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Summary
Background Only a minority of melanoma patients experience durable responses to immunotherapies due to inter-
and intra-tumoral heterogeneity in melanoma. As a result, there is a pressing need for suitable preclinical models to
investigate resistance mechanisms and enhance treatment efficacy.

Methods Here, we report two different methods for generating melanoma patient-derived organoids (MPDOs), one is
embedded in collagen gel, and the other is inlaid in Matrigel. MPDOs in Matrigel are used for assessing the therapeutic
effects of anti-PD-1 antibodies (αPD-1), autochthonous tumor infiltrating lymphocytes (TILs), and small molecule
compounds. MPDOs in collagen gel are used for evaluating the chemotaxis and migratory capacity of TILs.

Finding The MPDOs in collagen gel and Matrigel have similar morphology and immune cell composition to their
parental melanoma tissues. MPDOs show inter- and intra-tumoral heterogeneity and contain diverse immune cells
such as CD4+, CD8+ T, Treg, CD14+ monocytic, CD15+, and CD11b+ myeloid cells. The tumor microenvironment
(TME) in MPDOs is highly immunosuppressive, and the lymphoid and myeloid lineages express similar levels of
PD-1, PD-L1, and CTLA-4 as their parental melanoma tissues. Anti-PD-1 antibodies (αPD-1) reinvigorate CD8+ T
cells and induce melanoma cell death in the MPDOs. TILs expanded by IL-2 and αPD-1 show significantly lower
expression of TIM-3, better migratory capacity and infiltration of autochthonous MPDOs, and more effective
killing of melanoma cells than TILs expanded by IL-2 alone or IL-2 with αCD3. A small molecule screen
discovers that Navitoclax increases the cytotoxicity of TIL therapy.

Interpretation MPDOs may be used to test immune checkpoint inhibitors and cellular and targeted therapies.

Funding This work was supported by the NIH grants CA114046, CA261608, CA258113, and the Tara Miller Mela-
noma Foundation.
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Introduction
Melanoma is one of the most aggressive cancers with
significant mortality.1 Several treatments are currently
available for melanoma, including checkpoint blockade
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immunotherapy, targeted therapy, and TIL therapy,
which have proven effective.2,3 However, a majority of
patients fail to respond or develop resistance quickly.
The root cause of this resistance lies in the inter- and
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Research in context

Evidence before this study
Melanoma is a highly aggressive cancer with significant
mortality rates. Unfortunately, the majority of patients do not
respond to immunotherapy due to the inter- and intra-
tumoral heterogeneity in melanoma. Appropriate preclinical
models are urgently needed to test treatment efficacy and
understand resistance mechanisms. However, traditional cell
lines and animal models have limitations in studying the
native tumor immune microenvironment. As a result, there is
an urgent need for new, personalized models to test
immunotherapy for melanoma.

Added value of this study
Our findings indicate that MPDOs in collagen gel and Matrigel
display inter- and intra-tumoral heterogeneity, and comprise
diverse immune cells, contributing to a highly
immunosuppressive tumor microenvironment. MPDOs
present a convenient method for testing αPD-1 blocking,
assessing autochthonous TILs migration and killing efficiency,
and screening small molecules.

Implications of all the available evidence
Our study indicates that MPDOs have the potential to serve as
a platform for investigating treatment resistance mechanisms
and testing different therapeutic modalities.
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intra-tumoral heterogeneity, which affects the treatment
response.4

Animal models, including patient-derived xenografts
(PDX), have limitations due to their inability to replicate
the native tumor immune microenvironment, pro-
longed tumor generation duration (2–11 months), and
host mouse immune cell infiltration into the tumor. The
success rate of translating cancer therapies from animal
models to human patients is less than 10%.5 Three-
dimensional (3D) organoids have emerged as a prom-
ising alternative to PDX models, as they avoid some
limitations.6,7 Organoid culture also shows several ad-
vantages over monolayer, tumor cell line spheroids,8,9

and circulating tumor cells (CTCs).10 Recently, orga-
noid culture systems have been developed from various
patient tumor types,11–14 providing a platform that re-
capitulates the phenotypic and molecular heterogeneity
of the tumor. Patient-derived organoids (PDOs) can be
grown from dissociated tumor tissues in Matrigel,15

collagen gel,14 microfluidic culture device,16 or air-
liquid interface.17,18

Melanoma has a unique tumor microenvironment
(TME), which frequently contains an abundance of
tumor-infiltrating immune cells and stromal cells19 that
influence both melanoma progression and treatment
response.20,21 Melanoma patient-derived organoids
(MPDOs) have recently been established using fine
needle aspiration material.22 Despite their potential, few
studies have compared different PDO culture methods
and thoroughly characterized the immune cells within
the PDOs.

This study reports two different methods for
culturing MPDOs that replicate the melanoma TME.
Dissociated melanoma tissues were inlaid in Matrigel or
embedded in collagen gel. The resulting MPDOs
demonstrated intertumoral heterogeneity and contained
diverse immune cells. We tested the efficacy of αPD-1 in
activating CD8+ T cells and inducing tumor cell death in
MPDOs. We discovered that TIL expanded by IL-2 and
αPD-1 infiltrated MPDOs better and killed melanoma
cells more effectively than other methods. We found
navitoclax increased the treatment efficacy of TILs
through a small molecule screening assay. MPDOs offer
a platform to study the mechanisms underlying het-
erogeneous clinical results after checkpoint blockade23

and test different immunotherapies.
Methods
Fresh human melanoma and MPDO culture
Human melanoma tissues were obtained from patients
receiving treatment using the tissue collection protocol
(UPCC08607) that is approved by the Institutional Re-
view Board of University of Pennsylvania. All patients
have signed informed consents. Samples were obtained
from adult male or female patients (ages arranged from
26 to 86), and no differences in organoid formation
capacity in male and female samples were observed. Out
of 30 patient samples collected, 22 were successful in
growing organoids, and patient information is listed in
Table S1. PBMCs were isolated from the peripheral
blood of healthy donors provided by the Human
Immunology Core at the University of Pennsylvania
with informed consent and ethical approval (Protocol
number 707906).

