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The immunosuppressive TME of these 3D models contained of tumour cells,
CAFs and immune cells accompanied by high expression of PD-L1, PD-L2 and
reduced expression of MICA/B. The immune checkpoint inhibitors and epige-
netic modifiers enhance the efficacy of γδ T cells against 3D models. These four
3D models provided valuable preclinical platforms to test γδ T cell functions for
immunotherapy.
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Abstract
Background: Gamma delta (γδ) T lymphocytes are promising candidate for
adoptive T cell therapy, however, their treatment efficacy is not satisfactory. Vδ2
T cells are unique to primates and few suitablemodels are available to assay their
anti-tumour function.
Methods: We tested human γδ T cell activation, tumour infiltration, and
tumour-killing in four three-dimensional (3D) models, including unicellu-
lar, bicellular and multicellular melanoma spheroids, and patient-derived
melanomaorganoids.We studied the effects of checkpoint inhibitors on γδT cells
and performed a small molecule screen using these platforms.
Results: γδ T cells rapidly responded to melanoma cells and infiltrated
melanoma spheroids better than αβ T cells in PBMCs. Cancer-associated fibrob-
lasts (CAFs) in bicellular spheroids, stroma cells in multicellular melanoma
spheroids and inhibitory immune cells in organoids significantly inhibited
immune cell infiltrates including γδ T cells and lessened their cytotoxicity to
tumour cells. Tumour-infiltrating γδ T cells showed exhausted immunopheno-
types with high checkpoints expression (CTLA-4, PD-1 and PD-L1). Immune
checkpoint inhibitors increased γδ T cell infiltration of 3D models and killing
of melanoma cells in all four 3D models. Our small molecule screen assay and

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2022 The Authors. Clinical and Translational Medicine published by John Wiley & Sons Australia, Ltd on behalf of Shanghai Institute of Clinical Bioinformatics

Clin. Transl. Med. 2022;12:e814. wileyonlinelibrary.com/journal/ctm2 1 of 18
https://doi.org/10.1002/ctm2.814

mailto:xug@pennmedicine.upenn.edu
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/ctm2
https://doi.org/10.1002/ctm2.814


2 of 18 OU et al.

subsequent mechanistic studies demonstrated that epigenetic modifiers
enhanced the chemotaxis and cytotoxicity of γδ T cells through upregulating
MICA/B, inhibiting HDAC6/7 pathway and downregulating the levels of PD-L1
and PD-L2 in CAFs and tumour cells. These compounds increased CXCR4
and CD107a expression, IFN-γ production and decreased PD-1 expression of γδ
T cells.
Conclusions: Tumour-infiltrating γδ T cells show exhausted immunopheno-
types and limited anti-tumour capacity in melanoma 3D models. Checkpoint
inhibitors and epigenetic modifiers enhance anti-tumour functions of γδ T cells.
These four 3D models provided valuable preclinical platforms to test γδ T cell
functions for immunotherapy.

KEYWORDS
epigenetic modifiers, immune checkpoint blockade, immunotherapy, melanoma 3D models,
γδ T cells

1 INTRODUCTION

γδ T cells possess both innate and adaptive immune cell
traits.1 γδ T cell accumulation in cancer tissues is the best
predictor for better prognosis among 22 different types of
immune cells across 39 malignancies.2 Since γδ T cells
recognise tumour cells without classical MHC restric-
tion and co-stimulatory molecules, γδ T cells are attrac-
tive candidates for allogeneic adoptive therapy in vari-
ous cancers without inducing graft-versus-host disease.3,4
γδ T cells exert excellent anti-tumour activity in the two-
dimensional (2D) culture, however, the efficacy of adoptive
γδ T cell therapy is variable. Both clinical trials and basic
research are needed to explore strategies to overcome resis-
tance to γδ T cell therapy.5
It appears that γδ T cell anti-tumor function is sig-

nificantly inhibited within the tumor microenvironment
(TME).6,7 The TME is comprised of malignant tumour
cells, stroma and immune cells.8 Cancer-associated fibrob-
lasts (CAFs) are one of the most prominent cells in TME.9
CAFs secrete cytokines and extracellular matrix compo-
nents to modify tumour architecture and enhance tumour
proliferation andmigration properties.10,11 CAFs also inter-
act with tumor infiltrating immune cells and inhibit αβ
T cell infiltration and normal function.12 Thus, the TME
play a crucial role in tumour progression and treatment
resistance.
Vγ9Vδ2T cells, the most common γδ T cells used

for adoptive immunotherapy, are unique to primates.13
Mouse models are not ideal to test efficacy of Vδ2 T cell-
based immunotherapy. Monolayer tumour cell culture
cannot recapitulate the complex features of the TME in
patients.14 Three-dimensional (3D) culture, particularly

patient-derived tumor organoids15 mimic tumour tissue
structure and may be used to study interaction of cancer
cells with stromal cells and immune cells in vitro.16,17 Mul-
tiple studies show that αβ T cells18 and NK cells19 are capa-
ble of infiltrating and killing tumour spheroids.20 How-
ever, few studies have examined how γδ T cells interact
with melanoma cells in 3D models.
We therefore developed four different 3D models to

study γδ T cell migration, infiltration, activation and cyto-
toxicity. The four different 3D models including unicel-
lular melanoma spheroids, bicellular tumour-fibroblast
spheroids, multicellular patient-derived spheroids and
melanoma patient-derived organoids (MPDOs). From uni-
cellular spheroids to MPDOs, the complexity of the 3D
models increases significantly with CAFs, other stromal
cells and immune cells.
We demonstrated that γδ T cells rapidly migrated to and

infiltrated tumour spheroids faster than αβ T cells. Inclu-
sion of CAFs in the spheroids significantly inhibited γδ
T cell infiltration. Tumour infiltrating γδ T cells expressed
high level of checkpoint proteins in the 3D models. Anti-
PD-1 and anti-CTLA-4 mAbs increased γδ T cell infiltra-
tion and killing of melanoma cells in all four models. In
our small molecule screen assays, we discovered that Enti-
nostat and Vorinostat enhanced γδ T cell tumour killing
function. Mechanistically, these compounds enhanced the
chemotaxis and cytotoxicity of γδ T cells through upreg-
ulating MICA/B and downregulating the levels of PD-
L1 and PD-L2 on CAFs and tumour cells; while upregu-
lating CXCR4, CD107a expression and IFN-γ production
in γδ T cells. 3D models provide useful preclinical plat-
forms to study human γδ T cell functions for immuno-
therapy.
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2 RESULTS

