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� High ENOX2 expression is associated
with immune excluded/deserted
phenotypes in NPC.

� ENOX2 inhibitor, idronoxil enhances
CD8+ memory T-cell immunity in
response to chemotherapy.

� Combined treatment with idronoxil
and cisplatin enhances tumor
response in humanized mice model.

� Combined treatment increases CD8+

T-cell expansion with cytolytic
effector memory (Tem) feature.

� T-cell infiltrates and tumor-
associated ENOX2 have predictive
value for anti-tumor response.
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Introduction: The immunosuppressive tumor microenvironment is a major barrier for chemotherapy.
Different chemosensitization approaches to reinstate immunological surveillance for cancers that are
immune quiescent at the outset, have thus been devised. Cancer-specific ENOX2 expression is correlated
with abnormal cell growth and has been proposed as a cellular target for anti-cancer activity. However,
the potential effects of ENOX2 on the interaction between immune system and tumor cells remain elu-
sive.
Objectives: To understand the mechanisms by which tumor-intrinsic ENOX2-mediated alterations in
anti-tumor activity of T-cells and response to chemotherapy.
Methods: In situ multiplexed immunohistochemistry with single cell and bulk RNA sequencing data from
nasopharyngeal carcinoma (NPC) human tissues were used to define tumor phenotypes. Two NPC cell
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ENOX2
Nasopharyngeal carcinoma
lines, with distinct ENOX2 expression, were used in a co-culture platform to study tumor-immune inter-
actions between cancer cells/spheroids and T-cells. The effect of cisplatin treatment with ENOX2 inhibi-
tion by idronoxil (IDX) were tested in vitro and in vivo. Multi-parametric flow cytometry was used to
characterize T-cell infiltrates in an NPC tumor humanized mouse model treated with combined treat-
ment.
Results: NPC predominantly displayed an immune-excluded profile. This ‘‘cold-phenotype” was shown to
exhibit higher ENOX2 expression and was associate with poorer progression-free survival (PFS). The ther-
apeutic combination of IDX with cisplatin was effective in promoting CD8+ effector memory T cell (Tem)
differentiation and mobilization. This Tem signature was highly cytotoxic, with Tem-mediated preferen-
tial lysis of higher ENOX2-expressing NPC cells. A combination-treated humanized mouse model showing
dramatic shrinkage in tumors, were intra-tumoral Tem-enriched.
Conclusion: Tumor-intrinsic ENOX2 expression is associated with tumor phenotype and PFS in NPC.
Targeting ENOX2 with IDX and cisplatin impose qualitative control of T-cell response by preferentially
increasing immune cells infiltration, Tem differentiation and tumor suppression. We suggest that
ENOX2 inhibition may be a promising therapeutic strategy to enhance the effects of chemotherapy.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Nasopharyngeal carcinoma (NPC), a cancer that frequently
shows high sensitivity to radio- and chemotherapy, is endemic in
Southern China, Southeast Asia, North Africa, and the Arctic, with
undifferentiated, nonkeratinizing squamous cell carcinoma as the
predominant histology [1]. While conventional chemotherapeutic
drugs can impact rapidly dividing cancer cells, these agents can
have toxic side effects, and tumor cells may develop resistance.
This results in a 30–50 % relapse rate within 5 years after radical
chemoradiotherapy [2], highlighting the urgent need to develop
more durable treatment options for NPC.

Our team [3] and other research groups [4] have conducted pre-
vious studies on single-cell transcriptome analysis aimed at estab-
lishing the role of T cells in the pathogenesis of NPC. In those
studies, T-cell subtype changes were detected in tumor tissue from
patients with NPC, suggesting a transitional process whereby effec-
tor T cells gradually became less cytotoxic within the tumor
microenvironment (TME). Protective immunity against cancer
has previously been assigned to memory T cells, which are capable
of durably persisting and functioning throughout host tissues and
tumors, making them a gold standard for anti-tumor immunity.
The T cell compartment can be subdivided according to their dif-
ferent cell surface marker expression and their effector functions.
They comprise naive (Tn), central memory (Tcm), effector memory
(Tem) and terminally differentiated (Temra) cells [5,6]. To date, T-
cell types with memory properties have previously been reported
to be superior in mediating anti-tumor responses, including: 1)
lower activation thresholds than Tn cells, and 2) enhanced capacity
to infiltrate/migrate and persist locally, providing immediate effec-
tor function at the site of tissue inflammation [7,8]. In various can-
cer types, numbers and activation states of immune effector cells,
in particular, tumor-infiltrating T cells, have predictive value with
respect to the anti-tumor response [9,10]. There are reasons to
believe that certain cancer patients who are resistant to current
therapeutic approaches may display a lack of T-cell immunity
within the tumor nest, known as immunologically ‘‘cold tumors”.

Ecto-NADH oxidase disulfide-thiol exchanger Type 2 (ENOX2),
functions as a growth-related cancer-specific protein, is a tumor-
associated cell surface ubiquinol (NADH) oxidase. To date, the
molecular understanding of ENOX2 is mainly confined to the
abnormal cell growth and division associated with the malignant
phenotype [11]. Isoflavonoid derivatives, such as idronoxil (IDX),
blocks the catalytic activity of ENOX2 [12] on cell growth or acts
as a chemosensitizer in certain types of cancer [13]. While IDX’s
inhibitory effect on ENOX2 has been proposed to explain its cancer
specificity, other authors have also reported that it may also target
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non-malignant proliferating lymphocytes [14] and stimulate natu-
ral killer cells [15]. Although these two studies support the view
that IDX may not exclusively affect malignant cells, the extent to
which these modes of action can be generalized remain unan-
swered. Moreover, no data are currently available that address
the mechanisms by which IDX displays its bimodal action, as a
chemosensitizer (via ENOX2) and as a modulator of immunological
functions, including its interaction with the immune systemwithin
the TME.

The combination of IDX and radiotherapy have shown promis-
ing results for the treatment of patients with prostate cancer
[16,17]. Another phase I trial showed that IDX can be combined
with chemotherapy, carboplatin, and exerted anti-tumor activity
in a boarder range of cancer patients [18]. However, it remains
unclear whether the IDX has additional mechanisms in potentiat-
ing effects of radiotherapy or chemotherapy beyond ENOX2 inhibi-
tion. An important aspect is that current chemotherapeutic drugs
can induce T-cell depletion [19,20] and impair their metabolism
[21], thereby impacting both survival and functionality of different
T-cell subsets [22]. With the lower cytotoxic T-cell immunity com-
monly displayed in NPC, therapeutic approaches which combine
current standards of care with a drug that can potentiate the
immune response has great appeal.

By combining in situ multiplexed immunohistochemistry with
single cell and bulk RNA sequencing data from NPC human tissues,
we demonstrated that NPC predominantly displays a ‘‘cold-
phenotype”, featuring a distribution of CD8+ T cells in the tumor
margin, with high ENOX2 expression in the tumor center. Further-
more, we have showed that CD8+ memory T-cell based immune
activities in the tumor can be enhanced with ENOX2 inhibition
and combined treatment with chemotherapy, cisplatin (Cis), in
both in vitro and in vivo NPC cancer models. While Cis alone
showed limited T-cell-mediated lysis of NPC cells, the addition of
IDX led to an enhanced cytotoxicity, preferentially against NPC
cells expressing higher levels of ENOX2. These findings may have
significant implications for the selection and the generation of
optimal anti-tumor T-cell responses by targeting ENOX2 in cancer
patients treated with chemotherapy and complicated by ‘‘cold”
tumor phenotype.
Materials and methods

Cells, tissues and reagents

Three EBV + NPC cell lines (C17, C666, and NPC43), three EBV-
NPC cell lines (NPC53, NPC38, and HK1) and two immortalized
nasopharyngeal epithelial cell lines (NP460 and NP69) were kindly
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provided by Professor George Tsao. C666-1 was cultured in RPMI-
1640 medium (Invitrogen) supplemented with 10 % fetal bovine
serum (FBS) and 1 % penicillin. NPC43, C17, NPC38, and NPC53
werecultured in RPMI-1640 medium supplemented with 10 %
FBS, 1 % penicillin and 2 mM Y27632rock inhibitor (Enzo Life
Sciences, ALX-270–333). NP460 were cultured in defined
keratinocyte–serum-free medium and EpiLife (1:1) with supple-
ments (Gibco, MEPI500CA), 10 % FBS and 1 % penicillin. NP69
was cultured in Keratinocyte SFM (Gibco, 10744019) supple-
mented with Bovine Pituitary Extract (BPE), 1 ng/ml epidermal
growth factor (EGF), and 1 % penicillin. The HLA types of cell lines
used for subsequent coculture assays are listed in Supplementary
table 1 . NPC tissue samples used in this study were obtained from
patients admitted to Queen Mary Hospital, the University of Hong
Kong. Written informed consent was obtained from all partici-
pants. Tissues were fixed and subjected to histological examina-
tion. Tissue microarray (TMA) composed of samples from a total
of 118 NPC patients from the Queen Mary Hospital, of those, 86
patients was used to evaluate T-cell spatial analysis and ENOX2
expression by multiplexed-IHC (32 cases were excluded due to
deficit of data on cytokeratin-5 or insufficient sample material
from TMA core). Peripheral blood mononuclear cells (PBMCs) were
isolated from healthy donors (buffy coats, Hong Kong Red Cross
Blood Transfusion Service) for subsequent culture. IDX (provided
by Noxopharm Limited, Australia) was suspended in DMSO at
40 mg/mL (stock solution) and stored at –80 �C. Serial dilutions
of the stock solution were freshly prepared in complete medium,
used within 4 weeks, and stored at �20 �C. In all cultures, the final
concentration of DMSO in the medium was � 0.1 %.