All surgical samples were confirmed to be melanoma
before processing. Melanoma tissues were washed with
PBS (containing 2% penicillin/streptomycin (P/S)) and
minced finely on ice. Fragments were digested in 5 ml
RPMI 1640 medium containing collagenase IV (200 U/
ml, Sigma–Aldrich) and DNase I (50 U/ml, Sigma–
Aldrich) for 30 min at 37 ◦C, diluted by 20 ml complete
RPMI 1640 medium and filtered over 100 μm strainers.

Two culture methods were used to cultivate dis-
associated melanoma tissues. One method was the air-
liquid culture system as described.24 1 ml collagen gel
(Trevigen) was lay on inner transwell inserts to solidify,
and then 1 × 106 cells derived from digested tissues
mixed in 1 ml collagen gel were layered on top of pre-
solidified collagen gel. The transwell inserts containing
www.thelancet.com Vol 92 June, 2023
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cells and collagen were placed into 6-well plates with the
fluid level of the culture medium equal to the top of the
collagen gel. The culture medium contained 40%
ADMEM/F12 medium, 50% Wnt3a, RSPO1, Noggin-
conditioned media (L-WRN, ATCC), and 10% inacti-
vated fetal calf serum, supplemented with 1 mMHEPES
(Invitrogen), 1 × Glutamax (Invitrogen), 10 mM Nico-
tinamide (Sigma), 1 mM N-Acetylcysteine (Sigma),
1 × B27 without vitamin A (Invitrogen), 0.5 μM A83-01
(Tocris), 1 × Pen-Strep Glutamine (Invitrogen), 10 nM
Gastrin (Sigma), 10 μM SB-202190 (Sigma), 50 ng/ml
EGF (Peprotech) and 50 ng/ml FGF-1 (R&D Systems).
The passage of organoids was performed every 5–7 days
using collagenase IV (200 units/ml) for digestion at
37 ◦C for 20 min, and split into 1:3 in new wells. In
some experiments, culture medium was supplemented
with recombinant human IL-2 (Peprotech, 600 IU/ml)
or αPD-1 (pembrolizumab, 75 μg/ml) as indicated.24

Another culture method was single-cell suspension
seeded on a Matrigel (Corning) bed as described.25 The
Matrigel was mixed with complete DMEM/F12 medium
at a 1:2 ratio and put in the wells in a 6-well plate,
allowing to solidify. The tumor cell mixture
(1 × 106 cells) was seeded on the Matrigel surface, then
cultured up to 7–14 days for subsequent analyses, the
medium was changed every three days. Organoids were
passaged every 5–7 days by washing with cold Advanced
DMEM/F12 medium and digested by TrypLE Express
(Gibco). The culture medium was supplemented with
600 IU/ml IL-2 or 75 μg/ml αPD-1 in some cases.
Successful establishment of melanoma organoid cul-
tures was defined by the spheroid-like 3D structure,
multiple cellular components in the organoids, and the
ability of organoids to grow bigger and passage for at
least 1–2 times. For cryopreservation, MPDOs were
resuspended in a freezing medium supplemented with
90% inactivated fetal calf serum and 10% DMSO. For
recovery, cryovials with MPDOs were quickly thawed in
a 37 ◦C water bath.

Generation of organoids from melanoma tissue
fragments
Fresh melanoma tumor tissues (17 samples) were cut
into small pieces of 0.5–1 mm and placed in 6-well
culture plates supplemented with complete ADMEM/
F12 medium containing 10% inactivated fetal calf
serum, 50% Wnt3a, RSPO1, Noggin-conditioned media
with 1 mM HEPES, 1 × Glutamax, 10 mM Nicotin-
amide, 1 mM N-Acetylcysteine, 1 × B27 without vitamin
A, 0.5 μM A83-01, 1 × Pen-Strep Glutamine, 10 nM
Gastrin, 10 μM SB-202190, 50 ng/ml EGF and 50 ng/ml
FGF-1. About 75% of the medium was changed every
three days. Cells were migrated from the tumor pieces
during the culture period within 1–2 weeks. The criteria
for successful organoid generation were the tumor
pieces survived for two weeks, a spherical morphology,
and continuously grew in culture.26
www.thelancet.com Vol 92 June, 2023
TIL expansion from tumor fragments
TIL used for this study was generated as previously
described.27 Briefly, fresh melanoma tumor was dissected
into 1–2 mm3 fragments, and placed in wells of a 24-well
plate, maintained in RPMI medium supplemented with
15% inactivated fetal calf serum, 2 mM L-glutamine,
25 mM HEPES, 1 × Pen-Strep Glutamine and IL-2 (600
IU/ml). The expanded TILs were activated by supple-
menting with 2 μg/ml αCD3 antibodies or αPD-1
(pembrolizumab, 75 μg/ml) for 24 h. TILs were grown
for 7–14 days and prepared for subsequent analysis.

For analyzing TIL migration, MPDOs (3 × 105 cells)
were embedded in the collagen 3D matrices using an
air-liquid culture system placed in a 24-well plate, and
1 × 106 viable TILs (prelabeled with CFSE) were added
on the top of collagen gel. TILs migrated to organoids in
the bottom and the movement of TILs was imaged by
Zeiss LSM 710 Confocal microscopy (Carl Zeiss, Ger-
many) after 1 h of addition of TILs at 37 ◦C, 5% CO2.
Time-lapse imaging was captured every hour for 24 h.
The velocity of TILs was quantified.