2.1 γδ T cells infiltrate unicellular
melanoma spheroids more efficiently than
αβ T cells

A2058 and UACC903 unicellular melanoma spheroids
were generated by seeding tumour cells on agarose-coated
96-well plates. Melanoma cells aggregated and started
to form spheroids at day 1 and well-formed spheroids
were seen at day 2; the spheroid size grew over 500–
600 μm at day 7; and the shape of A2058 and UACC903
spheroids were similar (Figure 1A,B). Melanoma cells in
the spheroids expressed high level of PD-L1 measured by
FACS (Figure 1C).
To study T cell infiltration, spheroids (labelled with

Cell-Tracker Orange CMTMR, red) were co-cultured with
peripheral blood mononuclear cells (PBMCs, labelled
with carboxyfluorescein succinimidyl ester (CFSE), green)
from healthy donors. Immune cells were initially present
on the surface of the spheroids at day 1,many immune cells
infiltrated the spheroids at day 3, the immune cells per-
sisted in the spheroids at day 5 and 7, and the spheroids
were destroyed gradually (Figure 1D). The proportion of
γδ T cells was significantly higher inside of the spheroids
than that outside of spheroids (in the medium) or in con-
trol wells (without spheroids) at day 3 (Figure 1E). In
contrast, there was no significant change of CD8+ T and
CD4+ T cells in the spheroids comparing that outside
of the spheroids or in control wells (without spheroids,
Figure S1A,B). The ratios of γδ T/CD4+ and γδ T/CD8+
T cells were significantly increased in the spheroids com-
pared to those outside of the spheroids (Figure 1F), sup-
porting that γδ T cells proliferate and infiltrate tumour
spheroids more efficiently than CD4+ and CD8+ T cells.
The infiltrating γδ T cells displayed increased expres-

sion of CTLA-4, PD-1 and PD-L1 compared to those in the
control wells (γδ T cells without spheroids, Figure 1G and
Figure S1C). Similar findings were observed in spheroid
infiltrating CD8+ and CD4+ T cells (Figure S1D,E). A
decreased expression of NKG2D was also observed in
γδ T cells, indicating an engagement of NKG2D in the
spheroids.
γδ T cells are comprised of varying proportions

of effector memory (CD27–CD45RA–), central
memory (CD27+CD45RA–), terminal-differentiated
effector memory (CD27–CD45RA+) and naive
T cells (CD27+CD45RA+) in different physiologi-
cal conditions.21,22 The infiltrating γδ T cells showed
increased percentages of effector memory cells (EM,
CD27–CD45RA–) compared to cells outside of spheroids
(Figure 1H,I). These results support that the effector
memory γδ T cells are apt to infiltrate the spheroids.

Alternatively, the γδ T cells may differentiate into effec-
tor memory subset as they infiltrate the spheroids. These
results suggest that γδT cells are one of the fastest respond-
ing immune cells when encountering with tumour cells.

2.2 CAFs increase immune suppression
in the spheroids

Fibroblasts play a pivotal role in the TME and rigid extra-
cellular matrix impairs T cell infiltration.23,24 We found
that not all melanoma cell lines form spheroids on the
agarose. A375 melanoma cells were not able to form
spheroids on the agarose, however, a mixture of A375 cells
and fibroblasts was able to form tight spheroids and their
size increased slowly over time (Figure 2A). When fibrob-
lasts (GM01948 cells) were introduced into the spheroids,
the bicellular melanoma–fibroblast spheroids (A375-fibro
and A2058-fibro) were smaller than unicellular tumour
spheroids (Figure 2B and Figure S2A). Fibroblast mark-
ers, α-smooth muscle actin (α-SMA) and fibroblast acti-
vation protein (FAP) were highly expressed in the A2058-
fibroblast spheroids (Figure S2B). These CAFs expressed
high level of PD-L1 after stimulation with 50 ng/ml IFN-γ
for 24 h (Figure 2C).
After co-culturing with PBMCs for 24 h, the bicel-

lular spheroids recruited significantly fewer infiltrat-
ing immune cells compared to unicellular melanoma
spheroids (Figure 2D, E and Figure S2C). Significantly
fewer γδ T cells, CD4+, CD8+ T or CD11b+ cells were in
the melanoma–fibroblast bicellular spheroids than those
in the unicellular spheroids (Figure 2F). Infiltrating γδ T
in bicellular spheroids expressed significantly higher level
of CTLA-4, PD-1, PD-L1 and lower level of CD69 compared
to those of controls; while comparable levels of CTLA-4,
PD-1, PD-L1 and CD69 as those in unicellular spheroids
(Figure 2G). Similar results were observed on PD-1 expres-
sion level in spheroid infiltrating CD4+ T and CD8+
T cells, and on PD-L1 expression and TGF-β production
in spheroid infiltrating CD11b+ cells (Figure S2E). Simi-
lar to the phenotypic changes in the unicellular melanoma
spheroids, more effectormemory γδ T cells were present in
the bicellular spheroids compared with that outside of the
spheroids (Figure S2F).

2.3 Immune Checkpoint blockade (ICB)
enhances melanoma killing and
infiltration of γδ T cells in melanoma
spheroids

PBMC co-cultured with tumour spheroids simulates
immune cells in blood or in tissues reacting with tumours
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F IGURE 1 γδ T cells infiltrate unicellular melanoma spheroids. (A) A2058 and UACC903 unicellular melanoma spheroids. 2 × 104

melanoma cells were seeded in each well and spheroid images were taken. Scale bar, 200 μm. (B) Time course of unicellular spheroid growth.
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in vivo.25,26 We assessedwhether anti-CTLA-4 or anti-PD-1
mAbs alone or in combination increase the treatment effi-
cacy of T cells in PBMCagainstmelanoma–fibroblast bicel-
lular spheroids. A375-fibroblast bicellular spheroids were
co-cultured with PBMC in the presence of ICB for 48 h.
The anti-CTLA-4 or anti-PD-1 mAbs or their combination
significantly decreased the size of spheroids compared to
isotype control (Figure 3A,B); anti-PD1mAbs and the com-
bination significantly increased infiltrating γδT cells in the
spheroids (Figure 3C,D). Despite anti-CTLA-4/ PD-1mAbs
reduced the size of spheroids, the 3D structure of spheroids
was not completely destroyed.
Anti-PD-1 mAbs decreased PD-1 expression, while anti-

CTLA-4 mAbs reduced CTLA-4 level in infiltrating γδ
T cells. Anti-PD-1 mAbs or the anti-CTLA-4/ PD-1 combi-
nation increased IFN-γ production of γδT cells (Figure 3E).
Similar effects were observed on tumour infiltrating CD8+
T cells (Figure 3F). The efficacy of ICB onCD4+ T cells was
less prominent than on CD8+ T cells (Figure S3A). Anti-
CTLA-4/PD-1 or the combination significantly decreased
CD11b+ and CD14+ cells in the spheroids, and the combi-
nation decreased the expression of PD-L1 and TGF-β pro-
duction in CD11b+ macrophages, and PD-1 and PD-L1 lev-
els in CD14+myeloid cells (Figure S3B, S3C). These results
support that ICB not only enhances the function of CD8+
T cells, but also improves the infiltration and cytotoxicity
of γδ T cells.

