5, (c) 0.5, and (d) 1 and with T-VEC at MOIs of (e) 0.00005,
(£) 0.0005, (g) 0.001, and (h) 0.005. Treatments were applied either in combination, individually, or
cells remained untreated (MOCK). Data represent the mean + standard deviation (SD), based on at
least three independent experiments with three biological replicates (1 > 9). Cell viability results are
shown relative to MOCK control. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant.
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Figure 2. ZIP synergy score heatmap of OV and NEO2734 combination treatments in NC cells: The
heatmap displays ZIP synergy scores for the combinations of the two OVs (MeV-GFP and T-VEC)
with the dual inhibitor NEO2734, previously analyzed in Figure 1. Positive scores indicate synergistic
interactions, whereas negative scores represent antagonism and values around zero reflect additive
effects. Experimental conditions correspond to those of the viability assays described in Figure 1.

3.1.1. Effects of MeV-GFP Combined with NEO2734 in NC Cells

In the combination of the measles virus vaccine (MeV-GFP) with the small-molecule
inhibitor NEO2734, a significant reduction in cell viability compared to respective monother-
apies was observed in NC cell lines 143100, 690100, and HCC2429 (p < 0.05 to p < 0.0001;
Figure 1).

Successful viral infection was confirmed in all cell lines by fluorescence microscopy
based on the expression of the virally encoded green fluorescent protein (GFP) at 72 hpt
(Figure S2).

These findings were reflected in the calculated synergy scores. The ZIP synergy
heatmap largely showed values around zero, as cell lines 690100 and HCC2429 exhibited
mean ZIP synergy scores of —2.27 and 2.14, respectively, indicating mainly additive effects.
Although cell line 143100 displayed a mean ZIP synergy score of 2.48, the co-treatment with
the ICs5p concentration of NEO2734 resulted in moderate synergistic effects, with a score
of 5.93. This trend was consistent across all applied synergy models (ZIP, Loewe, HSA,
and Bliss), which in most cases yielded positive synergy scores, indicative of synergistic
interactions (Figures 2 and S3; Table S3).

In contrast, no statistically significant reduction in cell viability was detected in SNU-
31785 when compared with the respective monotherapies, although the highest MOI
(1) was applied. Nevertheless, a reduction in cell viability could still be observed relative to
the MOCK-treated control (p < 0.0001). Correspondingly, the calculated synergy scores (ZIP
and Bliss) were slightly more negative (mean ZIP score —4.25), indicating weak antagonistic
interactions (Figures 1d, 2 and S3; Table S3).

3.1.2. Effects of T-VEC Combined with NEO2734 in NC Cells

As T-VEC does not encode a fluorescent marker, viral infection could not be directly
visualized by fluorescence microscopy. Therefore, phase-contrast images were acquired at
72 hpt to assess the changes in cell morphology. Under combination treatment conditions
with T-VEC, reduced cell densities and thinned cell monolayers were observed (Figure S2).

Upon combined treatment with T-VEC, a significant reduction in cell viability com-
pared with the respective NEO2734 monotherapies was observed in all NC cell lines
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(p < 0.0001, Figure 1). Moreover, clear synergistic effects were detected in almost all cell
lines, apart from HCC2429 treated with the IC»5 concentration of NEO2734, which rather
showed an additive effect (ZIP score of —1.1; Figures 2 and S3; Table S3).

In 143100, 690100, and SNU-3178S cells, consistently positive synergy scores were ob-
served across all applied synergy models (ZIP, Loewe, HSA, and Bliss; Table S3), indicating
moderate to pronounced synergistic interactions. In these cell lines, the combination with
the ICp5 concentration of NEO2734 resulted in stronger synergistic effects than with the
ICs5p combination. Notably, 143100 exhibited by far the strongest response, with an already
reduced cell viability to 15.9% following combination with the ICy5 and to 9.3% with the
ICsp of NEO2734 in combination with T-VEC. This was reflected by a ZIP score of 50.88
for the ICp5 combination, whereas 690100 and SNU-3178S also demonstrated pronounced
synergistic interactions in this combination, with ZIP scores of 11.15 and 20.26, respectively
(Figures 1, 2 and S3; Table S3).

Based on these observations, the combination of NEO2734 and T-VEC was identified
as the more promising OV and SMI combination and was, therefore, selected for subsequent
investigations addressing effects on the cell cycle and markers of ICD.