For analyzing TIL infiltration and direct killing abil-
ity, MPDOs (2 × 105 cells) were seeded and grown semi-
immersion in Matrigel, and 1 × 106 viable TILs (prela-
beled with CFSE or not) were added and co-cultured
with MPDOs. Confocal microscopy was used to
observe TIL-tumor cell contact.

Histological analysis and immunofluorescence
study
For immunofluorescence and H&E analysis, MPDOs in
collagen gel were embedded in OCT and sectioned into
25 μm, followed by fixation with 4% paraformaldehyde for
30 min. MPDOs in Matrigel were analyzed using whole
mount staining without sectioning for subsequent
staining. The following primary antibodies were used:
anti-α-SMA (Abcam, ab5694, 1:200), anti-vimentin (Cell
Signaling Technology, 5741S, 1:200), anti-ICAM-1 (Pro-
teintech, 10020-1-AP, 1:200), anti-HMB-45 (Abcam, ab733,
1:200), anti-CD45 (CST, 13917S, 1:200), anti-CD3e (Pro-
teintech, 60181-1-Ig, 1:200), anti-CD8a (Abcam, ab4055,
1:200), anti-CD14 (Proteintech, 17000-1-AP, 1:200), anti-
CD11b (Novus Biologicals, NB110-89474, 1:200) and
anti-PD-L1 (CST, 13684S, 1:200). The primary antibodies
were incubated overnight at 4 ◦C and followed by sec-
ondary antibodies incubated with Alexa Fluor 488 (1:500
dilutions; CST), Alexa Fluor 555 (1:500 dilutions; CST) and
Alexa Fluor 647 (1:500 dilutions; Invitrogen)-conjugated
secondary antibodies for 1 h at room temperature.
Nuclei were stained with DAPI (1:1000 dilutions; Invi-
trogen) for 15 min, and images were captured using a
Zeiss LSM 710 Confocal microscopy.

Flow cytometric immune profiling of MPDOs and
melanoma tumor samples
To evaluate the immune cells in MPDOs or fresh tumor
samples, organoids or tumor samples were dissociated
3
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into single cells. The single-cell suspension
(1 × 106 cells) was used for staining and FACS analysis.
Antibodies were used as follow: anti-CD45 (HI30),
anti-CD3 (OKT3), anti-CD4 (OKT4), anti-CD8 (SK1),
anti-CD14 (63D3), anti-CD11b (ICRF44), anti-CD68
(Y1/82A), anti-CD15 (W6D3), anti-HLA-DR (G46-6),
anti-CD33 (P67.6), anti-PD-1 (EH12.1), anti-CTLA4
(BNI3), anti-PD-L1 (10F.9G2), anti-CD25 (BC96), anti-
Foxp3 (206D), anti-IFN-γ (B27), anti-Ki67 (Ki67), and
IgG1 isotype control from Biolegend. Fixable Viability
Dye eFluor™ 780 (Invitrogen) and anti-Lineage Cocktail
1 (Lin 1, CD3, CD14, CD16, CD19, CD20, CD56) from
Biosciences. For the cytokines staining, cells were
stimulated by the Cell Activation Cocktail (with Bre-
feldin A, Biolegend) for 3 h before surface staining.
Then cells were pre-incubated with Fc Block (2 μl in
100 μl of cell suspension, BD Biosciences) for 10 min,
Fixable Viability Dye (Invitrogen), and conjugated fluo-
rescent primary antibodies were added for 30–45 min
on ice in the dark. For intracellular staining, cells were
fixed and permeated following the instruction (BD
Biosciences). The compensation beads (Invitrogen) and
cells with single fluorochrome and FMO controls were
used as controls. Staining cells were analyzed with the
BD flow cytometer (BD LSR II, BD Biosciences), and
data was analyzed using FlowJo software V10.08 (Tree
Star, OR, USA).

Live/dead staining, apoptosis and cytotoxicity
analysis
Following MPDO incubation with αPD-1 or co-cultured
with TILs (the ratio of TILs: cells in organoid was 5:1),
the live or dead cells were measured by ViaStain AOPI
Staining Solution (Nexcelom, CS2-0106), which was
dual labeled AO (live cells, green) and PI (dead cells,
red). The images were captured using a Zeiss LSM 710
(Carl Zeiss) and analyzed using the ZEN software. Live
and dead cell quantitation were measured by the ratio of
each dye to the total cell area.28

Apoptosis was measured after organoids were incu-
bated with αPD-1 for 3 days. Organoids in Matrigel were
washed with cold PBS to remove the Matrigel and
digested using TrypLE Express (Gibco). Organoids in
collagen gel were dissociated using collagenase IV to
obtain a single-cell suspension. The single cells were
washed with cold PBS twice and resuspended in 100 μl
Annexin V Binding Buffer, subsequently stained with
5 μl of AV-FITC and 5 μl of 7-AAD solution (FITC
Annexin V Apoptosis Detection Kit, Biolegend) for
15 min.24,29

TIL cytotoxicity was performed using the CytoTox
96® Non-Radioactive Cytotoxicity Assay. The organoids
(cell number approximately 4 × 104) were cultured in 96
well-plate, and 2 × 105 TILs were added and co-cultured
with organoids for 24 h. The lactate dehydrogenase
(LDH) activity released by organoids was measured, and
4 replicates were used.
Small molecule screening
For a proof-of-concept screening assay, 12 compounds
were selected to test the cell viability of organoids,
including AZD8186, Copanlisib, Navitoclax, Dasatinib,
Palbociclib, Seliciclib, Talazoparib, Entinostat, AMD3100,
SB265610, Rogaratinib, GW2580, and DMSO control. The
single cells were seeded onto Matrigel in the 96-well plates
(5 × 103 cells per well) to grow four days for organoids
generation. The compounds were diluted in a culture
medium in a range of concentrations to incubate with
organoids for four days. The cell viability was assayed us-
ing a cck-8 kit according to the manufacturer’s protocol.