2.4 Expanded γδ T cells showmoderate
anti-tumor effects to melanoma spheroids

Adoptive immunotherapy of CD8+ T and γδ T cells have
been tested in clinical trials.27,28 To compare the chemo-
taxis and cytotoxicity of γδ T cells with CD8+ T cells
from the same donor, we expanded and activated CD8+
T cells as previously described.29,30 γδT cells can be rapidly
expanded from PBMCs and expanded γδ T cells have been
used in autologous or allogenic adoptive therapies.31,32 We

expanded γδ T cells from PBMCs using Zoledronic acid (5
μM) and IL-2 (200 IU/ml) as we previously described33 and
the purity of γδ T cells reached approximately 90% after
10 days (Figure 4A). The expanded γδ T cells comprised of
more effector memory and central memory T cells com-
pared to those in PBMCs (Figure 4A).
We observed that the expanded γδ T cells migrated to

tumor spheroids more rapidly than CD8+ T cells when co-
cultured with melanoma–fibroblast bicellular spheroids
(Figure 4B and , Figure S4). The expanded γδ T cells
and CD8+ T cells infiltrated melanoma–fibroblast bicellu-
lar spheroids and disrupted the three-dimensional struc-
ture modestly after 36 h co-culture (Figure 4C). Spheroid
size was significantly smaller in γδ T-treated A2058-fibro
spheroids than CD8+ T-treated A2058-fibro spheroids.
However, no significant difference was observed in UACC-
903-fibro spheroids, suggesting that the intrinsic charac-
teristics of tumour cells may play a role in response to γδ
T cells. More γδ T cells infiltrated the bicellular spheroids
compared to CD8+ T cells (Figure 4D). The infiltrating
γδ T cells displayed significantly increased expression of
CTLA-4, PD-1 and PD-L1, with decreased expression of
NKG2D compared to controls (Figure 4E). These data sup-
port that expanded γδ T cells can infiltrate into melanoma
spheroids, but they show exhausted immunophenotypes
with increased expression of checkpoint proteins. The
exhausted immunophenotypes of tumour infiltrating γδ
T cells likely contribute to limited clinical efficacy of the
γδ T cell-based therapies.

2.5 Patient-derived multicellular
spheroids and melanoma patient-derived
organoids mimic the TME in melanoma

Although melanoma-fibroblast bicellular spheroids con-
tained CAFs, they lack many other cell types seen in the
TME in vivo. To further mimic the TME in melanoma,
we generated patient-derived multicellular spheroids and

Spheroid size was measured using a micrometer. ** p < 0.01. (C) PD-L1 expression in unicellular A2058 and UACC903 spheroids. The tumour
spheroids were disassociated and expression of PD-L1 was measured by FACS. (D) Co-culture of UACC903 spheroids and peripheral blood
mononuclear cells (PBMCs) with time. 2 × 104 melanoma cells were labelled with Cell-tracker orange CMTMR (red), while 4 × 104 PBMCs
were labelled with CFSE (green). Representative images from days 1, 3, 5, and 7 were shown. Scale bar, 200 μm. (E) Representative scatter
plots of γδ T cells in the medium (outside) or inside the spheroids at day 3 after co-culture. γδ T cells were gating on CD3+ lymphocytes.
Control wells do not contain tumor spheroids. (F) Percentage of γδ T cells in lymphocytes, ratio of γδ T cells/CD4+ cells and γδ T cells/CD8+

cells at day 3 after co-culture were showed. γδ T, CD4 T and CD8 T cells in the medium (outside) or inside the spheroids were measured by
FACS. Control wells do not contain tumor spheroids. Each dot in this panel represents a unique donor. * p < 0.05; ** p < 0.01. (G) CTLA-4,
PD-1, PD-L1 and NKG2D expression in γδ T cells in the medium (outside) or inside the spheroids. Control wells did not contain tumour
spheroids. Each dot in this panel represents a unique donor. * p < 0.05; ** p < 0.01. (H) The phenotypic subsets of γδ T cells outside or inside of
the spheroids were shown in contour plots. Control wells did not contain tumour spheroids. (I) The phenotypic subsets of γδ T cell distributed
in effector memory (EM, CD27-CD45RA-), terminal-differentiated effector memory (TDEM, CD27-CD45RA+), naive (N, CD27+CD45RA+),
and central memory (CM, CD27+CD45RA-) subsets. Control wells did not contain tumour spheroids. * p < 0.05; ** p < 0.01
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F IGURE 2 Cancer-associated fibroblasts inhibit immune cell infiltrate. (A) A375 cell cluster and A375-fibroblast bicellular spheroids.
Melanoma cells and fibroblasts were mixed at a 1:2 ratio and seeded on agarose. Representative images of A375 cell cluster and A375-fibroblast
spheroids at days 1, 3, 5 and 7 were shown. Scale bar, 250 μm. (B) Representative fluorescent images of A375 cell cluster and A375-fibroblast
spheroid. Tumour cells in the spheroids were labelled with CellTracker™ Orange CMRA dye (red), and the fibroblast cells were labelled with
CFSE (green). Scale bar, 200 μm. (C) PD-L1 expression in response to IFN-γ on A375 cells, fibroblasts and CAFs in A375-fibroblast spheroids.
A375, fibroblasts and A375-fibroblast spheroids were cultured with 50 ng/ml IFN-γ for 24 h and PD-L1 expression on A375, fibroblasts and
CAFs was measured by FACS. (D) Representative images of A375 cell cluster and A375-fibroblast spheroids co-cultured with peripheral blood
mononuclear cells (PBMCs). Melanoma cells and fibroblasts were labelled with orange CMRA dye (red), and PBMCs were labelled with
CFSE (green). Scale bar, 200 μm. (E) Infiltrating γδ T cells in the A375 and A375-fibroblast spheroids were measured by FACS. Spheroids were
co-cultured with PBMCs for 24 h and CFSE labelled immune cells were quantified by FACS. n = 5; **p < 0.01. (F) Average γδ T cells, CD4+

