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Highlights: Impact and implications:

e A tumor spheroid model was established using HCC tissues HCC is a leading and fast-rising cause of cancer-related death

and patient sera. worldwide. Despite approval of novel therapies, the outcome of
advanced HCC remains unsatisfactory. By developing a novel
patient-derived tumor spheroid model recapitulating tumor
heterogeneity and microenvironment, we provide new oppor-
e Addition of HCC patient serum improves tumor spheroid tunities for HCC drug development and analysis of mechanism

viability and TME function. of action in authentic patient tissues. The application of the
patient-derived tumor spheroids combined with other HCC
models will likely contribute to drug development and to
improve the outcome of patients with HCC.

e Tumor spheroids include the main cell compartments and
the TME.

e Tumor spheroids reflect HCC heterogeneity and retain fea-
tures of original tumors.

e This model will improve drug development and the under-
standing of cancer biology.

https://doi.org/10.1016/j.jhepr.2024.101252
© 2024 Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). JHEP Reports, 2025, 7, 1-14


mailto:ecrouchet@unistra.fr
mailto:thomas.baumert@unistra.fr
mailto:catherine.schuster@unistra.fr
https://doi.org/10.1016/j.jhepr.2024.101252
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2024.101252&domain=pdf

JHEP|Reports

Research article

A patient-derived HCC spheroid system to model the tumor
microenvironment and treatment response

Emilie Crouchet'*, Nuno Almeida’, Sarah C. Durand’, Marie Parnot', Marine A. Oudot', Fabio Giannone'+?, Cloé Gadenne', Natascha Roehlen’,
Antonio Saviano'®, Emanuele Felli'**, Patrick Pessaux':>, Hong Tuan Duong’, Hideki Ohdan®, Hiroshi Aikata’, Kazuaki Chayama®®, Thomas
F. Baumert' 5% Catherine Schuster’*

JHEP Reports 2025. vol. 7 | 1-14 ‘ W) Check for updates

Background & Aims: Hepatocellular carcinoma (HCC) is the third-leading and fastest rising cause of cancer-related death
worldwide. The discovery and preclinical development of compounds targeting HCC are hampered by the absence of authentic
tractable systems recapitulating the heterogeneity of HCC tumors in patients and the tumor microenvironment (TME).

Methods: We established a novel and simple patient-derived multicellular tumor spheroid model based on clinical HCC tumor
tissues, processed using enzymatic and mechanical dissociation. After quality controls, 22 HCC tissues and 17 HCC sera were
selected for tumor spheroid generation and perturbation studies. Cells were grown in 3D in optimized medium in the presence of
patient serum. Characterization of the tumor spheroid cell populations was performed by flow cytometry, immunohistochemistry
(IHC), and functional assays. As a proof of concept, we treated patient-derived spheroids with FDA-approved anti-
HCC compounds.

Results: The model was successfully established independently from cancer etiology and grade from 22 HCC tissues. The use of
serum from patients with HCC was essential for tumor spheroid generation, TME function, and maintenance of cell viability. The
tumor spheroids comprised the main cell compartments, including epithelial cancer cells, as well as all major cell populations of
the TME [i.e. cancer-associated fibroblasts (CAFs), macrophages, T cells, and endothelial cells]. Tumor spheroids reflected HCC
heterogeneity, including variability in cell type proportions and TME, and mimicked the original tumor features. Moreover, dif-
ferential responses to FDA-approved anti-HCC drugs were observed between the donors, as observed in patients.

Conclusions: This patient HCC serum-tumor spheroid model provides novel opportunities for drug discovery and development as
well as mechanism-of-action studies including compounds targeting the TME. This model will likely contribute to improve the
therapeutic outcomes for patients with HCC.

© 2024 Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

inhibitors (CPIs) targeting programmed cell death 1 (PD-1) has
changed the standard of care, both overall response rates and
improvement of survival remain limited.>*

A roadblock to HCC drug discovery and development is

Introduction

HCC is the third leading cause of cancer-related death world-
wide and the leading cause of death in patients with cirrhosis,’
with HCC incidence increasing rapidly in Europe and the USA."

The major causes of HCC are chronic HBV and HCV, alcohol
abuse, and metabolism-associated steatotic liver disease
(MASLD). Although viral hepatitis was previously a major cause
of liver disease and HCC, metabolic liver disease will likely be
the major cause of HCC in the future due to changes in lifestyle
associated with increasing obesity and diabetes.?