To measure whether these compounds enhance the
cytotoxicity of TILs against organoids, the compounds
(1 μM) were pre-incubated with organoids in Matrigel for
24 h, and then 2 × 105 TILswere added and co-culturedwith
organoids for 24 h. The LDH activity released by organoids
was measured, and 4 replicates were used.30,31 All the re-
agents and their sources are listed in the Table S2.

Statistical analysis
Data were analyzed by GraphPad Prism version 8 and
depicted as mean ± SD. Statistical analysis was per-
formed using a two-tailed Student’s t-test and one-way
ANOVA with a post-hoc Tukey test. p values < 0.05
were considered significant differences between groups;
significance values are indicated as *p < 0.05, **p < 0.01.

Role of funders
The Funders had no roles in study design, data collec-
tion, analysis, interpretation, or decision to publish.
Results
MPDOs mimic parental tumor characteristics
We obtained 30 freshly resected melanoma tissues from
patients. Single-cell suspension from the fresh tissues
was cultured in Matrigel or collagen gel as previously
reported32–35 and supplemented with R-spondin 1,
Noggin, WNT3A, EGF, and FGF.36–38 The morphology of
organoids in collagen gel or Matrigel was similar
(Fig. 1a). Each MPDO was passaged at least once to
confirm cell viability and organoid-forming capacity. An
overall 73% (22/30) success rate was achieved. Sponta-
neous or treatment-induced tumor necrosis is very
common in melanoma. We found that tumor tissues
containing extensively necrotic tumors were less likely
to give rise to MPDOs. Partially necrotic tumors might
still generate MPDOs as necrotic tumor cells were
gradually removed during serial passages. A majority of
MPDOs (17/22) could continuously grow over 1 month
and maintain complex stroma. The diameter of MPDOs
was measured over time (Fig. 1a and b). 76% of the
MPDOs (16/22) could passage several times after cryo-
preservation either in Matrigel or collagen gel (Fig. S1a).

The parental melanoma samples’ tumor stages and
mutation status are presented in Fig. 1c. Mutation of
www.thelancet.com Vol 92 June, 2023
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Fig. 1: Melanoma patient-derived organoids (MPDOs) recapitulate parental tumor characteristics. (a). Representative phase contrast
images of MPDOs inlaid in Matrigel or embedded in collagen gel with time. These MPDOs were allowed to grow for 21 days without passaging.
Scale bar, 100 μm. (b). Size of MPDOs (diameter) in Matrigel gel was measured over time. n = 3. (c). Tumor TNM stages and mutation status of
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parental melanoma was analyzed by targeted next-
generation sequencing at Penn Center for Personal-
ized Diagnostics. Melanoma mutation status does not
correlate with MPDO formation capacity.

To characterize the cellular components and stroma
in MPDOs, we performed immunofluorescence stains
using HMB-45, α-SMA, vimentin, and intercellular
adhesion molecule 1 (ICAM-1). As the MPDOs were
inlaid in the Matrigel, whole mount staining without
sectioning was used for staining. In contrast, organoids
in collagen gel were sectioned into 25 μm-sections and
stained. Both methods revealed similar cellular compo-
nents, but the morphology differed slightly, likely due to
sectioning-induced changes (Fig. 1d and Fig. S1b).
MPDOs preserved tumor stroma, including fibroblasts
expressing α-SMA, mesenchymal cells expressing
vimentin, and ICAM-1 that is involved in intercellular
adhesion,39,40 and T cell adhesion and migration.41

MPDOs preserve diverse immune cell components
To characterize the immune milieu in MPDOs, MPDOs
cultured in the Matrigel, or collagen gel were stained
with different immune cell markers or digested into a
single-cell suspension for FACS analysis. Flow cyto-
metric analysis demonstrated CD45+, CD4+, CD8+,
CD14+, CD15+, and CD11b+ cells were present in the
MPDOs from all 17 patients examined (Fig. 2 and
Fig. S2). CD45+ leucocytes ranged from 10 to 40% of all
the live cells in the MPDOs and showed significant
inter-tumoral heterogeneity (Fig. 2a). The percentage of
CD4+, CD8+, CD14+, CD15+ cells, and other immune
cells also varied in the MPDOs (Fig. 2b).

Regardless of whether the MPDOs were cultured in
Matrigel or collagen gel, the percentages of immune cells
were comparable to these in their corresponding parental
tumor specimens after seven days (Fig. 2c). However,
after one month of in vitro culture, all the immune cells
in MPDOs significantly decreased (Fig. S3a).

Immunofluorescence stains confirmed that MPDOs
contained various immune cells, including CD45+,
CD3+, CD8+, CD14+, and CD11b+ cells, which were
interspersed with HMB45+ tumor cells (Fig. 2d and
Fig. S3b). These results confirmed that MPDOs retained
diverse immune cell populations similar to those in the
parental tumors after short-term culture.

MPDOs derived from melanoma tissue fragments
Previous reports have demonstrated that PDOs can be
generated from small tumor fragments without me-
chanical or enzymatic dissociation into single cells,
the parental melanoma samples. Targeted sequencing of the parental clin
copy number alterations (CNA) were reported. (d). Immunofluorescent s
MPDOs cultured in Matrigel or collagen gel. The MPDOs inlaid in Matrige
embedded in collagen gel were sectioned into 25 μm slice and stained.
thereby preserving the local cytoarchitecture and cell–
cell interactions of the original tumors.26,28 To assess
whether MPDOs could be generated from small mela-
noma fragments, we cut resected fresh tumor tissues
into small fragments of approximately 500 μm in
diameter using a surgical blade and cultured them in
the organoid culturing medium. Tissue fragments from
different areas of melanoma were cultured. Their
morphology was shown in Fig. S4a. After 7–14 days of
culture, some tissue fragments did not change in size or
shape, and many of these tissue fragments were
composed entirely of necrotic cells; while the tissue
fragments containing viable tumor grow bigger
(Fig. S4b). Some cells migrate out of the small tissue
fragments during culture. The percentage of immune
cells in different parts of the tumor varied, such as
CD45+, CD3+, CD8+, CD14+, and CD11b+ cells
(Fig. S4c). The expression of α-SMA and vimentin also
varied in different locations (Fig. S4c). As a result,
MPDOs generated from small melanoma fragments
were more heterogeneous, and some tissue fragments
may contain only a few viable tumor cells, making it
challenging to perform subsequent experiments.