T cells, CD8+ T cells and CD11b+ cells outside or inside of an A2058 tumour spheroid (T-out or T-in) and A2058-fibroblast spheroid (F-out or
F-in) were measured by FACS. * p < 0.05. (G) The CTLA-4, PD-1, PD-L1 and CD69 expression on γδ T cells outside or inside of A2058 tumour
spheroid (T-out or T-in) and A2058-fibroblast spheroids (F-out or F-in). * p < 0.05. **p < 0.01. n = 3–7. Con: PBMCs cultured without tumour
spheroids, T-out: outside of unicellular tumour spheroids, T-in: inside of unicellular tumour spheroids, F-out: outside of A2058-fibroblast
spheroids, F-in: inside of A2058-fibroblast spheroids
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F IGURE 3 Anti-PD-1 and anti-CTLA-4 mAbs enhance T cell infiltration. (A) Representative images of A375-fibroblast spheroids
co-cultured with peripheral blood mononuclear cell (PBMC) and treated by ICB, the spheroid cells were labelled with oorange dye (red), and
PBMCs were labelled with CFSE (green). A375-fibroblast spheroids were co-cultured with PBMCs in the presence of anti-PD-1
(Pembrolizumab, 50 μg/ml) and/or anti-CTLA-4 (Ipilimumab, 50 μg/ml) mAbs for 48 h. Scale bar, 200 μm. (B) Spheroid volume was
measured after treatment for 48 h. n = 6, *p < 0.05. ** p < 0.01. (C) Representative scatter plots and the absolute number of γδ T cells inside of
the A375-fibroblast spheroids after treatment. γδ T cells were gated on CD3+ lymphocytes. **p < 0.01. (D) Proportion of γδ T cells in the
A375-fibroblast spheroids was measured after treatment. *p < 0.05. (E) PD-1, CTLA-4 expression and IFN-γ production in tumour infiltrating
γδ T cells was measured by FACS after treatment. *p < 0.05. (F) Proportion of CD8+ T cells, CTLA-4and PD-1 expression, and IFN-γ
production in tumour infiltrating CD8+ T cells were measured by FACS after treatment. *p < 0.05; ns, no significant difference
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F IGURE 4 Efficacy of γδ T cell treatment in bicellular melanoma spheroids. (A) γδ T cell expansion and phenotypic subset distribution.
γδ T cells were expanded from PBMCs for 10–13 days using 5 μM ZOL and 200 IU/ml IL-2. Representative scatter plots showing expansion of
γδ T cells and their phenotypic changes. (B) Time course of UACC903-fibro spheroids co-cultured with expanded γδ T cells and CD8 T cells
were taken pictures by widefield microscopy. Scale bar, 500 μm. (C) Representative images of A2058-fibro and UACC903-fibro spheroid
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MPDOs. Patient-derived multicellular spheroids con-
tained primary tumour cells, CAFs and other mesenchy-
mal cells, but not immune cells. The cellular mixture
was harvested from disassociated fresh melanoma tis-
sues after adherent culture for 14–21 days, immune cells
were gradually depleted during the culture period. The
cellular mixture was seeded on the agarose for 48 h to
form the melanoma multicellular spheroids. The patient-
derived multicellular spheroids initially contracted on the
agarose on day 1, enlarged gradually and the central necro-
sis emerged when the size of spheroid reached over 800–
1000 μm (Figure 5A and Figure S5). PD-L1 was highly
expressed on cells in the patient-derived multicellular
spheroids and IFN-γ increased PD-L1 expression in these
cells (Figure 5B). We observed that cytoskeleton (phal-
loidine), fibroblasts (α-SMA) and intercellular adhesion
molecules-I (ICAM-I) were present in the multicellular
spheroids (Figure 5C).
In contrast to patient-derived multiple cellular

spheroids, MPDOs also contain immune cells. Disas-
sociated single-cell suspension from fresh melanoma
tissues was seeded onto the matrigel, and the organoids
grew over time and the size reached about 200–300 μm
at day 7 (Figure 5D). The main cellular components in
the organoids were measured by FACS and immunohisto-
chemistry. Immune cells including CD45+, CD8+, CD4+
and CD11b+ cells were present in the MPDOs (Figure 5E).
Melanoma cells (HMB-45), fibroblast (α-SMA), ICAM-I,
vimentin and immune cells (CD45+ and CD3+ T cells)
presented in the MPDOs by immunocytochemistry
(Figure 5F).

2.6 Checkpoint blockade enhances
anti-tumor effect of expanded γδ T cells

To enhance the treatment efficacy of γδ T cell ther-
apy, we combined expanded Vδ2 T cells with ICB in
A2058 unicellular spheroids (Figure 6A,B), A2058-fibro
bicellular spheroids (Figure 6C,D),multicellular spheroids
(Figure 6E,F) andMPDOs (Figure 6G,H). Anti-PD-1 mAbs
and the anti-CTLA4/PD-1mAbs combination significantly
enhanced the effect of Vδ2 T cells in all four models,
while anti-CTLA-4 mAbs did not have significant effect.
Similar results were observed in UACC903 spheroids

(Figure S6A,B), A375-fibro spheroids (Figure S6C,D) and
MPDOs from another patients (Figure S6E).
We found that the expression levels of CTLA-4 and

PD-1 in the spheroid infiltrating γδ T cells were variable
in the unicellular, bicellular and multicellular spheroids
(Figure 6I). Anti-PD-1 mAbs decreased PD-1 expression,
anti-CTLA-4 mAbs reduced CTLA-4 expression in γδ
T cells in all the three models. Anti-PD-1 mAbs and the
combination enhanced IFN-γ production of γδ T cells in
all the three models (Figure 6I). γδ T cells in combination
with anti-PD-1 mAbs or in combination with anti- CTLA-
4/PD-1 induced more cell apoptosis than that control γδ
T cells, while anti-CTLA-4 mAbs had no significant effect
(Figure 6J).