PBMC separation and expansion of T cells

PBMCs were isolated from healthy donors by Ficoll-Paque gra-
dient (GE Healthcare) and centrifuged at 400 � g for 25 min. The
interface containing PBMCs was carefully removed and cells were
washed twice with PBS + 2 mM EDTA, followed by cryopreserva-
tion in FBS/DMSO (90 %/10 %) for future analysis. Cryopreserved
PBMCs were rapidly thawed and resuspended in RPMI1640 supple-
mented with 10 % heat-inactivated foetal bovine serum (FBS, Invit-
rogen), 1 % Hepes and 1 % Penicillin/Streptomycin (Gibco). On day
3, and every 3–4 days thereafter, the cultures were supplemented
with the appropriate growth medium containing 120 IU/mL of
recombinant IL-2 (Miltenyi biotec). On day 7, cells were pheno-
typed and enumerated using Multitest 6-Color TBNK Reagent (BD
Biosciences) to ensure enrichment of CD4+ and CD8+ cells in the
cultured cells, before subsequent co-culture studies. The antigen
specificities and HLA restrictions of the PBMC products are shown
in Supplementary table 2.

Colony formation and cell apoptosis assay

Colony formation was performed by culturing NPC cells
(2 � 103 cells per well) in 6-well plates for 12 h before the indi-
cated nominal concentrations of drugs were added. Cells were then
fixed and stained using 1 % crystal violet. For the apoptosis assay,
the apoptotic cells were quantified (percentage) using an Annexin
V-FITC/propidium iodide (PI) apoptosis detection kit (BD Bio-
sciences). See details under Supplementary Method.

Cell viability assay

Cells (3 � 103 cells per well) were cultured in 96-well plates
containing 200 lL of culture medium for 12 h. Following cell adhe-
sion, indicated compounds were added at eight different concen-
trations, using a threefold serial dilution and a maximum
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concentration of 40 lM, for 72 h. Following culture, the cell prolif-
eration kit reagent (XTT; Roche) was added to the culture wells and
incubated for 4 h at 37 �C. The absorbance value was measured
using a spectrophotometer at 450 nm. All treatments were per-
formed in triplicate and each experiment was conducted at least
three times. Nonlinear regression was used to determine the
half-maximal inhibitory concentration (IC50) values and dose–re-
sponse curves. IC50 was read from the viability curve at the point
of 50 % viability and according to the formula %viability =
(Reading-positive control)/ (DMSO-positive control) x100. Protea-
some at 10 lM was used as a positive control. Moreover, drug-
combination effects were analyzed using the R package Syn-
ergyFinder Version 1.6.1 to calculate the Zero Interaction Potency
(ZIP) score for each concentration tested, whereby CI values < -
10, �10 to 10, and > 10 indicated antagonism, additivity and syn-
ergy, respectively.

Co-culture and multi-parametric flow cytometry

C17 and NPC43 NPC cell lines were pre-treated with indicated
doses of IDX and/or Cis for 24 h before coculturing with PBMCs
via trans-wells (3 lm pore-size, Corning) for 3 days. For phenotypic
surface staining, PBMCs were collected, washed and resuspended
in FACS buffer (PBS, 0.5 % BSA and 2 mM EDTA). Cells were pre-
treated with Fc block reagents (1:200; Biolegend), then stained
with a mix of surface fluorophore-conjugated anti-mouse antibod-
ies: CD8-APCH7, CD4-BV421, CD45RA-PECy5, CD62L-BV605. CD4+

and CD8+ T-cell subsets were first gated and then defined as: T
naïve (Tn): CD45RA+CD62L+; T central-memory (Tcm): CD45RA--
CD62L+; T effector-memory (Tem) CD45RA-CD62L-; T effector-
memory re-expressing CD45RA (Temra): CD45RA+CD62L-. For
details on antibodies and staining procedures, see Supplementary
Method and Supplementary table 3.

Chemotaxis assay

Directional migration of PBMCs was evaluated in Costar Tran-
swell permeable polycarbonate supports (5-lm pores) in 24-well
plates. Briefly, drug-treated/untreated tumor cells were pre-
plated and stimulated for 3 days while PBMCs were co-
stimulated using anti-CD3/anti-CD28 (Miltenyi Biotec) for one
days. After that, the primed PBMCs prepared at a density of
0.25 � 106 cells/ml serum-free RPMI 1640 medium were placed
in the upper chamber. The plate was then incubated in a 37 �C cell
culture incubator for 5 h. The cells present in the bottom chambers
were collected, stained with antibodies against CD45, CD3, CD4,
CD8, CD45RA and CD62L, and the number of migrated cells was
calculated by flow cytometry. For details on antibodies and stain-
ing procedures, see Supplementary Method and Supplementary
table 3.

Cytotoxicity assay

NPC cell lines were labeled with 5 lM CFSE (Sigma, catalog
21888), seeded in a 96-well plate at 105 cells/well, and T cells pre-
viously co-cultured with drug-treated tumor cells (generated as
above) were added at the indicated ratios and cultured for 72 h.
Cells were stained with Fixable Viability Dye eFluor 780 (BD Bio-
sciences), and staining was evaluated by flow cytometry as previ-
ously described. The percentage of specific lysis was then
calculated using the following equation: % specific lysis = 100 � (%
specific cell death - % basal cell death)/100 - % basal cell death.
Specific cell death was determined from viability dye staining of
CFSE-positive cells in the T-cell co-culture wells, and basal cell
death from wells lacking co-cultured T cells.
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Mitochondrial membrane potential (DWm) analysis

JC-1 was used to investigate changes in mitochondrial mem-
brane potential (DWm), according to previous studies. For details
analysis procedures, see Supplementary Method.

Western blot

Cells were lysed in RIPA buffer containing protease and phos-
phatase inhibitors on ice for 45 min and collected by centrifuging
at 150,000 rpm for 15 min at 4 �C. Protein concentrations were
measured by the bicinchoninic acid protein assay kit (Pierce).
Equal amounts of protein were solubilized in laemmili buffer,
boiled for 5 min and then separated by 10 % SDS-PAGE before
transferring onto nitrocellulose membranes. Membranes were
blocked and probed with primary antibodies (Supplementary table
4), detected using appropriate HRP-conjugated secondary antibod-
ies and visualized by incubation with enhanced chemilumines-
cence reagent (ECL, GE Healthcare) and exposure to film.

Cytokine and antibody arrays

Human Inflammation Antibody Array C3 (RayBiotech) was used
to detect cytokines and cell-factors in conditioned media from cells
under indicated conditions. Cells were cultured in 6-well plates
and treated with IDX, Cis or a combination of both. Culture med-
ium was centrifuged 72 h later and evaluated using the human
cytokine array according to the manufacturer’s guidelines.

Quantitative real-time PCR (q-RTPCR)

Total RNA (500 ng) was extracted using an RNeasy mini kit
(Qiagen) according to the manufacturer’s instructions. Total RNA
(500 ng) was reversed transcribed with Primescript RT (Takara),
with the cDNA serving as the template for amplification. Quantita-
tive real-time PCR was subsequently performed using SYBR Green
Master Mix (Takara) on a LightCycler480 (Roche). Relative quantifi-
cation was measured using the Comparative Ct (Threshold Cycle)
with the Ct values normalized to GAPDH. All samples were ana-
lyzed in duplicate and the mean of the 2 runs was reported. Pri-
mers used are shown in Supplementary table 5.

Multiplex immunohistochemistry

Tyramide signal amplification (TSA) IHC staining was applied to
the TMA slides. Slides were first deparaffinized and rehydrated in
serial passages through xylene and alcohol. Heat-induced antigen
retrieval was performed using a microwave. The sections on each
slide were incubated with blocking solution, supplemented with
2 % BSA, for 15 min at room temperature (RT). Slides were incu-
bated with primary antibodies: CD8 (Dako), ENOX2 (Abcam) and
pan-cytokeratin-5 (PK; 1:50, DAKO) for 1 h at RT. Multiplexed
TSA was visualized using a triplex (CD8 in Opal 570, PK in Opal
540, and ENOX2 in Opal 620). Slides were counterstained with
DAPI for 5 min and mounted with VECTASHIELD. TMA sections
were digitally scanned as previously described [23]. For details
analysis procedures, see Supplementary Method.