MPDOs recapitulate immunosuppressive TME
Tumor cells execute immune evasion by upregulating
programmed death-ligand 1 (PD-L1) expression.42,43 PD-
L1 is also expressed by multiple other cell types in the
TME, such as cancer-associated fibroblasts (CAF),43

tumor-associated macrophages (TAM), and other
myeloid cells.44,45 Indeed, many cells in the MPDOs were
positive for PD-L1 by immunofluorescent staining
(Fig. 3a). FACS analysis showed that PD-1 and CTLA-4
expression on CD4+ and CD8+ T cells in the MPDOs
was similar to their parental tumors regardless of
whether they were in Matrigel or collagen gel. PD-1 and
CTLA-4 expression on Treg and PD-L1 expression on
CD11b+, CD14+, CD15+ myelomonocytic cells and
CD68+ macrophages were significantly higher in
MPDOs cultured in Matrigel than their parental tumor
tissues (Fig. 3b and Fig. S5a). Notably, the expression of
PD-1 and PD-L1 on the immune cells in MPDOs
significantly increased after 14 days of culture (Fig. 3c
and Fig. S5b). These findings suggest that an immu-
nosuppressive TME was maintained in MPDOs.

αPD-1 induce TIL expansion and increase tumor cell
killing in MPDOs
We compared the expression of checkpoint proteins (PD-
1, CTLA-4, TIM-3, and PD-L1) on CD8+ T cells in parental
ical samples was performed and single nucleotide variation (SNV) and
tains of HMB-45, α-SMA, vimentin and ICAM-1 were performed on
l were used as whole mount staining without section; while MPDOs
Scale bar, 100 μm.
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Fig. 2: MPDOs preserve diverse immune contexture. (a). Quantification of CD45+ leucocytes/live cells in MPDOs by FACS after culturing in
Matrigel for 10 days. MPDOs from 17 melanoma patients were analyzed. (b). Immune cell composition in MPDOs, including CD4+ T cells, CD8+

T cells, CD14+ cells, CD15+ cells and other immune cells. MPDOs in Matrigel from 17 melanoma patients were analyzed. (c) Comparison of
CD45+, CD4+, CD8+, Treg+, CD14+, CD15+ and CD11b+ cells in parental tumors, MPDOs cultured in collagen gel or Matrigel after 7 days. n = 8. ns,
no significance (nonparametric multiple test). (d). Representative immunofluorescent stains of CD45+ leukocytes, CD3+ T cells, CD8+ T cells,
CD14+ monocytic cells and CD11b+ myeloid cells in MPDOs cultured in collagen gel or Matrigel. Scale bar, 100 μm.
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tumors with those on CD8+ T cells in healthy donors’
PBMCs. We found that levels of the checkpoint proteins
were significantly higher (4–10 folds) in tumor-infiltrating
CD8+ T cells, as previously reported46 (Fig. S6a).

Next, we tested whether αPD-1 (pembrolizumab)
could expand CD8+ T cells in MPDOs and whether IL-2
could enhance the effect. We established MPDOs in
Matrigel using fresh melanomas from 11 different pa-
tients. Immunofluorescent staining revealed that the
www.thelancet.com Vol 92 June, 2023
combination of αPD-1 and IL-2 significantly increased
the number of CD3+ T cells (3.9 times) and CD8+ T cells
(5.5 times) per organoid compared to the control (un-
treated group). Moreover, the combination of αPD-1 and
IL-2 induced more T cell proliferation than αPD-1 alone
(Fig. 4a). Interestingly, as the number of CD3+ T cells
and CD8+ T cells expanded in MPDOs, the number of
viable tumor cells decreased, resulting in smaller
MPDOs.
7
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FACS analysis revealed that αPD-1 promoted CD3+

and CD8+ T cell proliferation in MPDOs from 5 to 6 of
11 patients, while αPD-1 plus IL-2 promoted CD3+ and
CD8+ T cell proliferation in MPDOs from 9 of 11 pa-
tients, respectively (Fig. 4b). αPD-1 plus IL-2 treatment
also expanded CD4+ T cells, while no significant
changes were seen in CD45+ leukocytes in the MPDOs
compared to the control or αPD-1 alone (Fig. S6b). The
combination of αPD-1 plus IL-2 induced remarkable T
cell proliferation (CD3+, CD4+, and CD8+) up to 33-fold
compared to the control in MPDOs (Fig. 4c). Interest-
ingly, αPD-1 plus IL2 treatment decreased the ratio of
CD4+/CD8+ T cells in the MPDOs with more increase of
CD8+ T cells (Fig. 4d). αPD-1 significantly decreased
PD-1 levels in CD8+ T cells, which might be resulted
from Pembrolizumab may compete with the αPD-1
used in the FACS analysis or down-regulation of PD-1
expression in lymphocytes after Pembrolizumab treat-
ment. However, αPD-1 plus IL2 treatment increased the
proportion of PD-1+ CD8+ T cells and TIM-3+ CD8+

T cells compared to αPD-1 treatment alone (Fig. 4e). We
performed cell killing and apoptosis assays using
MPDOs from 3 random patients. αPD-1 plus IL2 treat-
ment enhanced tumor cell death (Fig. 4f and Fig. S6c)
and cell apoptosis in the MPDOs (Fig. 4g). However, we
could not directly compare the response of MPDOs to
αPD-1 and the corresponding melanoma clinical
response to αPD-1 due to the small sample size and loss
of follow-up of some patients.