2.7 Small molecule compound screen to
discover compounds that enhance γδ T cell
function

Many small molecules are being tested for the melanoma
therapy. We aimed to discover small molecules that can
be used to enhance the treatment efficacy of γδ T cells.
We performed extensive literature search and identified
13 such potential compounds that across several classes,
including epigenetic modifiers (Entinostat, Decitabine,
JQ-1, Tubastatin A, Valproic acid, Ricolinostat and Vorino-
stat), CDK inhibitor (Palbociclib and Seliciclib), CSF1R
inhibitor GW2580, FGFR inhibitor Rogaratinib, and CXCR
inhibitors (SB265610 and AMD3100). We first tested the
effect of these compounds by themselves in melanoma–
fibroblast bicellular spheroids, patient-derived multicellu-
lar spheroids and MPDOs using CCK-8 assay. These com-
pounds inhibited the viability of cells in the 3D cultures at
different concentrations. The IC50 value of the compounds
in 3D cells were demonstrated in Figures 7A and S7A.
Epigenetic mediators are vital factors involved in

maintaining an immunosuppressive TME that restrains
antitumor immunity.34,35 It has been shown that tumour
cells and CAFs escape immune cell attack by expressing
high levels of PD-L1 and PD-L2, and shedding NKG2D
ligands (MICA, MICB and ULBP1-6) from the cell surface
through proteolytic cleavage.36 In addition, the expression
of Fas ligand (FasL) on melanomas37 and CAFs38 has been
implicated in their evasion of immune surveillance. We

co-culture with expanded γδ T cells or CD8+ T cells. Spheroid cells were labelled with orange dye (red), γδ T cells and CD8+ T cells were
labelled with CFSE (green). Scale bar, 200 μm. (D) The size of A2058-fibro and UACC903-fibro spheroid and the infiltrating cell number was
analysed after co-culture with expanded γδ T cells or CD8+ T cells. n = 5; *p < 0.05; ns, no significant difference. (E) Proportion of γδ T cells
and their CTLA-4, PD-1, PD-L1 and NKG2D expression on γδ T cells in the medium (outside) or inside of A2058-fibroblast spheroids were
measured by flow cytometry. γδ T con: expanded γδ T cells without spheroids. n = 5–10; *p < 0.05. The γδ T cells and CD8+ T cells were from
the same donors
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F IGURE 5 Patient-derived multicellular spheroids and melanoma patient-derived organoids (MPDOs). (A) Time course of
patient-derived multicellular spheroid growth. The adherent cultured cells from disassociated fresh patient melanoma tissues were digested
and seeded on the agarose for 48 h to form multicellular spheroids. Images were taken by microscopy. Scale bar, 250 μm. (B) PD-L1 expression
in patient-derived multicellular spheroid (patient 1 and patient 2) with or without IFN-γ stimulation (50 ng/ml) was measured by FACS after
spheroids were disassociated into single cells. (C) Immunofluorescent staining of Phalloidine, ICAM-1 and α-SMA in patient-derived
multicellular spheroid. Scale bar, 200 μm. (D) Representative images of MPDOs grew on the matrigel over time. Images were taken at days 2,
5, and 7. Single cells derived from fresh patient melanoma tissues were seeded onto the matrigel and cultured. Scale bar, 150 μm. (E) Cellular
components of CD45+, CD8+, CD4+ and CD11b+ cells in the MPDOs were measured by flow cytometry. P1–P6, patient 1 to patient 6. (F)
Immunofluorescent staining of HMB-45, α-SMA, ICAM-1, Vimentin, CD45+ and CD3+ T cells in MPDOs. Scale bar, 100 μm

discovered that epigenetic modifiers, Entinostat,
Decitabine, Ricolinostat and Vorinostat increased the
expression of MICA/MICB on the cells in melanoma–
fibroblast bicellular spheroids. Entinostat, Decitabine,
JQ-1, Tubastatin A and Valproic acid decreased FasL
expression; Decitabine, Ricolinostat and Vorinostat
decreased PD-L1 expression, while Tubastatin A, Ricoli-

nostat and Vorinostat decreased PD-L2 expression in the
spheroids (Figure 7B).
HDAC6, HDAC7 and STAT3/COX2 pathways are

involved in tumour invasiveness and the immunosuppres-
sive properties of CAFs.35,39,40 Western blot analysis of
cells in the bicellular spheroids demonstrated that Tubas-
tatinA, Ricolinostat andVorinostat significantly decreased
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F IGURE 6 Anti-PD-1 and anti-CTLA-4 mAbs enhance γδ T cell treatment efficacy. (A) Representative images of A2058 spheroids
co-cultured with expanded γδ T cells and treated with 50 μg/ml anti-PD-1, 50 μg/ml anti-CTLA-4 or the combination of both mAbs for 48 h.
Spheroid cells were labelled with orange dye (red) and γδ T cells were labelled with CFSE (green). Scale bar, 200 μm. (B) Volume of A2058
spheroids was measured after ICB treatment. n = 6, ** p < 0.01. (C). The images of A2058-fibro spheroids co-cultured with expanded γδ T cells
and treated with anti-CTLA-4, anti-PD-1 or the combination. Spheroid cells were labelled with orange dye (red), fibroblast cells were stained
with violet dye (blue) and γδ T cells were labelled with CFSE (green). Scale bar, 200 μm. (D) Volume of A2058-fibro spheroids was measured
after ICB treatment. n = 6, ** p < 0.01. (E) The images of multicellular patient-derived primary spheroids co-cultured with expanded γδ T cells
and treated with ICB for 48 h. Scale bar, 200 μm. (F) Volume of patient-derived primary spheroids was measured after ICB treatment. n = 5,
**p < 0.01. (G) The AOPI staining image of melanoma patient-derived organoids (MPDOs) co-cultured with expanded γδ T cells combined
with ICB treatment. Scale bar, 200 μm. (H) Volume of MPDOs was measured after ICB treatment. n = 5, **p < 0.01. (I) The expression of
CTLA-4 and PD-1, and production of IFN-γ in γδ T cells after ICB treatment in three types of spheroids were measured by FACS. *p < 0.05. (J)
Statistical analysis of apoptosis in four different 3D models after combination therapy using expanded γδ T cells and ICB. n = 5. *p < 0.05;
**p < 0.01
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F IGURE 7 Epigenetic modifiers increase γδ T cell treatment efficacy. (A) Dose–response curves of bicellular A375-fibroblast spheroids,
A2058-fibroblast spheroids, patient derived melanoma spheroids and melanoma patient-derived organoids (MPDOs) after treatment with
Entinostat, Decitabine, JQ-1, Tubastatin A, Valproic acid, Ricolinostat, Vorinostat and DMSO controls for 3 days. Values represent mean ±
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the expression of HDAC7; Entinostat, Decitabine, JQ-1,
Tubastatin A, Valproic acid and Ricolinostat significantly
decreased the expression of HDAC6 and COX2; and
several of the epigenetic modifiers inhibited p-STAT3,
as well as the downstream effector proteins, p-ERK and
p-JNK (Figures 7C and Figure S7B).
We examined the effects of epigenetic modifiers on γδ