3.2. Cell Cycle Analysis

To understand the mechanisms underlying the antiproliferative effects of T-VEC and
NEO2734 in monotherapy and combination treatment, cell cycle distribution was analyzed
48 hpt using propidium iodide (PI) staining and flow cytometry (Figure 3). Gating for
living cells was applied as shown in Figure 54, so that the cell cycle distribution resulted
from the remnant viable cell population at 48 hpt.

Treatment with NEO2734 alone induced a G1 arrest in the cell lines 143100, 690100, and
SNU-3178S, as indicated by an increase in the G1 fraction. In cell line 690100, this increase
reached approximately 15.6% (p < 0.05). Although no statistically significant differences
were observed in 143100 and SNU-3178S, both cell lines showed a similar trend with an
approximate 10-15% increase in the G1 population.

Infection with T-VEC alone resulted in an accumulation of cells in the S phase in all
three cell lines, suggesting virus-induced replication stress. However, this effect was not
statistically significant.

Combination treatment led to concurrent increases in the G1 fraction relative to T-VEC
monotherapy and persistent accumulation in the S phase in the cell lines 143100, 690100,
and SNU-3178S. In addition, a reduction in the G2/M phase was observed following
combination treatment compared with the respective monotherapies. Relative to the
MOCK control, the G2/M fraction decreased by 10.8% in 143100 (p < 0.05), by 4.7% in
690100 (p = 0.19), and by 8.8% in SNU-3178 (p < 0.05). In the cell line HCC2429, little to no
change in cell cycle distribution was observed following either monotherapy compared
with MOCK control. In contrast, the combination treatment showed a slight reduction in
the G2 fraction, with a decrease of 11.1%, although this did not reach statistical significance
(p=0.21).

Furthermore, across all NC cell lines, the combination resulted in an increase in the
sub-G1 population compared with the MOCK control and most respective monotherapies.
For example, in cell line 143100, the sub-G1 fraction increased to approximately 268%
relative to MOCK (100%, p < 0.05). While the magnitude of this increase varied among cell
lines, the combination treatment consistently yielded the highest proportion of sub-G1 cells,
indicating enhanced DNA-fragmentation. The absolute sub-G1 percentages for MOCK
controls were, on average, 2.3% in 143100, 1.6% in 690100, 1.3% in HCC2429, and 9.9% in
SNU-3178S.
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Figure 3. Reduced G2/M- and elevated sub-G1 fractions by combination treatment of NC: S-phase
accumulation (a—d) as well as decreased G2/M proportions (e-h) were observed after combined
treatment of different NC cell lines (143100, 690100, HCC2429, SNU-3178S) with NEO2734 and T-VEC.
Monotherapy with NEO2734 induced a G1 arrest (a-d). Combination treatment also induced elevated
Sub-G1 fractions (i-1). Cell cycle analysis was performed 48 hpt using propidium iodide (PI) staining
and flow cytometry. All cell lines were treated with the IC5y of NEO2734 determined in preliminary
experiments (Table S1) and infected with T-VEC at MOls of (a,e,i) 0.00005, (b,£,j) 0.0005, (c,g k) 0.001, and
(d,h,1) 0.005, either in dual combination, individually, or remained untreated (MOCK). Data represent
the mean + SD from at least two independent experiments (1 > 2). * p < 0.05, s = not significant.

3.3. Analysis of Immunogenic Cell Death Markers

ICD is characterized by the coordinated release and extracellular exposure of ATP,
HMGB], and CALR, which act as key DAMPs mediating activation of the immune sys-
tem [55]. In this study, these DAMPs were analyzed after combination treatment of T-VEC
with NEO2734 in four distinct NC cell lines (143100, 690100, HCC2429, and SNU-3178S).