Immunotherapy using TIL expanded by αPD-1 and
IL-2
Even though adoptive cell therapy (ACT) with autolo-
gous TILs and high dose IL-2 following host lympho-
depletion showed an objective response in melanoma
patients,47–49 there is still an unmet clinical need to
improve the response rate and duration of TIL therapy.
TILs are usually activated and expanded by IL2 and
αCD3. However, induced T cell exhaustion can be seen
in the TIL product.50,51 We tested a new TIL expansion
method using IL-2 and αPD-1 and compared it with
conventional methods. We expanded TILs using tumor
fragments from 14 patients with IL-2, αCD3, and/or
αPD-1 for ten days. Different populations of immune
cells, including CD45+ leukocytes, CD3+, CD4+, and
CD8+ T cells, were measured (Fig. 5a and b and Fig. S7).
IL-2, IL-2 plus αCD3, or IL-2 plus αPD-1 induced similar
expansion of CD45+, CD3+, and CD4+ T cells from tu-
mor fragments (Fig. S7), however, TIL expanded using
Fig. 3: Immunosuppressive TME in MPDOs. (a). Representative immuno
patients (patients 8 and 9). Scale bar, 100 μm. (b). PD-1 and CTLA-4 expre
CD11b+, CD14+, CD15+ and CD68+ immune cells by FACS analysis. n = 8. *
CTLA-4, PD-L1 and IFN-γ expression on immune cells in MPDOs cultured in
tissue before culture. Day 14: MPDOs were cultured in Matrigel for 14 d

www.thelancet.com Vol 92 June, 2023
IL-2 plus αPD-1 yielded significantly more CD8+ T cells
(Fig. 5a and b). Significantly lower PD-1+ or PD-1+ Tim-3+

expression on CD8+ and CD4+ T cells and more IFN-γ
production were observed in CD8+ T cells expanded by
IL-2 plus αPD-1 compared to that of IL-2 or IL-2 plus
αCD3 (Fig. 5b and Fig. S7), suggesting that presence of
αPD-1 during TIL expansion may be helpful.

We tested TIL chemotaxis and migratory capacity
using MPDOs embedded in the collagen gel. MPDOs
and expanded TILs were from the same melanoma pa-
tient in these experiments. Cells in MPDOs were
labeled with an orange dye (red) and embedded in the
bottom of the collagen gel, while the expanded autoch-
thonous TILs were labeled CFSE (green) and added to
the top of the collagen gel. It has been shown that
collagen gel matrices were suitable for observing TIL
migration through extracellular matrix and stroma,
miming in vivo conditions.52 We observed that MPDOs
attracted TIL migrating toward them (Fig. 5c). TILs
expanded by IL-2 plus αPD-1 or IL-2 plus αCD3
demonstrated increased motility, as shown by time-
lapse imaging compared to TILs expanded by IL-2 only
(Fig. 5c). Furthermore, TIL infiltration was also studied
using MPDOs that were inlaid in the Matrigel. TIL was
labeled with CFSE (green), and cells in the MPDOs were
labeled with orange dye (red). TILs expanded by IL-2
plus αPD-1 or IL-2 plus αCD3 showed more infiltra-
tion into MPDOs than IL-2 alone (Fig. 5d).

MPDOs inlaid in the Matrigel were used to assess
TIL-tumor killing. Expanded autochthonous TILs from 3
different melanoma patients were used in the cytotox-
icity assessment studies. The expanded TIL cell number,
percentage of CD3+ and CD8+ T cells, and checkpoint
protein expression on TILs varied depending on the
patients, but the viability of TILs was similar (Fig. 6a and
b). Live/dead cell staining revealed that TIL expanded by
IL-2 plus αPD-1 or IL-2 plus αCD3 killed significantly
more cells in the MPDOs than IL-2 alone (Fig. 6c). LDH
release assays showed that TILs expanded by IL-2 plus
αPD-1 exhibited better cytotoxicity against MPDOs than
IL-2 alone or IL-2 plus αCD3 in three patients (Fig. 6d).
These results suggest that TIL expanded by IL-2 plus
αPD-1 may infiltrate MPDOs better and/or have better
cellular function than the conventional methods.

Small molecule screen to identify compounds that
enhance TIL function
Due to the high preservation of genetic and epigenetic
variations in patients, PDOs have been used for small
fluorescent staining of PD-L1 in MPDOs cultured in Matrigel from 2
ssion on CD4+, CD8+ T cells and Treg+ cells, and PD-L1 expression on
p < 0.05 (nonparametric multiple test); ns, no significance. (c). PD-1,
Matrigel at day 0 and day 14. Day 0: single cell suspension of tumor

ays. n = 10. *p < 0.05 (paired Student’s t test).
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Fig. 4: αPD-1 and IL-2 reinvigorate CD8+ T cells in MPDOs. (a). Representative immunofluorescent images and quantification of CD3+ T cells
and CD8+ T cells in MPDOs cultured in Matrigel after IL2 and αPD-1 treatment. Scale bar, 100 μm. White arrow heads point to CD3+ or CD8+ T
cells. *p < 0.05; **p < 0.01 (nonparametric multiple test). (b). FACS analysis of CD3+ and CD8+ cells in MPDOs cultured in Matrigel from 11
melanoma patients after IL2 and αPD-1 treatment. *p < 0.05 (nonparametric multiple test). (c). Fold changes of CD3+, CD4+ and CD8+ cells in
MPDOs in Matrigel from 11 melanoma patients after treated with IL2 and αPD-1. (d). Comparison of CD4+/CD8+ ratio in MPDOs with or
without IL2 and αPD-1 treatment. (e). FACS analysis of PD-1 and TIM-3 expression in MPDOs in Matrigel from 11 patients after IL2 and αPD-1
treatment. n = 11, *p < 0.05; ns, no significance. (f). Live/dead cell staining of MPDOs in Matrigel and the quantitation of dead cells within
MPDOs after IL2 and αPD-1 treatment. MPDOs from 3 patients were tested. Scale bar, 100 μm. n = 3, *p < 0.05 (nonparametric multiple test);
ns, no significance. (g). Annexin V and 7-AAD staining of tumor cell death within MPDOs in Matrigel after IL2 and αPD-1 treatment.
Quantitation of apoptotic cells within MPDOs from 3 patients was shown.