Spheroid-infiltrating cells flow cytometry staining

For the generation of tumor spheroids in 3D, 200 lL/well of cell
suspension in culture medium was seeded at cell densities of
20,000 cells/well. PBMCs (HLA-matched if possible) pre-
stimulated with IL-2 were added 3 days after spheroid formation
at the ratio of 10:1. On the day of co-culture, PBMCs were stained
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with MERCK Red Stain PKH26, following manufacturer instructions
(Thermofisher), and spheroids were stained with 0.1 uM Invitrogen
Cell Event, followed by drug administration. For details analysis
procedures, see Supplementary Method. For flow cytometry analy-
ses, 8 wells/condition were seeded. Immune cells that were either
‘OUT’, or ‘IN’ the spheroids, were compartmentalized by pooling
the 8 co-culture wells in Eppendorf tubes. Spheroids were gently
resuspended and left to sediment to the bottom of the tubes. The
cell suspension, constituting non-infiltrating immune cells
(=OUT), was removed and PBS was added twice in order to fully
separate the spheroids from the non-infiltrating immune cells.
Spheroids were then trypsinized to obtain a single cell suspension
(=IN) and analyzed by flow cytometry.
Single cell RNA sequencing (scRNA -Seq) and transcriptomic
expression analysis

The raw and processed single-cell sequencing data are publicly
available in Gene Expression Omnibus (GEO) with the accession
number GSE150825 and GSE162025.The publicly available NPC
bulk RNA sequencing data used were downloaded from GEO with
the accession number GSE34573, GSE53819 and GSE12452. The
publicly available microarray data used were downloaded from
GSE12452, GSE34573 and GSE64634. For details analysis proce-
dures, see Supplementary Method.
In vivo tumor experiments

For drug response in tumorigenesis, thirty 8-week-old female
nude mice per group were inoculated once subcutaneously, with
5 � 106 NPC cell lines + matrigel (1:1) using a 29-gauge needle
under anaesthesia followed by indicated drug treatment. For drug
responses in humanized mice, a model was established and per-
formed by TransCure bioServices SAS (Archamps, France) using
the female NOD-Prkdscid-IL-2rgTm1/Rj (NXG) immunodeficient
mouse strain. Mice were humanized using hematopoietic stem
cells (CD34+) isolated from human cord blood. A total of 20 mice
with > 25 % humanization rate (circulating human CD45+,
hCD45+; hCD45+/total CD45+) were used in the study. For details
analysis procedures, see Supplementary Method.
Statistics

Statistical analysis was performed with GraphPad Prism8 soft-
ware. Unless indicated otherwise, data are expressed as
mean ± standard error of the mean (SEM). Differences in quantita-
tive variables were analyzed by the Mann–Whitney U test or
unpaired Student’s t-test when comparing variables between two
groups. Kruskal–Wallis–ANOVA was performed to compare vari-
ables between three or more groups. The correlation was evaluated
via Spearman’s rank correlation coefficient. Survival outcomes
were compared using the Kaplan–Meier method and the log-rank
test. P values < 0.05 were considered statistically significant.
Ethics statement

The study was approved by the Institutional Review Board of
The University of Hong Kong/Hospital Authority Hong Kong West
Cluster (HKU/HA HKW IRB, UW16-428). All experiments involving
animals were conducted according to the ethical policies and pro-
cedures approved by the Committee on the Use of Live Animals in
Teaching and Research (CULATR) of the University of Hong Kong
(protocol 5026–19).
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Results

Clustering of immune cells by location identifies high ENOX2-
expressing immune cold topography as a major NPC cancer hallmark

Within the TME, spatial distribution distinguishing between
tumor region (pan-cytokeratin; PK + area; hereafter referred as T)
and tumor stroma (PK-area; hereafter referred as S) is one of the
important determinants for immune cell function. We previously
reported [23] that spatial organization in the tumor architecture
can provide more precise biological information compared to total
cell densities alone. Based on this and other studies demonstrated
the existence of ‘‘hot-tumors” and ‘‘cold-tumors” (‘‘immune-
deserted” and ‘‘immune-excluded” tumors), which was related to
the level of cytotoxic immune cells infiltration [24,25], we here
evaluated our dataset to gather evidence of this clustering and cat-
egorized NPC into three main groups (Fig. 1A-B). We used the med-
ian cell densities for CD8+ cells as a cut-off value [>512 cells/mm2

for CD8 counts in T-area to classify as ‘‘hot” phenotypes and < 512
cells/mm2 as ‘‘cold” phenotypes; >788 cells/mm2 for CD8 counts in
S-area to classify ‘‘cold” tumors as either ‘‘immune-excluded” (tu-
mors with only immune cells aggregating at the boundaries)
and < 788 cells/mm2 as ‘‘immune-deserted” (absence of immune
cells)] to define spatial compartments in a tissue microarray
(TMA) from 86 tumor formalin-fixed paraffin-embedded (FFPE)
NPC tissues. In 59 tumors (68.6 %; with the cell density of CD8+

was below median) were categorized as ‘‘cold-phenotypes”, while
27 tumors (31.4 %; with CD8+ cell densities above median) were
categorized as ‘‘hot-phenotypes” (Fig. 1C; Supplementary
Fig. 1A). As compared to the ‘‘cold” tumor, significantly higher den-
sities of CD8 cells were expressed within the T area (hereafter
referred as CD8+ tumor-infiltrating lymphocytes (TIL-CD8), the S
area (hereafter referred as CD8+ nontumor-infiltrating lympho-
cytes (nonTIL-CD8; Fig. 1D), and the whole area (Supplementary
Fig. 1B) was observed in the ‘‘hot” tumors. Moreover, we found that
surface-based ENOX2 expression in reference to PK-expressing
tumoral cells (PK+ENOX2+; hereafter referred as T ENOX2) was
strongly represented in this cancer type (Fig. 1E). Moreover, such
cancer-specific ENOX2 was expressed in higher densities as com-
pared to the S area, and this feature correlated with lower counts
of TIL-CD8 (Fig. 1F). More importantly, it was observed that the
ENOX2 had a wide range of protein expression in the tumor within
this cohort (Fig. 1G). Using the mean T ENOX2 expression in the
cohort as a threshold of positivity, 50 % of individuals were defined
as ENOX2+. We selected tumors with the highest 20 % of ENOX2
expression (ENOX2hi) and compared them with the group with
the lowest 20 % of ENOX2 expression ((ENOX2lo). A higher percent-
age (66.7 %) of ENOX2hi group demonstrated a ‘‘cold tumor” pheno-
type, whereas 44.4 % of the ENOX2lo group were associated with a
‘‘hot” phenotype (Supplementary Fig. 1C). Similarly, T ENOX2
tended to be negatively correlated with TIL-CD8 in the ENOX2hi

group (r = -0.43; Spearman correlation; p = 0.086), whereas a pos-
itive association was found within the ENOX2lo group (r = 0.44;
Spearman correlation; p = 0.069) (Fig. 1H). In contrast with the
described higher T ENOX2 negatively correlated with TIL-CD8,
the association between TIL-CD8 densities and ENOX2-expressed
malignant cells was lost in tissue mass (Supplementary Fig. 1D),
highlighting the importance of delineating the spatial location of
ENOX2 expression as well as of CD8 T cells to better understand
how the TME architecture influences outcomes in NPC.

Examination of the ENOX2 prognostics value in a publicly avail-
able online survival database (GSE102349; n = 88) showed that
NPC patients with higher levels of ENOX2 expression had a poorer
progression-free survival (PFS) (PFS at 36 months for patients with
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ENOX2 low-, moderate- and high-group was 95 %, 79.7 %, and
54.9 %, respectively; Hazard Ratio (HR) = 4.94, 95 % confidence
interval = 0.032; Fig. 1I). Meanwhile, ENOX2 was found to be
highly expressed in NPC patients as compared to healthy individu-
als (Supplementary Fig. 1E-F) from public microarrays and RNA-
Sequencing datasets (GSE12452, GSE34573, GSE53818 and
GSE64634). We concluded that the TME of NPC patients largely
exhibited a ‘‘cold” phenotype, that was commonly associated with
high tumor ENOX2 expression and associated with poorer PFS.
Chemotherapy and IDX exhibits growth inhibitory effects, with
varying susceptibility in three analyzed ENOX2-expressing NPC
cell lines

As we found that the ENOX2 expression levels was associated
with the severity of NPC cancer, IDX, an ENOX2 inhibitor, may thus
provide a potential therapeutic benefit through its interaction with
this target. We first identified that higher expression levels of
ENOX2 were observed in Epstein-Barr virus (EBV)-positive tumor
cells as compared to immortalized nasopharyngeal epithelial and
EBV-negative tumor cells (Supplementary Fig. 2A). NPC is consis-
tently associated with EBV infection, highlighting the therapeutic
potential of IDX toward this cancer type.

Among the limited available authentic EBV-positive tumor cells,
ENOX2 expression varied, such that NPC43, C666 and C17 showed
highest to lowest levels of ENOX2 expression respectively (Supple-
mentary Fig. 2B). Accordingly, IDX monotherapy exhibited anti-
proliferative activity, as measured by the XTT assay, with 50 % inhi-
bitory concentration (IC50) values of 2.138, 2.036, 2.369 lM for
NPC43, C17 and C666, respectively (Supplementary Fig. 3A). Based
on these initial data, a target range for IDX (average dose ± 2-fold
dilutions; 1, 2 and 4 lM) was selected to determine its anti-cancer
effect through the induction of apoptosis. Annexin-V/PI assays
revealed a dose-dependent increase in late-stage apoptotic cells
after treatment with IDX when compared to the untreated control
(Supplementary Fig. 3B). As expected, significance was reached for
both NPC43 and C666, with the higher levels of ENOX2.