3.3.1. Extracellular ATP Analysis

To assess immunogenic cell death, the release of extracellular ATP was quantified
as a marker of ICD. Cell culture supernatants were collected 72 hpt and analyzed using
the CellTiter-Glo® luminescence assay (Figure 4). In the cell lines 143100, 690100, and
HCC2429, combination treatment induced a significant increase in extracellular ATP levels
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compared with the MOCK control (p < 0.01 to p < 0.0001). The most profound increase
was observed in cell line 143100, where the ATP levels rose to 242.5% relative to MOCK.
T-VEC monotherapy also resulted in a significant increase in extracellular ATP in cell line
690100, reaching 229% relative to MOCK (p < 0.0001), which was in the same range as the
combination therapy. In contrast, no significant changes in ATP release were detected in
the remaining cell lines following T-VEC treatment. In comparison, NEO2734 monotherapy
led to a significant reduction in extracellular ATP across most analyzed cell lines (143100,
HCC2429, and SNU-3178S) compared with MOCK (p < 0.001 to p < 0.0001). Cell line
690100 represented an exception, although a relevant downward trend was observed. In
the cell line SNU-3178S, neither monotherapy nor combination treatment increased the
extracellular ATP. Instead, T-VEC showed no measurable effect, whereas NEO2734 and
combination treatment reduced ATP levels (p < 0.001).
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Figure 4. T-VEC alone and combination treatment with NEO2734 enhance ATP release in NC cells:
Both T-VEC monotherapy and the combination of T-VEC with NEO2734 show increased ATP release
in most NC cell lines (143100, 690100, HCC2429), whereas treatment with NEO2734 alone does not
have this effect. Extracellular ATP was quantified 72 hpt with a CellTiter-Glo® assay. All cell lines
(143100, 690100, HCC2429, and SNU-3178S) were treated with the IC5y of NEO2734 determined
from preliminary experiments (Table S1) and infected with T-VEC at MOlIs of (a) 0.00005, (b) 0.0005,
(c) 0.001, and (d) 0.005, either in dual combination, individually, or remained untreated (MOCK). The
mean + SD of two independent experiments with four biological replicates (1 = 8) is shown. Results
are presented relative to MOCK control. ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns = not significant.
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3.3.2. Extracellular HMGB1 Analysis

Furthermore, HMGBI1 release was quantitatively assessed 72 hpt using a Lumit®
HMGB1 immunoassay as an additional marker of ICD (Figure 5). Across all analyzed cell
lines, a trend toward increased HMGBI release with virotherapy and combinatorial treat-
ment compared with the MOCK control was observed. However, a statistically significant
increase relative to MOCK was detected only in the cell line 690100 (p = 0.0224). NEO2734
monotherapy generally reduced extracellular HMGB1 levels compared to MOCK, although
this reduction only reached statistical significance in cell line SNU-3178S (p = 0.0029). Com-
parison of NEO2734 treatment alone with T-VEC monotherapy revealed significant differ-
ences in extracellular HMGB1 in 143100, 690100, and SNU-3178S (p < 0.01 to p < 0.0001),
with consistently higher HMGBI levels observed following T-VEC treatment. No significant
difference was detected in HCC2429 (p = 0.2370).
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Figure 5. Extracellular HMGBI release in NC cells after combinatorial treatment: Elevated extra-
cellular HMGB1 (high mobility group box 1) levels were observed with combined treatment of
NUT carcinoma cell lines (143100, 690100, HCC2429, SNU-3178S) with T-VEC and NEO2734 com-
pared to NEO2734 monotherapy. HMGB1 levels were measured 72 hpt using the Lumit® HMGB1
Immunoassay. All cell lines were treated with the ICsy of NEO2734 determined from preliminary
experiments (Table S1) and treated with T-VEC at an MOI of (a) 0.0001, (b) 0.0005, (c) 0.001, and
(d) 0.005, either in dual combination, individually, or remained untreated (MOCK). The mean + SD
of three biological replicates, is shown (1 = 3). Results are shown relative to MOCK control. * p < 0.05,
**p <0.01, ** p <0.001, *** p < 0.0001, ns = not significant.
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Importantly, a significant increase in HMGBI levels was seen with the addition of
T-VEC to NEO2734 monotherapy in cell lines 690100, HCC2429, and SNU-3178S (p < 0.05 to
p < 0.001). Nevertheless, no significant differences were detected between T-VEC monother-
apy and the combination treatment.