Fig. 5: TIL migration and infiltration toward MPDOs. (a). Representative FACS Scatter plots of CD3+, CD4+, CD8+ and the expression of PD-1
and TIM-3 after TIL expansion from tumor fragments of 14 patients by IL2 or IL2 plus αCD3/αPD-1. (b). Quantification of CD8+ T cells, PD-1,
TIM-3, Ki-67 and IFN-γ expression on CD8+ T cells after TIL expansion by FACS. n = 14, *p < 0.05, **p < 0.01 (nonparametric multiple test). (c).
Snapshots of autochthonous TIL migration toward MPDOs, Time-lapse images of the movement of TILs were captured by confocal microscopy.
Imaging was performed within 24 h after TILs were added onto the top of collagen gel and the velocity of TILs was quantified. *p < 0.05
(nonparametric multiple test). MPDOs pre-labeled with orange dye (red) were embedded in the bottom of the collagen gel and TILs pre-labeled
with CFSE (green) were added onto the top of the collagen gel. (d). Snapshots of autochthonous TILs infiltrating into MPDOs were performed
by microscopy after TILs and MPDOs co-culture, and the TILs per organoid were calculated. MPDOs pre-labeled with orange dye were inlaid in
Matrigel and TILs pre-labeled with CFSE. IL2: TILs expanded by IL2 (600 IU/ml); IL2 + αCD3: IL2 (600 IU/ml) plus αCD3 (2 μg/ml); IL2 + αPD-1:
IL2 (600 IU/ml) plus αPD-1 (100 μg/ml). Scale bar, 100 μm **p < 0.01 (nonparametric multiple test).
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Fig. 6: Autochthonous TIL immunotherapy using MPDOs. (a). Expanded TILs used for cytotoxicity assessment from 3 patients. Cell number,
viability and percentage of CD3+ and CD8+ cells in TILs were measured by FACS. (b). PD-1, TIM-3 and Ki-67 expression on CD8+ T cells were
measured by FACS after TIL expansion from 3 patients. (c). Live (AO = green)/dead (PI = red) images and quantification of MPDOs inlaid in
Matrigel after co-culture with autochthonous TILs for 24 h. Scale bar, 100 μm. (d). Cytotoxicity of autochthonous TILs from 3 patients against
MPDOs in Matrigel was detected using the LDH release assay. IL2: TILs expanded by IL2 (600 IU/ml); IL2 + αCD3: IL2 (600 IU/ml) plus αCD3
(2 μg/ml); IL2 + αPD-1: IL2 (600 IU/ml) plus αPD-1 (100 μg/ml). *p < 0.05, **p < 0.01 (nonparametric multiple test).
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molecule screens.14,25,34,35 To identify compounds that
may enhance the therapeutic efficacy of TIL therapy. We
perform a small-scale screening using PI3K inhibitor
(AZD8186, Copanlisib), Bcl-xl inhibitor (Navitoclax),
BCR-ABL antagonist (Dasatinib), CDK inhibitor (Pal-
bociclib, Seliciclib), PARP inhibitor (Talazoparib),
HDAC inhibitor (Entinostat), CXCR4 inhibitor
(AMD3100), CXCR2 inhibitor (SB265610), FGFR in-
hibitor (Rogaratinib) and CSF-1R inhibitor (GW2580).

We performed a dose–response study using these
compounds in MPDOs cultured in Matrigel from three
patients. 5 × 103 single cells from digested tumor tissues
per well were seeded in Matrigel in a 96-well plate for
four days. After organoids were visually apparent,
different compounds were added to the culture me-
dium. The cck-8 assay measured MPDO viability after
treatment with varying concentrations of compounds
(0.01, 0.1, 1, and 10 μM) for four days (Fig. 7a). These
compounds inhibited the viability of cells in the MPDOs
at a concentration equal to or higher than 1 μM (Fig. 7a).
Inter-tumoral heterogeneity was apparent as MPDOs
from different patients responded differently to these
compounds. Copanlisib and Palbociclib showed better
anti-tumor efficacy than other compounds.

Next, we studied whether these compounds could
enhance the cytotoxicity of autochthonous TILs. After
www.thelancet.com Vol 92 June, 2023
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Fig. 7: Small molecule screen using MPDOs. (a). Dose–response curves of PI3K inhibitor (AZD8186, Copanlisib), Bcl-xl inhibitor (Navitoclax),
BCR-ABL antagonist (Dasatinib), CDK inhibitor (Palbociclib, Seliciclib), PARP inhibitor (Talazoparib), HDAC inhibitor (Entinostat), CXCR4 in-
hibitor (AMD3100), CXCR2 inhibitor (SB265610), FGFR inhibitor (Rogaratinib) and CSF-1R inhibitor (GW2580) against MPDOs in Matrigel. The
viability of MPDOs was detected by the CCK-8 kit. MPDOs from 3 melanoma patients were used. (b). Cytotoxicity of autochthonous TILs against
MPDOs after addition of small molecules were measured using the LDH release assay. Autochthonous TILs from 3 patients were used. n = 3,
*p < 0.05, **p < 0.01 (nonparametric multiple test).