Further analysis on the treatment with Cis on the NPC43, C17
and C666, determined IC50 values of 1.760, 2.090, 3.305 lM,
respectively (Supplementary Fig. 3C). A target range for Cis (2-to-
4-fold dilutions of average dose; 0.6, 1.2, 2.4 lM) was selected.
We then asked if IDX mediated the tumor killing effect of the Cis
treatment, and if so, whether a treatment targeting ENOX2 would
synergize with Cis and lead to a durable tumor response. While IDX
or Cis monotherapy resulted in moderate suppression, their combi-
nation reduced the number of colonies formed to a significantly
greater extent (Supplementary Fig. 3D). We further evaluated the
anti-proliferative activity of the IDX/Cis combination and con-
firmed that IDX plus Cis suppressed NPC cell growth in a more
potent and durable manner compared with either drug alone in a
dose-dependent manner (Supplementary Fig. 3E). On that basis,
the appropriate concentrations of Cis at 1.2 lM (thereafter referred
as Cis1.2) and IDX at 2 lM (thereafter referred as IDX2) were
selected for subsequent in vitro experiments. Notably, the extent
of cell survival varied, with tumor cells showing higher expression
of ENOX2 being more prone to the drug inhibition (�2.5-, �3-
and � 9-fold decreased in viability for C17, C666 and NPC43,
respectively). These results prompted us to hypothesize that com-
bining IDX with Cis may impede tumor growth in a manner that is
dependent on the amount of ENOX2 expressed. Moreover, the Zero
interaction potency (ZIP) model, which was used to evaluate syn-
ergistic indexes, indicating potent additivity (ZIP score < 10), rather
than synergy, between the activities of IDX and Cis against cancer
cell proliferation (Supplementary Fig. 3F).
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Inflammatory signatures are upregulated after combination
therapy and may drive CD8 + T cell expansion and migration

The above-mentioned data showed that ENOX2 patterns were
closely associated with specific histologic immune phenotypes of
NPC. The extended distribution frequency of ENOX2 protein levels
is undoubtedly due to heterogeneity between patients. We thus
used two cell lines with distinct ENOX2 expression levels (C17
and NPC43, expressing relatively lower and higher levels of ENOX2,
respectively) to better represent for the breadth of patients dis-
playing different histologic features (C17 resembles histologically
ENOX2lo NPC and NPC43 resembles histologically ENOX2hi NPC).

Forty different inflammatory factors in response to single agent
(IDX or Cis) or in combination were evaluated in NPC43 via human
antibody array analyses (Fig. 2A and Supplementary Fig. 4A). No
major changes were identified in response to Cis treatment,
whereas several inflammatory factors were markedly elevated
upon IDX, or combination treatment, with TNFRSF1A displaying
the highest magnitude in those upregulated proteins. qRT-PCR
confirmed the protein array results and revealed an upregulated
TNFRSF1A gene expression in NPC43, to a lesser extent in C17, upon
combined Cis and IDX treatment (Supplementary Fig. 4B). Using
the scRNA-Seq data of NPC tissues (GSE150430), we estimated
TNFR-dependent T-cell functions in NPC. A significant difference
was observed in TNFRSF1A-expressing tumor cells between low
(TNFRSF1Alo) and high (TNFRSF1Ahi) groups (dichotomized by a
median cut-off (median 0.27 (TNFRSF1Alo) vs 0.56 (TNFRSF1Ahi)).
To determine whether TNFRSF1Alo-tumor cells reflected reduced
TNF-TNFRSF1A interaction in NPC TME, we assessed the total
amount of TNFa in T cells. We observed a significant difference
in TNFa levels in pan-T cells between TNFRSF1Alo and TNFRSF1Ahi

groups, with similar trends observed in CD4/CD8 T cells (Fig. 2B).
Prominent TNF-TNFRSF1A interaction in NPC tumors was
observed, where there was higher tumor expression of TNFRSF1A,
and this was associated with a higher TNFa-producing CD8+ T-cell
phenotype (Fig. 2C-D). To understand the interactions between
cancer cells and tumor-infiltrating T cells in NPC, we used CellPho-
neDB to predict the ligand-receptor interactions. Several known
ligand-receptor pairs were identified to be differentially over-
expressed in NPC (Supplementary Fig. 4C). Interestingly, apart
from CXCL10, those chemokines/cytokines significantly induced
by combined Cis and IDX treatment in tumor cells (the outgoing
signals) showed weak interaction with different tumor infiltrating
T-cell subsets (Supplementary Fig. 4D). This finding brings us to
hypothesize that the combination therapy could provide a distinct
3

Fig. 1. Phenotyping of immune cell density-based subgrouping enables the evaluatio
tumor-immune phenotypes based on cell location in the tumor core and in the outer str
pan-keratin (PK; pink) and DAPI (blue) depict the immune landscape in NPC with intra-tu
cold”, ‘‘excluded-cold” and ‘‘hot”). Three-color overlay (top three left) and enlarged inse
shown on the side. Scale bar: 100 lm. (C) Linear regression of CD8+ lymphocyte proporti
immune landscapes (‘‘deserted-cold”, blue; ‘‘excluded-cold”, grey; ‘‘hot”, red) was shown
area/all S cells = CD8+ cell counts in stromal area/all stromal cells. (D) The density of CD8
(deserted-cold plus excluded-cold) and 27 ‘‘hot” tumors of NPC. (E) Representative mu
regions in green, denoted as PK-) and IHC images for ENOX2 (turquoise) and PK (p
combinations of markers. White circle broken line shows co-staining of ENOX2 and PK
expression in stroma (S; designated as ‘‘nontumor-infiltrating, nonTIL-CD8”) and tumo
expression on tumor cells (T ENOX2) in the sampling cohort (n = 86). Equal number of cell
defined as ENOX2+ with the mean expression (28.06 cell density/mm2, n = 34) of the co
ENOX2) in high (ENOX2hi; top 20 %) and low (ENOX2lo; bottom 20 %) ENOX2 expression g
from diagnosis by ENOX2 expression. ENOX2 as low (1st quartile; blue), moderate (2nd a
Data points are shown ± SEM. In the boxplots in (D, G), the centerline indicates the m
respectively. The whiskers represent the smallest and largest values in the 1.5 � interq
performed using Spearman’s rank correlation test. In (D, F), P values were calculated with
rank test. §§§§p < 0.0001 compared to Deserted + immune excluded. ***p < 0.001 comp
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pro-inflammatory milieu to boost T-cell immunity, potentially con-
verting ‘‘cold” tumors into ‘‘hot”. This potential mechanism was
further supported by an enrichment of TNFa and TNFRSF1A levels
in CD8 high/ ‘‘hot” tumors (dichotomized by a median cut-off;
Fig. 2E). Therefore, we investigated whether the combination treat-
ment could mediate immune activation within the TME of NPC. In
vitro co-cultures of tumor cells with PBMCs (allogenic HLA-
matched where possible) from healthy donors, at the selected drug
doses, which demonstrated limited toxicity against PBMCs (Sup-
plementary Fig. 5A), suggested that IDX and Cis did not affect
immune viability individually. We utilized t-distributed stochastic
neighbor embedding (t-SNE) to identify changes in cell populations
after treatment from pooled co-cultures (C17 and NPC43). Based
on major markers associated with immune cell lineages (CD4 for
T helper cells; CD8 for T cytotoxic cells; CD14 for monocytes;
CD19 for B cells and CD56 NK cells), Cis treatment group showed
a similar t-SNE pattern to the control group treated with DMSO
alone (Fig. 2F). By contrast, a new subset of CD8+ T cells appeared
after treatment with IDX alone or in combination with Cis. We fur-
ther confirmed an increased CD8/CD4 ratio in the combined drug
treatment group (NPC43 co-cultures, Fig. 2G; C17 co-cultures, Sup-
plementary Fig. 5B), indicating that IDX enhanced the
immunomodulatory effect of Cis on T-cell lineages. Transwell
migration experiments were used to evaluate the effect of IDX
combined with Cis on cell chemotaxis. Compared to the control
group, IDX and Cis alone upregulated the migration of T-cell lin-
eages. However, when combined, IDX and Cis significantly
increased the migration of T-cell lineages, compared to the single
drug treated groups, resulting in a marked synergistic effect on
CD8+ migration. This tendency reached significance when PBMCs
were co-cultured in transwell with NPC43 (Fig. 2H) and was lost
in C17 co-cultures (Supplementary Fig. 5C). These results suggest
that the combined treatment may preferentially enhance
immunostimulatory response to tumor cells with higher ENOX2
expression.
Combination therapy leads to a more efficient expansion of
CD8+ T cells exhibiting memory cell phenotypes in tumor cells
with high ENOX2 expression