T cells. Vorinostat significantly decreased the expression
level of NKG2A; Entinostat, Decitabine and Vorinostat
reduced the expression of PD-1; JQ-1 and Tubastatin A
increased the expression of NKG2D; Entinostat, JQ-1, Val-
proic acid and Ricolinostat increased the production of
IFN-γ; Decitabine andVorinostat increasedCXCR3 expres-
sion; and Decitabine and Vorinostat increased CD107a
expression in γδ T cells (Figure 7D).
Next, the expanded γδ T cells were co-cultured with

melanoma–fibroblast bicellular spheroids and MPDOs,
respectively. To study whether epigenetic modifiers
enhance the cytotoxicity of γδ T cells, LDH release from
spheroids and MPDOs was measured by the CytoTox
96 R© Non-Radioactive Cytotoxicity Assay. We found that
Entinostat, Decitabine, JQ-1, Valproic acid, Ricolinostat
and Vorinostat increased the cytotoxicity of γδ T cells
against A2058-fibroblast bicellular spheroids. Entinostat,
Decitabine, JQ-1, Valproic acid and Vorinostat signifi-
cantly enhanced the cytotoxicity of γδ T cells against
MPDOs (Figure 7E).

3 DISCUSSION

The treatment efficacy of γδ T cell immunotherapy is mod-
est despite a satisfactory safety profile.41 Since Vδ2 T cells
are unique to primates, a lack of adequate preclinical mod-
els hampers the development of Vδ2 T cell-based therapy.
Using the four different 3D cultured tumour models, we
discovered that γδ T cells migrate to and infiltrate tumour
spheroidsmore rapidly thanCD8+ T cells. However, tumor
infiltrating γδ T cells demonstrated exhausted pheno-
types with limited tumour killing capacity. ICB enhanced
tumour killing capacity of γδ T cells. In addition, we found
that epigenetic modifiers, such as Entinostat and Vorino-
stat, increase γδ T cell functions through upregulation of

MICA/MICB and downregulation of PD-L1 in CAFs and
melanoma cells; while downregulation of PD-1, upregula-
tion of CXCR3 and CD107a expression and IFN-γ produc-
tion in γδ T cells.
We find that both αβ and γδ T cells in the melanoma

spheroids express high level of checkpoint proteins. The
addition of fibroblasts in the melanoma spheroids makes
the spheroids more immunosuppressive and significantly
reduces spheroid infiltrating immune cells. MPDOs retain
the complex diversity of melanoma, and preserve their
native infiltrating immune cell populations, including
lymphocytes and myeloid cells. The immunosuppressive
TME of these 3D models is resulted not only from tumour
cells but also from CAFs, lymphocytes and myeloid cells,
accompanied by high expression of PD-L1 and PD-L2 with
reduced expression of MICA/B, similar to those in patient
melanoma tissues.42,43 From unicellular tumor spheroids
to MPDOs, these 3D models escalate complexity of tum
or stroma, which may provide preclinical platforms to
meet different measurement needs for immunotherapy
studies.
γδT cells serve as sentinels in the innate immune system

and play a critical role in cancer immunosurveillance.44,45
We find that γδ T cells can migrate to and infiltrate
melanoma spheroids more quickly and better than CD8+
T cells. γδ TCR can directly recognise general stress lig-
ands, such as phosphoantigens in the tumour cells, with-
out priming. While activation of αβ T cells generally
requires antigen presenting cells and priming. The advan-
tage of γδ T cells over αβ T cells in infiltrating tumour
spheroids is in line with other studies showing that the
tumour-infiltrating γδ T cells product an early source of
IFN-γ that in turn may regulate the function of tumour-
triggered αβ T cells.46 γδ T cells are endowed with a vari-
ety of effector functions, and the γδ T cells infiltrated in
spheroids possess effector memory phenotype that is a sig-
nature of adaptive immune response and known capable
of killing melanoma cells.
Even though γδ T cells can infiltrate tumor spheroids,

they quickly show exhausted immunophenotypes by
increased expression of CTLA-4, PD-1 and PD-L1 with lim-
ited tumor killing capacity in the spheroids. This phe-
nomenon may explain why adoptive transfer of γδ T cells

SEM, n = 4. (B) Expression of MICA/B, FasL, PD-L1 and PD-L2 in cells from A2058-fibroblast spheroids was measured by FACS after
Entinostat, Decitabine, JQ-1, Tubastatin A, Valproic acid, Ricolinostat and Vorinostat treatment (5 μM) for 48 h. *p < 0.05. **p < 0.01. (C)
Western blot analysis of HDAC6, HDAC7, COX2, phospho-STAT3, total STAT3, phosphor-ERK, total ERK, phospho-JNK, total JNK and
GAPDH proteins in A2058-fibroblast spheroids after Entinostat, Decitabine, JQ-1, Tubastatin A, Valproic acid, Ricolinostat and Vorinostat
treatment (5 μM) for 48 h (left panel). Densitometry quantification of the HDAC7, HDAC6 and COX2 (right panel). **p < 0.01. (D) NKG2A,
PD-1, NKG2D, CXCR3. CD107a and intracellular IFN-γ in γδ T cells was measured by FACS after Entinostat, Decitabine, JQ-1, Tubastatin A,
Valproic acid, Ricolinostat and Vorinostat treatment (5 μM) for 48 h. *p < 0.05. **p < 0.01. (E) Cytotoxic function of γδ T cells against
A2058-fibro spheroids and MPDOs combined with 1 μM of Entinostat, Decitabine, JQ-1, Tubastatin A, Valproic acid, Ricolinostat, Vorinostat
and DMSO controls. n = 4. *p < 0.05. **p < 0.01
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had limited efficacy inmany clinical trials. This is expected
perhaps as the immune suppressive TME in patients
inhibits γδ T cell functions. To overcome the inhibition,
we test the combination of γδ T cells with PD-1 and/or
CTLA-4 mAbs in all the models. We discover that anti-
PD1 mAbs and the combination with anti-CTLA-4/PD-1
mAbs significantly enhance γδ T cell functions, decrease
size of spheroids and increase tumour apoptosis. Our
data support that ICB improves treatment efficacy of γδ
T cells.
Using the 3D models, we also test small molecules that