3.3.3. Calreticulin Surface Expression

As a third marker of ICD, CALR expression on the cellular surface was assessed
48 hpt by flow cytometry (Figure 6). In three of the four analyzed cell lines (143100,
690100, and HCC2429), combination treatment induced a significant increase in CALR
surface expression compared with the MOCK control (p < 0.05 to p < 0.001), whereas the
respective monotherapies showed only minor effects. A similar trend was observed in
SNU-3178S, with a relevant increase of 9.7% relative to MOCK, yet this difference did
not reach statistical significance (p = 0.0925). The most pronounced increase in CALR
surface expression following combination treatment was detected in cell line 143100, with
an increase of 26.8%. Neither NEO2734 nor T-VEC monotherapy significantly altered
CALR surface expression compared with MOCK, except for T-VEC treatment in HCC2429
(p < 0.01), where the observed effect remained lower than the one detected following
combination treatment.
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Figure 6. Calreticulin surface expression on NC cells after combined treatment of NC cells: Combined
treatment of various NC cell lines (143100, 690100, HCC2429, SNU-3178S) with T-VEC and NEO2734
resulted in an increased expression of calreticulin (CALR) on the cell surface. CALR expression
was measured 48 hpt by flow cytometry. All cell lines were treated with the ICsy concentrations
of NEO2734 determined in preliminary experiments (Table S1) and infected with T-VEC at MOlIs
of (a) 0.00005, (b) 0.0005, (c) 0.001, and (d) 0.005, either in dual combination, individually, or left
untreated (MOCK). The mean value + SD of two independent experiments (1 = 2), is shown.
*p <0.05,* p <0.01, *** p < 0.001, ns = not significant.
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4. Discussion

To overcome the limitations of current therapeutic approaches, including emerging
strategies such as small-molecule inhibitors (SMIs) and immunotherapies, in the treatment
of the highly aggressive NUT carcinoma (NC), this study investigated a dual combination
regimen consisting of an SMI combined with oncolytic viruses (OVs). Specifically, this
approach aims to address the rapid development of resistance to SMIs and the difficulty
of converting an immunologically “cold” tumor microenvironment into a “hot” immune-
competent state [11,12,31,37,41].

Consistent with previous reports, the dual BET and p300/CBP inhibitor NEO2734
demonstrated high potency across multiple NC cell lines, with ICy5 and ICsp values in the
low nanomolar range (Figure S1 and Table S1), confirming its antitumoral activity [36]. As
NEO2734 is currently under clinical evaluation (NCT05488548), it remains to be determined
whether resistance mechanisms and treatment relevant toxicities similar to those described
for other BET inhibitors will emerge and limit its long-term efficacy [31]. Based on existing
data on BET inhibitors, which are commonly associated with thrombocytopenia and gas-
trointestinal adverse events [11], hematological toxicities such as cytopenia may also be
anticipated for NEO2734, whereas the OV T-VEC has a well-established safety profile and
is commonly associated with low-grade transient fever, chills and fatigue [49]. Resistance
to BET inhibition has been linked to adaptive epigenetic reprogramming, including the
activation of several compensatory signaling pathways, such as WNT (-catenin signaling,
which sustain oncogenic programs like MYC expression [13,31]. While NEO2734 monother-
apy has been shown to induce robust c-MYC downregulation [56,57], preclinical studies
combining SMIs with OVs suggest that such combinations may promote a more rapid
and sustained suppression of c-MYC, indicating mechanistic complementarity between
epigenetic modulation and virus-mediated tumor targeting [44].

The rationale for combining SMIs with OVs is based on their temporally and mecha-
nistically distinct antitumoral effects. While SMIs primarily exert antiproliferative effects
through epigenetic modulation, OVs initially induce direct tumor cell lysis and subse-
quently promote a sustained in situ antitumor immune response. Their combination may
provide complementary therapeutic effects and potentially delay the emergence of resis-
tance [36,58,59]. In vitro studies further suggest that epigenetic modulators can enhance
OV efficacy in NC by increasing cellular permissivity to viral infection. This effect may
be mediated by chromatin remodeling and suppression of antiviral interferon responses,
thereby facilitating viral entry, replication, and oncolysis [43,44]. However, the precise
molecular mechanisms underlying this interaction remain to be fully elucidated.

The combination of NEO2734 with two distinct OVs, a measles vaccine virus (MeV-GFP)
and the herpes simplex virus talimogene laherparepvec (T-VEC), resulted in predominantly
additive to synergistic effects across NC cell lines. Among both tested combinations, T-VEC
combined with NEO2734 demonstrated the more robust and consistent synergistic effects,
particularly in the cell line 143100, but also in 690100 and SNU-3178S (Figures 1 and 2). Inter-
estingly, synergistic interactions were more pronounced for T-VEC combinations at IC;s
concentrations than at IC5p concentrations, suggesting biologically relevant interactions at
specific dose ratios rather than nonspecific cytotoxicity (Figures 1 and 2). In contrast, combi-
nations with MeV-GFP rather resulted in additive to slight synergistic effects (Figures 1 and 2).
The reduced responsiveness of SNU-3178S to the MeV-GFP and NEO2734 combination
suggests a lower susceptibility to this specific treatment (Figure 1d).