CD8+ T cells are often considered to play an important role in
tumor clearance, and memory CD8+ T-cell induction in the context
of cancer has been previously described [26,27]. We evaluated dif-
ferential regulation processes of T-cell populations following drug
n of immune heterogeneity in NPC with ENOX2 expression. (A) Classification of
omal area. (B) Representative three-plex multispectral IHC images for CD8 (yellow),
mor and peri-tumor areas with three distinct immune infiltration status (‘‘deserted-
ts with representative region of select combinations of markers (CD8 and PK) are
ons in the area of tumor (T) and stroma (S) (plot) and correlation with three distinct
. CD8 in T-area/all T cells = CD8+ cell counts in tumor area/all tumor cells; CD8 in S-
+ T cells as counts/mm2 in the area of tumor (T-area) and stromal (S-area) of 59 cold
ltispectral of tissue segmentation (tumor regions in red, denoted as PK+; stromal
ink). Magnified insets with representative region (yellow broken lines) of select
. Scale bar: 100 lm. (F) The cell density of CD8+ T cells as counts/mm2 and ENOX
r (T; designated as tumor-infiltrating, TIL-CD8) areas. (G) Distribution of ENOX2
s per patient were selected to normalize between tumor cells. 50 % of the cohort was
hort. (H) Correlation between CD8 in the tumor area (T CD8) and tumor ENOX2 (T
roups (n = 17, respectively). (I) Kaplan–Meier visualization of progress-free survival
nd 3rd quartiles; red) and high (4th quartile; green) expressions. Data information:
edian, while the upper and lower lines represent the 75th and 25th percentiles,
uartile range. Values on top indicate median. In (C, H), statistical evaluations were
unpaired Mann–Whitney. In (I), Kaplan–Meier were analyzed using two-tailed log-
ared to cell density in S area.
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treatment through three-way comparisons (phenotype, cytokine
production and transcriptional regulation). Circulating memory
T-cell populations in humans are often distinguished based on
expression of CD45RA and CD62L, wherein CD45RAloCD62Lhi cells
are considered Tcm and CD45RAloCD62Llo are Tem [6,28]. Utilizing
this paradigm to differentiate subsets of human memory CD8+ T
cells, we noted a considerable increase in the proportion of Tem
population in response to the combination treatment. In contrast,
a trend towards a reduced frequency of Tcm was found (Fig. 3A-
C). The preferential differentiation of CD8+ Tem cells observed in
NPC43 co-cultures compared to C17 tumor cells was presumably
due to their higher ENOX2 expression levels, and was consistent
with our previous observations.

In addition to the increased frequency, the CD8+ Tem cells also
expressed relatively higher levels of TNFa, but not IFNc or IL-2, in
the combined treatment group as compared to control (Fig. 3D-E).
Therefore, the combination treatment not only increased the
expression of TNFRSF1A by NPC cells as described previously, but
also increased TNFa production by CD8+ Tem cells in the co-
culture, further suggesting that the combination treatment could
potentially promote TNFa-TNFRSF1A interaction in the TME. This
activated functional state associated with Tem was further con-
firmed by distinct transcriptional differences, including expression
of elevated levels of Tem-signature molecules such as CCL5 and
reduced levels of Tcm-signature molecules CXCR3 in the co-
cultures of the combination treatment group (Fig. 3F).
Sphingosine-1 phosphate receptors (S1PR) were previously
reported to be highly regulated during human T-cell differentia-
tion. In fact, we found an increased expression of S1PR5, a Tem
cell-associated receptor, in the co-treatment group (Fig. 3G), con-
firming that the action of IDX in combination with Cis favors
Tem-like phenotype differentiation.

The transcriptome profiles of Tem and Tcm were compared
between 10 NPC tumor-blood pairs from single-cell data publicly
available (GSE162025) and our NPC tissues dataset (GSE150825).
Focusing on the CD8+ subpopulations, we observed characteristic
features of Tem, with a gene signature including CX3C1, KLRG1,
S1PR5, FGFBP2 and KLF2. The relationship analyses of memory T-
cell populations revealed the dramatic rarity of both Tcm and
Tem subsets within tumor tissues, with most memory T cells pre-
sent in the periphery instead. This limited memory T-cell profile
within tumor tissues was also confirmed by our scRNA-Seq data.
(Fig. 3H). These findings suggested that the observed low infiltra-
tion of memory T cells might largely affect T-cell immunity against
NPC.
3

Fig. 2. A synergistic T-cell migration induced by combined treatment of IDX and Cis
from NPC43 following treatment with IDX, Cis or combinations of both. Quantitation
measured. (B) Single-cell transcriptomics (GSE150430) reveals TNFRSF1A as high and
expressing T cells, CD8 and CD4 T cells within tumor tissues were quantified from the hig
expressing tumor cells and TNFa-expressing CD8 T cells. (D) Correlation between TNFRSF
cell infiltration in tumors defines CD8 high/ ‘‘hot” tumor or CD8 low/cold tumor. The pe
groups. (F) t-SNE analysis of concatenated mononuclear cells (3,000 cells/sample) from
markers defining specific cells and are assigned specific colors (CD19 B cells in purple; CD
CD8 cytotoxic T cells in blue). Distinct differential expression CD8 T cells are highlight
percentage changes with (+) or without (-) indicated drug treatment from flow cytom
towards NPC43 cell lines following IDX and Cis treatments alone or combined were me
Specific migratory effects of the % CD3 T cells/CD45 cells, % CD4 helper T cells/CD3 ce
interaction landscape between two drugs was calculated using ZIP model. Data informati
the median, while the upper and lower lines represent the 75th and 25th percenti
1.5 � interquartile range. Values on top indicate median. In (A, G, H), P values were calcul
(B, E), P values were analyzed with unpaired Mann–Whitney test. In (C, D), statistical eval
to TNFRSF1A; §§§§p < 0.0001 compared to CD8/hot tumor; *p < 0.05, **p < 0.01 compa
yyp < 0.01 compared to IDX2.
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The combination treatment promotes Tem–mediated
cytotoxicity with preferential sustainable HIF expression and
accelerated granzyme B production against ENOX2-high tumor
cells

Given the fact that the CD8+ T-cell transition into memory sub-
sets was more skewed to Tem than Tcm upon combination treat-
ment, we further investigated the functional characterization of
these memory T-cell subpopulations. We found that the gene (Sup-
plementary Fig. 6B) and protein expression of granzyme B, a key
effector molecule for the killing of tumor cells, by CD8+ T cells were
greatly increased after the combination treatment (NPC43 co-
cultures, Fig. 4A; C17 co-cultures Supplementary Fig. 6A). The
same observation was made for CD8+ Tem (Fig. 4B). To demon-
strate that we were measuring de novo produced granzyme B,
rather than residual unreleased granzyme B, within responding
cells, we co-stained the cells during stimulation with anti-
CD107a to assess degranulation. Up-regulation of CD107a expres-
sion in CD8+ T cells from the co-treatment group was observed,
compared to the DMSO control group (Supplementary Fig. 6C).
Since granzyme B could play either a tumoricidal or tumorigenic
role depending on the niche, we further explored whether the
induced granzyme B could exert cytotoxic effects toward tumor
cells. DWm is an indicator of cell health, and the dissipation of
DWm suggests a loss of mitochondrial membrane integrity, reflect-
ing the initiation of a pro-apoptotic signal. JC-1 staining was per-
formed to measure DWm, using the ratio between red
fluorescent aggregates and green fluorescence monomers. There
was a significant increase in monomer/aggregate fluorescence
intensity ratio in the co-treatment group, compared with the con-
trol group (Fig. 4C). Additionally, the ATP detection-based CellTiter
Glo assay indicated decreased ATP content in tumor cells treated
with IDX in combination with Cis (Supplementary Fig. 6D). Besides,
C17 tumors responded less strongly to the combination therapy.
Whilst the same trend was observed, statistical significance was
not reached. Upon combination treatment, these immune activities
differ, where stronger responses were observed in tumor cells with
higher ENOX2 expression compared to those displaying lower
ENOX2 expression levels, suggesting that combined treatment
effectiveness is strongly correlated with the availability of the
ENOX2 target on the surface of cancer cells.

In line with our previous observation, we confirmed that co-
treatment induced granzyme B production in co-cultured tumor
cells by Western blotting, suggesting that the cytolytic molecule
could enter the target cells (third lane; Fig. 4D). Additionally, the
platin. (A) Antibody array analysis of inflammatory cytokines in conditioned media
of relative fold induction of cytokines compared with DMSO control cells were
low expression of malignant cells in NPC tissues (median cut-off value). TNFa-

h (TNFRSF1Ahi) and low (TNFRSF1Alo) subgroup. (C) Correlation between TNFRSF1A-
1A-expressing tumor cells and TNFa-expressing CD4 T cells. (E) The degree of CD8+ T
rcentage expression levels of TNFa and TNFRSF1A were quantified in high and low
PBMCs collected from NPC43 and C17 co-cultures. T-SNE represent phenotypic