may enhance the treatment efficacy of γδ T cells. We
find that epigenetic modifiers can significantly improve
γδ T cell anti-tumour function in spheroid models.
Tubastatin-A, Ricolinostat and Vorinostat significantly
inhibit HDAC6/7 pathways that are involved in tumour
proliferation and migration in CAFs and melanoma cells.
In advanced cancers, tumour cells shed NKG2D ligand
for immune evasion.47 We discover that Entinostat,48,49
Decitabine,50,51 Ricolinostat and Vorinostat significantly
increase MICA and MICB expression on tumour cells and
CAFs. Vorinostat significantly decrease NKG2A expres-
sion, while JQ-1 and Tubastatin-A increaseNKG2D expres-
sion in γδ T cells. Therefore, these epigenetic modifiers
may inhibit melanoma immune evasion. In addition, our
results demonstrated that several of these epigenetic mod-
ifiers increased γδ T cell function by increasing IFN-γ pro-
duction, CXCR3 and CD107a expression, and decreasing
the expression of PD-1 in γδ T cells.
In conclusion, spheroid/MPDO models are useful pre-

clinical platforms for studying interaction of tumour cells,
stromal cells and γδ T cells. ICB enhances the therapeu-
tic efficacy of γδ T cells by inhibiting their exhausted
immunophenotypes. Epigenetic modifiers increase γδ
T cells’ anti-tumour function by inhibiting tumour pro-
liferation and immune evasion as well as enhancing γδ T
chemotaxis and cytokine production.

4 MATERIAL ANDMETHODS

4.1 Cell lines

The melanoma cell lines A2058 cells, UACC903 cells and
A375 cells were gifted from Meenhard Herlyn’ lab at
the Wistar Institute. Cells were cultured in 1640 RPMI
medium (Gibco, Grand Island, NY) contained with 10%
FBS (Gibco) and 1% penicillin/streptomycin (Gibco). The
human fibroblasts cell line GM01948 and AG11732A (gifted
from the Wistar Institute) were maintained in DMEM
medium (Gibco). All cells were cultured at 37◦C and 5%
CO2.

4.2 Isolation of peripheral blood
mononuclear cells, γδ T cell expansion and
CD8 T cell activation

PBMCs and pure CD8 T cells were isolated from periph-
eral blood of healthy donors provided by ImmunologyCore
at the University of Pennsylvania with informed consent
and ethical approval (Protocol number 707906). For γδ T
expansion, PBMCs were seeded at in 24-well plate (2 ×
106 cells/well) and cultured with RPMI 1640 medium con-
tained with IL-2 (200 IU/ml, PeproTech, NJ) and Zole-
dronic acid (5 μM, Sigma-Aldrich, USA).52 And for CD8
T cells activation, pure CD8 T cells were stimulated by
anti-CD3 (2 μg/ml, Biolegend, USA) and anti-CD28 (2
μg/ml, Biolegend) for 12 h as previously described.29 The
expanded γδ T cells and CD8 T cells were collected from
the same donors and compared in the experiments.

4.3 Spheroid generation and co-culture

To generate unicellular spheroids, 50 μl 1.5% agarose gel
(A9539, Sigma-Aldrich, St. Louis, Missouri) were pre-
coated on 96-well plate and melanoma cells (2 × 104) were
seeded on agarose immediately centrifuged at 180 × g for
3 min. To generate tumour–fibroblast bicellular spheroids,
tumour cells (A2058 cells, UACC903 cells and A375 cells)
and fibroblasts were mixed at a 1:2 ratio and seeded on
agarose. Spheroid formation was observed after overnight
incubation. After 48 h incubation, spheroids were co-
culturedwith PBMCs, expanded γδT cells or activatedCD8
T cells (tumour cell: T cell ratio is 1:2). In some experi-
ments, 50 μg/ml isotype control IgG, 50 μg/ml anti-PD-1
(Pembrolizumab) or 50 μg/ml anti-CTLA-4 (Ipilimumab)
were used.

4.4 Generation of patient-derived
multicellular spheroids

Fresh tumour specimens were collected under the Abram-
son Cancer Center’s melanoma research program tissue
collection protocol UPCC 08607 in accordance with the
Institutional Review Board of the University of Pennsylva-
nia. De-identified tumours were harvested from patients
with stage III– IV melanoma. Both male and female
melanoma patients between the ages of 26–86 years old
were included in this study. Melanoma tissues were
minced on ice and then digested in complete RPMI sup-
plemented with 200 U/ml collagenase IV (Sigma) and 50
U/ml DNase I (Sigma) for 30min at 37◦C. The supernatant
was then filtered through a 100 μm strainers (Falcon, BD
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Biosciences) and centrifuged at 400 × g. The cell pellet
was washed by L15 medium (containing 10% FBS, 1% peni-
cillin/streptomycin) for three times to ensure removal of
the proteases. The culture medium is followed: 400 ml
MCDB-153medium; 100ml L15medium; 10ml FBS; 560 μl
CaCl2 (initial concentration of 1.68mM), 0.5ml insulin (2.5
μg/ml); 0.5 ml EGF (Sigma, E-4127, 5 μg/ml); 1 ml BPE
(Gibco, 13028014). After culture for 14 days, the adherent
cells were trypsinised and seeded on agarose in 96-well
plates to create a unique uniform spheroid. The spheroids
were co-cultured with PBMCs or expanded γδ T cells
and subsequent experiments were done as tumour cell
lines.

4.5 Generation of melanoma
patient-derived organoids

Fresh melanoma samples were washed with cold PBS
(supplement with 2% penicillin/streptomycin) and then
minced finely. Fragments were digested with 200 U/ml
collagenase IV and 50 U/ml DNase I for 30 min at 37◦C.
The digested cell mixture was diluted in medium and fil-
tered by the 100 μm strainers (Falcon). And the single-cell
suspension was seeded on the solidified Matrigel in 24-
well plates and cultured for up to 7–10 days for subsequent
analyses. The organoids were cultured with ADMEM/F12
medium contained of 1% P/S, 50% conditioned media of
L-WRN cell line (ATCC), 0.5 mM A83-01 (Tocris), 10 mM
Nicotinamide (Sigma), 1 mM N-Acetylcysteine (Sigma), B-
27 without vitamin A (Invitrogen), 50 ng/ml EGF (Invit-
rogen), 50 ng/ml FGF (Peprotech) and 10 ng/ml Forskolin
(Tocris).