The heterogeneous responses observed across NC cell lines, particularly the excep-
tional sensitivity of 143100 cells to the T-VEC and NEO2734 combination, suggest an im-
portant role for tumor-specific factors. Such variability may be influenced by differences in
interferon pathway competence, viral receptor expression, epigenetic regulation, or broader
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genetic heterogeneity, including differences in NUTM1 fusion partners (BRD4:NUTM1
versus BRD3:NUTM1).

Despite these differences, all NC cell lines appeared permissive to viral infection,
and combinatorial therapy was beneficial in all cases. These findings are consistent with
other preclinical studies reporting enhanced and additive antitumoral effects of T-VEC-
based combinations with BET or p300/CBP mono-inhibitors in NC, supporting the broader
therapeutic potential of T-VEC in this disease; however, synergistic effects were not demon-
strated in these studies [43,44]. The occasionally high standard deviations observed at
very low multiplicities of infection (MOls) likely reflect the technical variability associated
with the use of low MOIs, which were chosen to preserve a sufficient dynamic range for
detecting combinatorial effects.

The cell cycle analysis (Figure 3) suggests that NEO2734 primarily induces G1 cell
cycle arrest, consistent with results of NEO2734 observed in multiple myeloma cell lines,
which is linked to c-MYC downregulation and antiproliferative effects [56]. In contrast,
treatment with T-VEC, alone or in combination with NEO2734, could be associated with
an accumulation of cells in S phase, which may reflect increased replication stress, a
phenomenon commonly observed during viral infection and often associated with DNA
damage and impaired DNA repair, which promote viral replication and inhibit cellular
proliferation [60-62]. Epigenetic modulation by NEO2734 could further exacerbate these
effects, thereby contributing to the observed synergistic antitumoral activity. The reduction
in the G2/M fraction and the increase in the sub-G1 population observed predominantly
under combination treatment are consistent with enhanced cell death induction, possibly
associated with oncolysis and apoptosis. However, confirmation of specific apoptotic
mechanisms will require additional analyses, including caspase activation and annexin V
staining [63].

Immunogenic cell death (ICD) represents a critical mechanism by which anticancer
therapies can promote durable antitumor immunity, previously described for therapies with
OVs. In this study, the detection of established ICD markers indicates that the combination
therapy induces immunogenic signals beyond direct cytotoxicity, comparable to effects
previously described for T-VEC in other tumor models [37,40-42,64].

Notably, increased extracellular ATP release following T-VEC and combination treat-
ment (Figure 4) and HMGBI secretion induced by T-VEC, which remains largely preserved
in the combination therapy (Figure 5), were observed in most NC cell lines. While CALR
surface exposure was significantly enhanced in three out of four cell lines, neither NEO2734
nor T-VEC alone induced comparable effects (Figure 6). In contrast, NEO2734 alone
consistently reduced ICD marker levels, rather reflecting a primarily antiproliferative
non-immunogenic mode of action, consistent with the G1 arrest, which inhibits cell prolifer-
ation without necessarily activating apoptotic or immunogenic cell death mechanisms [56].
SNU-3178S harboring a BRD3::NUTM1 fusion showed the lowest overall positivity for
ICD markers, suggesting that it is the least responsive to the induction of immunogenic
cell death by the tested therapy. Collectively, fusion partner-dependent differences in
tumor biology may contribute to reduced OV replication and attenuated ICD induction in
this model. While previous studies have reported potential enhanced sensitivity to BET
inhibition in non-BRD4 NC cells [11], such increased sensitivity was not observed in this
experimental setting. Nevertheless, the strong antiproliferative effects of dual BET/p300
inhibition, together with altered cell cycle regulation, reflected by a more pronounced
G1-phase accumulation in SNU-3178S following combination treatment, may limit viral
amplification and subsequent ICD induction. In contrast, the strong ICD marker profile
and pronounced therapeutic synergy observed in cell line 143100 suggest a potential link
between immunogenic cell response and high treatment efficacy. Overall, the combination
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treatment yielded heterogenous cell-line dependent effects, precluding the assumption
of a consistent synergistic increase in ATP or HMGBI release. In contrast, CALR surface
exposure appeared to be synergistically enhanced by the combination. While ICD marker
induction provides functional mechanistic insight and may be influenced by cell-intrinsic
factors, including epigenetic state and NUTM1 variants, the exact molecular pathways
linking epigenetic modulation and OV-induced ICD remain to be fully elucidated. As
CALR exposure has been associated with improved clinical outcomes in other malignan-
cies, where it serves as a prognostic marker [65], ecto-CALR may represent a potential
prognostic biomarker for NEO2734/T-VEC combination therapies. Given the limited sam-
ple size for some analyses, caution is warranted in interpreting these data and drawing
statistically conclusive comparisons between cell lines. However, the observed patterns
were consistent across multiple ICD makers and aligned with the robust cytotoxic and
synergistic effects observed in independent assays, supporting the biological relevance of
the findings. As the study is conducted in vitro, the influence of the immune system on the
antitumor efficacy and immunity to different OVs remains unclear. Therefore, translation
into antitumor effects in a living host have to be made with caution. Taken together, this
combinatorial therapy significantly enhances DAMP release which lies the foundation for a
therapeutic OV-induced antitumoral immune response in vivo.