56 natural killer cells in pink; CD14 monocyte in green; CD4 T helper cells in orange;
ed in blue broken line. (G) CD8/CD4 ratio was calculated according to the cellular
etric analysis. (H) Effect of IDX and Cis on T-cell migration. Leukocytes migration
asured by flow cytometry. Migration of total leukocytes were measured by CD45.
lls and % CD8 cytotoxic T cells/CD3 cells were compared to control (DMSO). The
on: Data points are shown ± SEM. In the boxplots in (E, G, H), the centerline indicates
les, respectively. The whiskers represent the smallest and largest values in the
ated using unpaired Kruskal–Wallis test without multiple comparison correction. In
uations were performed using Spearman’s rank correlation test. @p < 0.05 compared
red to medium alone; #p < 0.05, ####p < 0.0001 compared to Cis1.2; y p < 0.05,
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granzyme B-induced killing effect was found to be dependent on
caspase signaling and that intact type I IFN signaling in cancer cells,
was maintained after Cis treatment and further activated upon
combination with IDX. Hypoxia induced factor (HIF) is widely con-
sidered to not only sustain glycolysis in CD8+ T cells but also allow
for the generation of inflammatory mediators such as granzymes.
Supporting this notion, the co-treatment enhanced the production
of HIF1a in tumor cells (second lane; Fig. 4D). Notably, addition of
an antioxidant, NAC, suppressed granzyme B production in CD8+ T
cells, supporting that HIF1a is essential to confer cytotoxicity to T
cells (Fig. 4E). In light of these observations, we postulated that
combination of IDX/Cis promoted cytotoxicity and anti-tumor
properties via induction of granzyme B-producing T cells, medi-
ated, at least in part, through a hypoxia stress-associated pathway.
A subsequent cell-mediated cytotoxicity assay at the highest effec-
tor:target (E:T) ratio of 20:1 demonstrated an approximate 3-fold
elevated synergistic cytotoxicity in the combination treatment
with IDX and Cis, when compared to the DMSO control group
(Fig. 4F). This increased cell-mediated cytotoxicity was commensu-
rate with an observed differentiation of the CD8+ T cells towards an
effector phenotype upon co-treatment. Taken together, the co-
treatment predisposes a specific niche within the TME which is
likely to augment the T-cell mediated cytotoxic activity against
cancer cells (Fig. 4G).
Combination therapy synergistically increases T-cell infiltration
and mediates apoptosis in NPC-derived spheroids

NPC43, which expressed high levels of ENOX2, was able to elicit
a superior response to the combination therapy, showing increased
CD8+ Tem mobilization, differentiation and a higher amount of
lysed tumor cells in in vitro 2D cultures experiments. We thus
selected this tumor cell line to mimic in vivo conditions to study
the cytotoxic effects of the combination treatment using 3D tumor
spheroids. Having established the optimal conditions for spheroid
assembly (Supplementary Fig 7A), we assessed increasing concen-
trations of IDX and Cis on apoptosis using fluorescent probes (non-
toxic CellEvent Caspase-3/7 Green) in combination with bright-
field microscopy, to perform real-time spheroid imaging (Supple-
mentary Fig 7B). The drug effect in the 3D ‘‘CellEvent,” was used
to build a dose–response curve and determine the IC50 values for
Cis at 1.4 lM and IDX at 2.1 lM (Fig. 5A). Overall, the IC50 values
were comparable between the spheroid-derived cells in 3D and
2D conditions.

Spheroids generated from an NPC cell line were co-cultured
with PBMCs obtained from healthy donors that were HLA-
matched whenever possible, to evaluate the interactions between
tumor spheroids and PBMCs through heterotypic co-cultures. After
co-culture, the cellular composition within infiltrated tumor
3

Fig. 3. Combined treatment with IDX and Cisplatin drives CD8 T-cell differentiation in
CD8 gated cells were then separated into 4 subsets (Tn, Tcm, Tem, Temra) based on CD45
frequency of CD8+ Tcm (CD62Lhi) and Tem (CD62Llo) within PBMCs on day 5 of co-culture
[with (+) or (without)], alone or in combination was analyzed by flow cytometry and quan
2 production in the co-cultures. (E) Representative flow cytometry plots (right) and qu
production: grey gradient indicates the strength of data support (darker grey representi
control upon combination treatment). (F) qRT-PCR of mRNA expression of indicated gen
representing relative gene expression data (ddCt) determined by q-RT-PCR on indicated g
GSE150825) on differential expression of transcription factors predicted to regulate cen
frequency in paired NPC tumor-blood samples (GSE162025) and NPC tissues (GSE1508
centerline indicates the median, while the upper and lower lines represent the 75th and 2
in the 1.5 � interquartile range. Values on top indicate median. In (C, E, F. H), P values
correction. **p < 0.01 compared to medium alone; #p < 0.05, ###p < 0.001 compared
peripheral blood mononuclear cells (PBMC) from NPC patients.
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spheroids was determined by mechanically separating infiltrating
cells (IN) from those cells remaining in the medium (OUT)
(Fig. 5B). As expected, it was found that PBMCs preferentially local-
ized close to the tumor spheroid in the IDX/Cis drug combination
(Fig. 6B). This increase in PBMC infiltration into the tumor spher-
oids following treatment was rapid and detected as early as 2 h fol-
lowing the initiation of co-culture, while the number of infiltrating
cells remained constant in the controls (DMSO) over 72 h of co-
culture. The combination treatment resulted in elevated infiltrat-
ing PBMCs (total immune cells per spheroid, mean 164.5 ± 4.5)
when compared to Cis alone (mean 53.0 ± 6.0), representing a sig-
nificant (p = 0.0149) 3.1-fold increase (Fig. 5C and Supplementary
Fig. 5C). Strikingly, PBMC infiltration in cis-treated tumor spher-
oids started to decline after 24 h of incubation. The functional con-
sequences of this immune cell infiltration and activation in
spheroids were explored by live-imaging and flow cytometry.
The spheroid destruction was correlated to an active apoptosis pro-
cess in tumor cells, involving global activation of caspase-3 and �7
(CellEvent staining; Fig. 5D). The immunomodulatory effects of IDX
in conjunction with Cis on cell infiltration and tumor destruction
was analyzed by the ZIP model and a synergistic effect was
observed with co-treatment (Fig. 5E), confirming the immunomod-
ulatory property of IDX as one of the drugs combination-induced
anticancer activities. Focused analysis on the drug combination
group and the DMSO control demonstrated a trend toward higher
proportions of TIL-CD3 in the spheroid upon co-treatment (Fig. 5F).
In this context, phenotypes of TIL-CD8 appeared to be impacted by
the combination treatment with a loss of CD45RA and CD62L,
resulting in increased CD8+ Tem observed inside the spheroids
(Fig. 5F). This demonstrated the capacity of T cells to react toward
the tumor cells upon combined treatment with IDX and Cis and
confirmed our previous observations of an increased functionality
of Tem cells as compared to other T-cell subsets.
Combination therapy induces a TME with stronger T-cell
immune phenotype promoting superior anti-tumor response

The addition of IDX demonstrates an enhanced direct cytotoxi-
city of Cis against NPC cell lines in vitro. To verify such activity
in vivo, nude mice bearing NPC43 cell line-derived xenografts were
treated every-other-day with IDX (10 and 20 mg/kg) and/or Cis
(5 mg/kg). Using this model, the high combination-treatment
(IDX20 + Cis5) resulted in a significant reduction in tumor growth,
compared to the control group (Supplementary Fig 8A-B).

Given that the observed in vitro synergistic anti-tumor effects of
IDX/Cis drug combination are likely mediated by the presence of
Tem cells, we further assessed this protective efficacy using a
three-step humanized mouse model. Immunodeficient mice were
first humanized by transplanting human CD34+ hematopoietic
to Tem phenotype. (A) Gating strategy to identify the principal CD8+ T-cell subsets.
RA and CD62L labeling. (B) Representative flow cytometry plots demonstrating the
s (NPC43, blue; C17, green). (C) Frequency of CD8+ Tcm and Tem by indicated drugs
tified. (D) CD8+ Tem gated cells were analyzed for the assessment of TNFa, IFNc, IL-

antification of the frequency of cytokine production by Tem. Summary of cytokine
ng stronger evidence, dotted line showing lower level of evidence in relation to the
es from PBMC co-cultures upon IDX, cisplatin (cis), alone or in combination. Graphs
enes relative to beta-actin. (G) A single-cell transcriptome analysis (GSE162025 and
tral (Tcm) and effector memory T-cell (Tem) states. (H) Proportion of Tem and Tcm
25). Data information: Data points are shown ± SEM. In the boxplots in (C, H), the
5th percentiles, respectively. The whiskers represent the smallest and largest values
were calculated using unpaired Kruskal–Wallis test without multiple comparison
to Cis1.2; y p < 0.05, yyp < 0.01 compared to IDX2; §§§§ p < 0.0001 compared to
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stem cells, that differentiate into functional human lymphocytes,
then implanted them with a NPC43 cell xenograft, before treating
them with IDX (15 mg/kg) and/or Cis (2.5 mg/kg) four times per
week (Fig. 6A). Combined treatment displayed the strongest tumor
volume inhibition, with inhibitory rates of 56 %, 82 % and 106 % for
the IDX, Cis and combined treatment groups, respectively (Fig. 6B);
data that is consistent with our findings in the nude mouse model.
Additionally, the tumor weight at the end of study was signifi-
cantly reduced by the combined treatment compared to the DMSO
control group (Fig. 6C).