4.6 Small molecule screening

After extensive literature search, 13 compounds were
selected to test their effects on tumour spheroids and
MPDOs, including Entinostat, Decitabine, Ricolinostat,
Vorinostat, Valproic acid, JQ-1, Tubastatin-A, Rogaratinib,
Palbociclib, Seliciclib, GW2580, SB265610, AMD3100 and
dimethyl sulfoxide (DMSO) control. These compounds
were provided by Dr. Meenhard Herlyn’s lab at the Wistar
Institute. The tumour–fibroblast spheroids and organoids
were seeded onto 96-well white plates (5 × 103 cells per
a well) to grow for 4 days, the compounds were diluted

in a range of concentrations and dispensed in the cul-
ture medium, and cell viability was assayed using CCK-
8 kit after 3 days of drug incubation without γδ T cells.
The cell viability measurement was conducted in tripli-
cate and repeated independently one time. The cytotox-
icity assays of γδ T cells and compounds combination
against spheroids and organoids were tested by the Cyto-
Tox 96 R© Non-Radioactive Cytotoxicity Assay, the work-
ing concentration of compounds were 1 μM. The activity
of lactate dehydrogenase (LDH) released by spheroids and
organoidswasmeasured. The LDHmeasurementwas con-
ducted in four replicates and repeated independently one
time.

% cytotoxicity = 100 ×
Experimental − ef fector spontaneous − target spontaneous

Target maximum − target spontaneous
. (1)

4.7 Antibodies and flow cytometry
analyses

For FACS analyses, six spheroids were collected and
sediment to the bottom of the 1.5 ml tubes. Subse-
quently, the non-infiltrating immune cells (defined as
outside of spheroids) in the supernatant cell suspen-
sion was collected. Spheroids were then dissected by
Trypsin (Gibco) to obtain a single-cell suspension (the
immune cells defined as inside of spheroids). The out-
side and inside compartments were further measured by
FACS. For the cell counting of PBMCs or γδ T cells,
cells were prelabelled with CFSE before co-cultured with
spheroids, spheroids were gently resuspended and dis-
sected by Trypsin (Gibco) to obtain a single-cell suspen-
sion for cell counting by flow cytometry. The fluorescent-
labelled antibodies used for flow cytometry analyses
including anti-CD45 (2D1), anti-CD3 (UCHT1), anti-CD4
(OKT4), anti-CD8 (SK1), anti-CD45RA (HI100), anti-CD27
(LG.3A10), anti-NKG2D (1D11), anti-IFN-γ (B27), anti-PD-1
(EH12.1), anti-CTLA-4 (BNI3), anti-PD-L1(10F.9G2), anti-
TCRγ/δ (B1), anti-Vδ2 (B6), anti-CD14 (63D3), anti-CD11b
(ICRF44), anti-CD277 (232-5, Biosciences), anti-CD69
(FN50), anti-TGF-β1 (TW4-2F8), anti-MICA/B (6D4), anti-
FasL (NOK-1), anti-PD-L1 (29E.2A3), anti-PD-L2 (MIH18),
anti-NKG2A (S19004C), anti-CXCR3 (G025H7) and anti-
CD107a (H4A3), all from BD Biosciences or Biolegend.
And the fluorochromes and catalogue number were listed
in Table S1. The staining cells were measured by BD
flow cytometer (BD Biosciences, Baltimore, MD) and the
results were analysed by FlowJo software (Tree Star, OR,
USA).
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4.8 Immunofluorescence and spheroid
volume calculation

Before starting the co-cultures, PBMCs or expanded γδ
T cells were stained with CFSE (Thermo Fisher Scien-
tific, San Jose, CA), tumour cells were stained with Cell
Tracker™ Orange (Thermo Fisher Scientific) and fibrob-
lasts were stained with Cell Tracker™ violet (Thermo
Fisher Scientific) following working procedure. Infiltrated
spheroids were isolated and fixed with 4% paraformalde-
hyde overnight. All images were taken on a Zeiss LSM
710 (Carl Zeiss, Thornwood, New York). Images were then
analysed by measuring the major axial length and the
minor axial length (taken as width) of each spheroid. The
volumes of spheroid were calculated as follows: V = 0.5
× length × width2.53,54 And the antibodies were used for
IF including anti-HMB45 (ab733, abcam), Alexa Fluor™
488 Phalloidin (A12379, Invitrogen), ICAM-1 (10020-1-AP,
Proteintech), Alpha-Smooth Muscle Actin Monoclonal
Antibody (α-SMA, 14-9760-80, eBioscience), FAP Anti-
body (AF3715-SP, R&D Systems), Vimentin (5741T, Cell
Signaling Technology) and CD45 (13917s, Cell Signaling
Technology).

4.9 Live/dead staining assay

The ViaStain AOPI Staining (Nexcelom, CS2-0106) were
used for live/dead staining after γδ T cells co-cultured with
organoids for 48 h. The organoids were incubated with
AOPI dyes for 20min at 37◦C in the dark. The images were
taken by Zeiss LSM 710 (Carl Zeiss) and analysed by the
ZEN software.

4.10 Apoptosis assay

Apoptotic cells were measured after spheroids or
organoids co-culture with γδ T cells for 48 h. Spheroids
and organoids were dissected by Trypsin (Gibco). The
single-cell suspension was washed with cold PBS for twice
and resuspended in 100 μl binding buffer contained of 5 μl
of AV-FITC and 7-AAD solution (Biolegend). The cells
were incubated for 15 min in the dark on ice. FACS was
performed to measure the staining of AV and 7-AAD.

4.11 Western blot analysis

Cells in spheroids were lysed and the whole cell lysates
were determined by10% sodium dodecyl sulphate poly-
acrylamide gel electrophoresis and polyvinylidene
difluoride (PVDF) membranes transfer. The membranes

were incubated with specific primary antibodies at 4◦C
overnight and HRP-conjugated secondary antibodies at
room temperature for 2 h. The primary antibodies were
including rabbit anti-HDAC6 (#7558), HDAC7 (#10831),
total STAT3 (#12640), total ERK (#4695), total JNK
(#9258), phospho-STAT3 (#9145), phosphor-ERK (#4370),
phospho-JNK (#4668), COX2 (#12282) and GAPDH (Cell
Signalling Technology, Beverly, MA, USA).

4.12 Statistical analysis

Data are analysed by Prism 9.0 of GraphPad Software.
The Student’s t-test was used to analyse the differences
between two groups, and the one-way ANOVA with mul-
tiple comparisons were used to assess the differences in
several groups. P-values< 0.05 were considered significant
difference.
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