Articles
the compounds (1 μM) were pre-incubated with MPDOs
for 24 h, 2 × 105 autochthonous TILs were co-cultured
with MPDOs in Matrigel for an additional 24 h. We
discovered that Navitoclax enhanced the cytotoxicity of
TIL against MPDOs in 3 of 3 patients; while AZD8186,
Palbociclib and Talazoparib enhanced the cytotoxicity of
TIL against MPDOs in 2 of 3 patients (Fig. 7b).

Discussion
We explored two different approaches for producing
MPDOs and discovered that the immune cell makeup
www.thelancet.com Vol 92 June, 2023
and morphology of MPDOs strongly resemble those of
their primary tumors, regardless of the embedding
technique employed. The TME in MPDOs exhibited a
highly immunosuppressive profile, similar to their
parental tumors. A subset of CD8+ T cells in the MPDOs
showed exhausted phenotypes that could be reinvigo-
rated with αPD-1. TILs that were expanded with IL-2
plus αPD-1 displayed superior chemotaxis and cytotox-
icity toward melanoma compared to other expansion
methods. We also found that navitoclax enhanced TIL
cytotoxicity against MPDOs. These findings support the
13
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use of MPDOs as a tool for evaluating the effectiveness
of TIL therapy and checkpoint blockade (Fig. 8).

To generate ideal PDOs, it is crucial to maintain the
cellular components and tumor structure of their
parental tumors to capture the complexity and hetero-
geneity of cancer. While the culture of tissue fragments
can provide native stromal and immune components,26

this method may not be suitable for some cancers,
particularly those with excessive tumor necrosis.
MPDOs generated from dissociated melanoma tissue
are more suitable, especially when the fresh tissue is
partially necrotic. Furthermore, the choice of the matrix
in which to culture the MPDOs can impact subsequent
assays. For instance, MPDOs in collagen gel matrices
are appropriate for studying chemotaxis and migration
of TIL through the extracellular matrix and stroma,52

while MPDOs inlaid in Matrigel are ideal for assess-
ing TIL-tumor cell contact and direct killing by TILs.

MPDOs exhibit significant intertumoral variation in
immune cell infiltrate, similar to their parental tumors.
We observe diverse immune cells such as CD4+, CD8+,
Treg, CD14+, CD15+, and CD11b+ cells in MPDOs. TAM
and other myeloid cells play critical roles in tumor
immune evasion.53,54 These cells in MPDOs also ex-
press high levels of PD-L1, recapitulating their
Fig. 8: Two different MPDOs (in collagen gel or in Matrigel) maintain
immunosuppressive tumor microenvironment. MPDOs in Matrigel are use
gel are used to evaluate migratory capacity of TILs. The use of these
personalized immunotherapy.
immunosuppressive role in the tumor tissues. Interest-
ingly, PD-1 and CTLA-4 on T cells and PD-L1 expression
on myeloid cells are increased in the MPDOs after
culturing for two weeks, supporting that the immuno-
suppressive TME is maintained in the culture conditions.
However, similar to the prior studies, resident immune
cells in the MPDOs have a limited lifespan and decline
gradually even when supplied with IL-2 and other cyto-
kines.24,28 Thus, MPDOs are best used after short-term
culture. Nevertheless, we find that cells from early pas-
sage MPDOs can be frozen/thawed and used for MPDO
generation at a later time.

MPDOs retain diverse immune components and may
provide a real-time platform to test ICB therapy response
in vitro. Similar to the clinical responses to PD-1
blockade,55,56 we find tumor-infiltrating CD8+ T cells in
MPDOs can be expanded by αPD-1. However, CD8+ T
cell expansion only occurred in MPDOs from approxi-
mately 45% of melanoma patients. This inter-tumoral
heterogeneity may reflect melanoma patients’ αPD-1
clinical response rates.57,58 We demonstrate that IL-2 in-
creases T cell expansion in the MPDOs, but it also in-
creases checkpoint protein expression in the immune
cells. MPDO response to αPD-1 may potentially reflect
parental tumor response to αPD-1 clinically. However,
many key features of human melanoma tissues and sustain highly
d to assess cytotoxicity of various treatments and MPDOs in collagen
culture systems may thus provide a powerful approach to develop
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our ability to conclude the correlation between the
response of MPDOs to αPD-1 and the corresponding
melanoma clinical response to αPD-1 is limited by the
small sample size and loss of follow-up of some patients.

We discover that TILs expanded from tumor frag-
ments using IL-2 and αPD-1 have better quality than
TILs expanded using IL2 alone or IL2 plus αCD3. The
expansion efficiency and ratio varied in different pa-
tients. CD8+ T cells expanded using IL-2 and αPD-1
show significantly lower expression of TIM-3 and higher
expression of IFN-γ. TILs expanded by IL-2 and αPD-1
show better chemotaxis and migration to tumor cells,
and infiltrate and kill tumor cells in the MPDOs more
effectively than TIL expanded using other methods.
Thus, MPDOs can be used to test the efficacy of autol-
ogous TILs in melanoma. Our data support that the
addition of αPD-1 during TIL expansion may enhance
their functions. Our small molecule screen assay
discovered that Navitoclax enhances melanoma killing
efficacy of TILs. These data suggest that the treatment
efficacy of TILs may be improved by combining them
with a small molecule inhibitor.

In summary, MPDOs effectively preserve essential
characteristics of human melanoma tissues and sustain
a highly immunosuppressive TME. These features
make them valuable tools not only for studying the
interaction of tumor cells with immune cells but also for
modeling TME-intrinsic immune cell responses to
checkpoint blockade, TIL therapy, and small molecule
targeted therapy. Using these culture systems may thus
provide a powerful approach to develop personalized
immunotherapy and design combination therapies for
clinical-translational efforts in precision medicine.
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