Using this humanized in vivo platform, we set out to character-
ize the NPC TME with emphasis placed upon T cell characteriza-
tion. Despite a broad range of humanization rates (determined by
human lymphocytes; Supplementary Fig 8C) that resulted in a high
variability in the percentages of both tumor infiltrating lympho-
cytes (TILs) and systemic lymphocytes (SLs), the ratio between TILs
and SLs remained consistent (Supplementary Fig 8D). To mitigate
this variability, all subsequent analysis was therefore carried out
using the TIL to SL ratio (TIL/SL). As expected, tumor tissues were
enriched with CD3+ T cells in the combination treatment group
compared to the DMSO group, as determined by the increased
CD3+ TIL/SL (Fig. 6D).

We identified that all T-cell differentiated subsets (Tn, Tcm, Tem
and Temra) were present in the SLs, whereas only Tcm and Tem
were present within the TIL population (Supplementary Fig 8E).
Furthermore, combination treatment increased the TIL/SL ratio
for Tem (CD4 and CD8), but an opposite effect was observed for
Tcm (CD4 and CD8; Fig. 6E). These results further strengthened
our in vitro finding that in addition to phenotypic alterations to
Tem, Tem tend to infiltrate more than Tcm within the TME after
co-treatment with IDX and Cis. We extended this interpretation
by comparing the systemic response to the treatment (post-
treatment to pre-treatment ratio). We found a reduction in Tem
frequencies (CD4 and CD8), whereas Tn showed an increased level
upon combination treatment (Fig. 6F for CD8, Supplementary Fig
8F for CD4). This systemic change led us to hypothesize that the
combination treatment would induce an infiltration of Tem cells
from the peripheral compartments into the tumor nest, resulting
in reduced systemic Tem. In this context, Tn cells are likely to be
elevated as a replacement for homeostatic systemic supply.

A correlation between tumor weight and TIL/SL ratio was
observed (Fig. 6G). Increased tumor weight was correlated with a
substantial decrease in CD3+ TIL/SL ratio (p < 0.0397), with an
increase in the CD8+ Tcm (p < 0.0168) and a decrease in the Tem
(p = 0.0535) subset. A positive correlation with tumor weight
3

Fig. 4. HIF1a-mediated granzyme B production from T cells contributes to the synerg
cytometry plots (left) and quantification of the frequency of granzyme B production by
Quantification of the frequency of granzyme B production by CD8+ Tem cells from NPC
mitochondrial membrane potential (Wm) after combination treatment. Flow cytometr
populations, while bar graphs show the ratio of JC-1 monomers to aggregates eomesfor
with PBMCs for 3 days with control (DMSO) or IDX and Cis, alone or in combination f
frequency of granzyme B production by CD8+ T cells from NPC43 co-cultures upon com
obtained (left). Representative flow cytometry plots (middle) of NPC43 cell (target cell; T
from co-cultures at indicated effector:target ratio (E:T) for 3 days. Cells were then collect
by flow cytometry. CFSE+ cells are target cells and FVD + cells are dead cells, such that dea
two drugs was calculated using ZIP model (right). (G) Working model depicting the i
mechanism in NPC cancer cells. Combination treatment potentiate migration of CD8+ T ce
treatment induce hypoxic environment via production of HIF1a, which in turn pote
mitochondria dysfunction. A possible amplification mechanism could be due to the elevat
upon co-treatment. Solid arrow depicts identified roles from current study and dashed ar
Data information: Data points are shown ± SEM. In the boxplots in (A, E), the centerline
percentiles, respectively. The whiskers represent the smallest and largest values in the 1
calculated using unpaired Kruskal–Wallis test without multiple comparison correction.
compared to medium alone; @p < 0.05 compared to Cis1.2 + IDX2.
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was also found in the CD4+ Tcm, but not CD4+ Tem (Supplementary
Fig 8G). Collectively, the combination treatment demonstrated a
therapeutic effect along with enhanced trafficking of lymphocytes
from the peripheral compartments into the tumor, that was asso-
ciated with the CD8+ Tem subset and decelerated tumor growth.
Discussion

Current treatments of NPC usually involve cytotoxic
chemotherapies, however, their efficacy is often restricted by var-
ious immune parameters pre-established in the TME [29]. In addi-
tion to the suppressive immune microenvironment, tumor-
associated ENOX2 presence and relative expression level is largely
proportional to tumor burden, providing a potential biomarker for
response to therapy and disease progression [30]. While several
early-phase trials of the ENOX2 inhibitor, IDX, in combination with
chemotherapy have reported its safety, tolerability and potential
efficacy in solid cancers, the associated immunological mecha-
nisms remain largely unknown. In contrast to previous published
studies that focus on cancer cell-associated apoptosis or immune
cell-induced inflammation by targeting ENOX2, this study
addresses the impact of a combination strategy targeted to ENOX2
with chemotherapy for inducing TME inflammation via immune-
cell/target-cell interaction. Our data reveal a significant function
which, to our knowledge, has never been previously explored.

Here, we demonstrate that NPC cancers mainly exert a T-cell-
excluded tumor phenotype, with active T-cell exclusion from the
tumor parenchyma and retention of these cells within the tumor
stroma, which characterizes an immunologically ‘‘cold-tumor”
[9,25]. This ‘‘cold-phenotype” is closely associated with those
cohorts expressing higher levels of intra-tumoral ENOX2. In our
model, cisplatin combined with IDX drove ‘‘cold-NPC” tumors into
an immunologically ‘‘hot-tumor” state. In fact, strong immunos-
timulatory response was preferentially elicited by tumor cells with
high- over low-ENOX2 expression following combination treat-
ment. The impact of this therapeutic combination was shown to
be directly related to an underlying immunogenic vulnerability,
such that combined treatment increased migration of CD8+ T cells
into the tumor, enhanced the naive-to-effector memory CD8+ T-cell
transition, leading to cytolytic Tem-mediated immune response
that was able to infiltrate into the TME and curb tumor growth
in NPC animal models. We postulate that CD8+ Tem–mediated
enhancement of tumor death upon combination therapy might
be directly correlated to higher levels of ENOX2 expression that
‘‘help” elicit heightened inflammation. The data suggest that
y of cytotoxicity in combined treatment with IDX and Cis. (A) Representative flow
CD8+ T cells from NPC43 co-cultures with (+) or without (-) indicated drugs. (B)

43 and C17 co-cultures. (C) JC-1 staining of target tumor cells shows reduction in
y dot plot showing the gating of JC1 (red)-aggregates and JC1 (green)-monomer
experimental groups. (D) Immunoblots of co-cultured NPC43 and C17 tumor cells
or 3 days. (E). Representative flow cytometry plots (left) and quantification of the
bination therapy. (F) Quantitative data of % lysis (in terms of CFSE+FVD+ cells) was
) stained with CFSE before getting in contact with PBMCs (effector cell; E) collected
ed and stained with fixable viability dye (FVD) and the dead cells (%) were measured
d target cells are represented by the CFSE + FVD +. The interaction landscape between
nteraction of IDX/Cis and memory T-cell-mediated cytotoxicity as an anti-tumor
lls and skew towards Tem differentiation with enhanced release of granzyme B. Co-
ntiate the granzyme B production and evoke cell-mediate cytotoxicity including
ed TNFRSF1A expression in target cells and TNFa production from effector Tem cells
rows represent possible mechanisms or connections (created with BioRender.com).
indicates the median, while the upper and lower lines represent the 75th and 25th
.5 � interquartile range. Values on top indicate median. In (A, B, C, F), P values were
In (E) data were analyzed with unpaired Mann–Whitney test. *p < 0.05, **p < 0.01
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chemotherapy with an ENOX2-targeted drug act synergistically,
resulting in immunogenic cell death which is essential to over-
come high ENOX2-associated non-T-cell-inflamed ‘‘cold” cancers,
such as NPC.

Our research group [23] previously demonstrated the impor-
tance of spatial context and the nature of cellular heterogeneity
of the TME, beyond overall densities, that may provide additional
contextual information relevant to cancer immunity. Furthermore,
it has been suggested that immune topographies (infiltration pat-
tern) can be used as independent biomarkers for patient selection
for immunotherapy responses in certain types of cancers [29,31].
Thus, an improved understanding of the immune signature of
tumors is essential to guide the design of scientific and clinical
combination studies, that may succeed in transforming non-
responsive cancers into responsive phenotypes. We suggest that
ENOX2 is ideally suited as a target for early diagnosis of cancer
as this protein not only strongly expressed on the cell surface of
malignancy, its expression is potentially associated with tumor
phenotypes. To our knowledge, this study is the first to demon-
strate that surface-expressed ENOX2 levels in the tumor-region,
rather than total frequency in tumor islet, can be associated with
TIL-CD8 densities. This spatial feature between ENOX2 and CD8 T
cells allows better understanding on how the TME architecture
influences outcomes in NPC. Moreover, we believe that the spatial
information is could be key to improve patient stratification, as
such, patients with high level of cancer-specific ENOX2 may
require specific strategies, such as combination of IDX to
chemotherapy, to increase T cell infiltration into the tumor. In this
study, our approach, using ENOX2 as a target for NPC intervention
exerts synergistic effect in combining with chemotherapy, as
determined by both the quantity and quality of responses. These
responses are likely dependent on the phenotypic, functional and
localization properties of the memory T-cell compartments.