5. Conclusions

In summary, the combination of NEO2734 with OVs, particularly T-VEC, represents
a promising multimodal therapeutic option for the treatment of the highly aggressive
NC, for which effective treatment strategies are currently lacking [4,18]. The use of lower
doses of both modalities in synergistic combinations could reduce dose-limiting toxicities
while maximizing the therapeutic efficacy [66]. Synergistic cytotoxic effects as well as a
profound induction of ICD could be demonstrated for the combination of NEO2734 and
T-VEC. Future studies should prioritize in vivo validation to assess the contribution of
the immune system to therapeutic response, identify predictive biomarkers of treatment
sensitivity, and evaluate the durability of antitumor immunity. Genetically engineered
mouse models harboring BRD4:NUTM1 fusions [67], as well as patient-derived organoid
models [48], represent suitable platforms to further advance the translational potential of
this combination strategy. Together, these findings provide a strong rationale for further
development of the combination of NEO2734 and T-VEC in NC, including validation
in additional NC models with distinct NUTM1 fusion variants and the evaluation of
alternative OVs.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA  Analysis of variance

ATP Adenosine triphosphate

BET Bromodomain and extra-terminal domain
BRD3/4 Bromodomain containing protein 3 or 4
CALR Calreticulin

Cas9 CRISPR-associated protein 9
CBP CREB-binding protein
CDK Cyclin-dependent kinase

CREB cAMP response element-binding protein

CRISPR  Clustered regularly interspaced short palindromic repeats
DAMP Damage-associated molecular pattern

DFG Deutsche Forschungsgemeinschaft

DMEM  Dulbecco’s modified eagle’s medium

EDTA Ethylenediaminetetraacetic acid

FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum

FDA Food and Drug Administration
GFP Green fluorescent protein

GM-CSF  Granulocyte macrophage colony-stimulating factor
HDACi Histone deacetylase inhibitor
HMGB1  High mobility group box 1

Hpi Hours post infection
Hpt Hours post treatment
HSA Highest single agent

HSV-1 Herpes simplex virus type 1
ICy5/50 Inhibitory concentration 25 or 50

ICD Immunogenic cell death

ICI Immune checkpoint inhibitors
ICP Infected cell protein

MeV Measles vaccine virus

MOI Multiplicities of infection
MYC Proto-oncogene

NC NUT carcinoma

NS Not significant
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NSD3 Nuclear receptor binding SET domain protein 3

NUT Nuclear-protein-in-testis

NUTM1  NUT midline carcinoma family member 1
oS Opverall survival

oV Oncolytic virus

PBS Phosphate buffered saline

PD-L1 Programmed death-ligand 1

PFA Paraformaldehyde

PI Propidium iodide

RT Room temperature

SD Standard deviation

SOX2 SRY (sex determining region Y)-box 2
SMI Small-molecule inhibitor

SRB Sulforhodamine B

TCA Trichloroacetic acid

TMB Tumor mutation burden

TME Tumor microenvironment

T-VEC Talimogene laherparepvec

TP63 Tumor protein p63
ZIP Zero interaction potency
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