Human memory T cells with discrete lymphoid homing proper-
ties were first described by Sallusto et al. [6], yielding the definition
of canonical memory T-cell subsets, Tcm and Tem. General features
of Tcm include greater proliferative capacity and heightened pres-
ence in secondary lymphoid organs. A high frequency of T cells
found in nonreactive lymph nodes have the Tem phenotype, which
is considered to be more cytolytic and has a greater capacity of
trafficking toward infected sites [28,32]. Therefore, categorization
of memory T cells into distinct lineages provides a division of labor
as well as flexibility in the mounting of robust defenses against
diverse pathogens and cancers. This study demonstrates that Cis
alone is able to increase T-cell migration, but this treatment alone
is not sufficient to overcome the barrier of ‘‘cold” tumors and pro-
vide robust patient responses. The addition of IDX can improve
local infiltration and activity of T cells, promote differentiation of
CD8+ Tem cells, skew the memory pool and impact functional cyto-
toxic immunity.
3

Fig. 5. High-content monitoring of drug effects in a 3D spheroid model upon combin
in NPC43 spheroids. (B) Scheme of the co-culture protocol between NPC spheroids and P
well and then co-cultured with PBMCs for 3 days with indicated drugs. Representative im
spheroid compartments were quantified by flow cytometry. (C) PKH26-stained and Cell
times were calculated by Fuji ImageJ software. (D) Apoptotic tumor cells were measured a
the degree of infiltration (left) and cell death (right) was calculated using ZIP model. (F) F
and CD8+ T cells subsets (respectively gated CD4+CD8- among CD4-CD8+ among CD3+; bar
presence or without co-treatment at 72 h. Flow cytometry analyses of T-Memory cells
CD45RA+CD62L+ (Tn), CD45RA-CD62L+ (Tcm), CD45RA-CD62L- (Tem) and CD45RA+CD62L
at 72 h. Data information: Data points are shown ± SEM. In the boxplots in (F), the cente
25th percentiles, respectively. The whiskers represent the smallest and largest values in t
calculated using unpaired Kruskal–Wallis test without multiple comparison correction.
compared to medium alone.
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Since the functions of locally secreted soluble factors, such as
cytokines and chemokines, are increasingly recognized in cancers,
we hypothesize that IDX in combination with Cis may lead to the
induction of bioactive mediators in the TME that are pivotal for
influencing T-cell immunity in NPC. We observed increased levels
of inflammatory-related cytokines in the CM of tumor cultures,
in particular upon combination treatment. Therefore, in our point
of view, these increased tumor-derived mediators encountered
within the TME may represent a pro-inflammatory milieu, poten-
tially interacting closely with anti-tumor T-cell populations. The
cell–cell interaction analysis suggests that several outgoing signals
from tumor cells to T-cell receivers are enriched in the TME of NPC.
Notably, most of the enriched outgoing signals are not via those
mediators observed in the CM collected from combined-treated
NPC cells. This finding suggests that the combination therapy can
drive a distinct pro-inflammatory TME (senders) and further boost
the recruitment of T-cell populations (receivers) with antitumor
immunity. The ligand–receptor pairs between tumor cells and
TME-infiltrated T cells, influenced by the combination treatment,
are worthy of further research as a potentially modifiable contrib-
utor to tumor immunophenotype.

A killing mechanism used by cytotoxic lymphocytes involves
proteases (granzymes) translocating into the cytoplasm of the tar-
get cell, resulting in its death. Granzyme B is the best characterized
serine protease, is widely used as an activation marker of cytotoxic
T cells and is a potent cytotoxin mediating target cell apoptotic
death [33]. Mitochondria appear to be dysregulated in granzyme
B-mediated apoptosis [34]. In fact, here we identify a potential
association between granzyme B and mitochondria dysfunction
upon combination treatment, with this dysregulation likely due
to the reduced DWm and ATP production, leading to cellular
demise through a caspase-dependent mechanism. This is in line
with the findings of previous studies, suggesting that Tem exhibit
an effector phenotype marked by granzyme production [35].

Hypoxic conditions are typically present in solid tumors. It is
intriguing, and perhaps counterintuitive, that the release of HIF1a,
an oxygen-sensitive transcriptional activator, would drive thera-
peutic benefit in NPC. Nonetheless, it has been well documented
that cytolytic functions of T lymphocytes respond to the immune
microenvironment and tissue oxygenation levels. That response
in turn is regulated, to a significant degree, by HIF1a [36,37]. As
such, our proposal is a mechanism by which the increased gran-
zyme B-producing CD8+ Tem cells, likely driven by the secretion
of HIF1a from tumor cells upon combined drug treatment, favors
the accumulation of granzyme B in the TME and potentiates the
response of memory cytolytic subsets that are necessary to
increase tumor death. In support of these findings, other studies
have also demonstrated that the presence of HIF1a not only
increases the generation of cytolytic molecule granzyme B [36],
but also supports T-cell acquisition into an effector phenotype
ation treatment. (A) CellEvent was used to determine the IC50 values for IDX and Cis
BMCs from healthy donors. Spheroids were pre-formed for 5 days with 20,000 cells/
ages were acquired using the InCell 6000. Lymphocytes IN (green) and OUT (orange)
Event-stained spheroids were co-cultured. Numbers of infiltrated cells at indicated
ccording to CellEvent intensity. (E) The interaction landscape between two drugs on
low cytometry analyses of T cells (respectively gated CD3+; pie plot) as well as CD4+

plots inside rectangle box) in the IN (green) and OUT (orange) compartments, in the
(respectively gated CD4+/CD3+; and CD8+/CD3+; bar plots under green arrow) on

- (Temra) subsets, in the IN compartments, in the presence or without co-treatment
rline indicates the median, while the upper and lower lines represent the 75th and
he 1.5 � interquartile range. Values on top indicate median. In (C, D), P values were
In (F) data were analyzed with unpaired Mann–Whitney test. *p < 0.05, **p < 0.01
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[38]. Furthermore, our data suggest another potential interaction
between tumor/immune cells upon combination treatment,
whereby tumor cells are induced to generate higher TNFRSF1A
levels that might directly interact with the TNFa produced by
CD8+ T cells. More importantly, the single-cell-derived gene signa-
ture also showed a significant association between TNFRSF1A-
expressing malignant cells and TNFa-expressing CD8+ T cells. This
warrants further exploration to understand whether and how
TNFSFR1A contributes to TNFa-dependent T-cell migration, activa-
tion and/or differentiation within the TME of NPC. Further studies
aimed at understanding key regulators released from tumor cells
upon combined treatment will also need to be considered.

The elevated CD8+ Tem infiltration in vitro and in tumor
spheroids upon combination therapy of IDX and Cis, translated
into humanized mice, further supporting that the co-treatment
could effectively reduce tumor growth in vivo. These findings
are also supported by the public transcriptomic data, showing
that memory T-cell populations are more likely to accumulate
systemically as compared to paired tumor tissues. Given that
Tem exhibits cytolytic effector functions whilst having limited
access to the tumor site of NPC, this data favors a role for the
co-treatment in promoting T-cell infiltration and modulating
memory features with cytotoxicity. The clinical findings that
NPC patients with high ENOX2 expression are associated with
poorer prognosis, suggest that patients with high ENOX2-
expressing tumors might have a more favorable response to
the combined therapy. Thus, in addition to immune cell-
mediated immunosurveillance, various factors, such as tumor-
associated ENOX2 expression, likely alter the responsiveness of
T cells and thereby treatment outcome. Precise and deeper
understandings of the functional characteristics of ENOX2 will
support the future development of effective treatments to
patients who do not respond to chemotherapy. In those cases,
co-treatment with an ENOX2 inhibitor could potentially elicit a
durable tumor response.

Conclusion

In summary, the amount of CD8+ T cells and tumor-associated
ENOX2 expression within the TME are clearly different across
cancer phenotypes. Building on this data, we speculate that
NPC are amenable for successful treatment with the ENOX2 inhi-
bitor, providing a rationale to further stratify patient tumors
according to immune parameters. Notably, with respect to T-
cell immunity, we provide evidence supporting the idea that
combine current chemotherapy treatment with an ENOX2-
targeted drug can drive immunologically- ‘‘cold” tumors into
‘‘hotter” phenotypes, via an elevated anti-tumor Tem cell popu-
lation, that ultimately results in the sensitization of tumors to
cytotoxic chemotherapy.
3

Fig. 6. In vivo efficacy of the combination therapy in humanized NPC mice model.
Cisplatin were intraperitoneally injected 4 times a week at a dose of 15 mg/kg and 2.5 m
collected for flow cytometry (FC) analysis. (B) Excised tumor on day 34 of sacrifice (righ
(green), IDX (blue), or combination of both drugs (purple). (C) Tumor volume change is
both drugs (purple). (D) Flow cytometry analysis on human T-cell enrichment (respe
lymphocytes (TILs) to systemic lymphocytes (SLs), TILs/SLs. (E) Flow cytometry analysis
CD4-CD8 + among CD3 + ) enrichment in tumor tissue using frequency ratio of TILs/SLs
CD8 + cells (respectively gated CD4-CD8 + among CD3 + ) using frequency ratio of system
day 12 (pre-treatment), ratio D34/D12. (G) Correlation between tumor weight and ratio o
analyzed with unpaired t-test. In (G), statistical evaluations were performed using Spe
compared to Cis; yp < 0.05 compared to IDX.
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