Current treatment options remain unsatisfactory. Early-
stage tumors can be treated using surgical approaches, radi-
ofrequency ablation, or liver transplantation; nevertheless,
fewer than 30% of patients with HCC are eligible because their
disease is often diagnosed at an advanced stage.>* Although
the recently approved combination of vascular endothelial
growth factor (VEGF)-targeting agents with immune checkpoint

HCC heterogeneity among patients.® Moreover, preclinical
assessment of the efficacy of anti-HCC candidate compounds
is hampered by the absence of tractable systems recapitulating
the heterogeneity of tumors and the TME, which have a key role
in treatment response.® Two-dimensional (2D) or planar cell
culture remains one of the most applied models in drug dis-
covery because it is simple to use, low cost, and easily applied
in high-throughput screening. However, it does not effectively
mimic the activity, function, and behavior of cells in an organ or
the complex cell-cell, cell-extracellular matrix (ECM) and cell-
tissue interactions.” Organoids have emerged as a major
breakthrough in cell biology and drug discovery by recapitu-
lating functional features of in vivo tissues in 3D culture.
However, they must be grown by stem cells through a complex
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induction process that hampers the success rate of organoid
cultures.® Their growth relies on rigid ECMs that create
biochemical forces on cells, reducing drug penetration.’
Moreover, HCC organoids often lack tumor stroma and do
not allow TME-targeting drug testing.® Finally, the use of animal
models is also limited because of their complexity, cost, and
differences between species, as well as their limited trans-
latability to patients.'® To address these limitations, we
established a simple and robust patient-derived spheroid
model recapitulating HCC heterogeneity and TME to facilitate
drug development and improve understanding of can-
cer biology.

Materials and methods

Human subjects

Human liver tissues and sera were obtained from patients with
liver disease undergoing liver resection. Patients were given an
information sheet requesting their leftover biological material
(i.e. liver resection and blood samples) collected during their
medical treatment for research purposes. All patients received
and signed an informed consent form for deidentified use of
their samples from Strasbourg University Hospitals, University
of Strasbourg, France (DC-2016-2616 and RIPH2 LivMod
IDRCB 2019-A00738-49, ClinicalTrial.gov ID: NCT04690972) or
from Hiroshima University, Hiroshima, Japan (approval number:
HI-98-21). The protocols were approved by the local Ethics
Committee of the University of Strasbourg Hospitals and the
Hiroshima University Ethical Committee, respectively. All ma-
terial was collected during medical procedures strictly per-
formed within the frame of the medical treatment of each
patient. While there was clinical descriptive data available, the
identity of the patients was protected by internal coding. A brief
summary of clinical characteristics is provided in Tables S1 and
S2. Sera from healthy patients were collected at Etablissement
Francgais du Sang, Strasbourg, France.

Tissue processing and tumor spheroid generation from
fresh tissue

The references of the reagents used for tumor spheroid gen-
eration are reported in the JHEP Reports CTAT methods. A
protocol ‘from patient bed to the bench’ was established with
surgeons from Strasbourg University Hospital to preserve tis-
sue integrity and cell viability. Tissue resections were immedi-
ately preserved after surgery in cold transplantation medium
(HypoThermosoI®, Sigma-Aldrich, Saint Louis, MO), kept on ice
to avoid warm ischemia, and processed a maximum of 30 min
after resection. Fresh tissues were directly processed and
minced into small pieces. Then, 0.2-1 g of tissue was trans-
ferred into GentleMACS™ C Tubes (Miltenyi Biotec, Paris,
France) and dissociating using a tumor dissociation kit and
GentleMACS™ Octo Dissociator with Heaters (Miltenyi Biotec)
according to the manufacturer’s instructions. After dissocia-
tion, the cells were filtered using a 100-pm strainer to eliminate
debris and centrifuged at 700 g for 7 min. The pellet was gently
resuspended and washed in cold Hanks’ balanced salt solution
(HBSS). Erythrocytes were lysed using erythrocyte lysis buffer
(Qiagen, Courtaboeuf, France) and cells were washed again
with HBSS. The number of cells and cell viability were assessed
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using Trypan Blue and an automatic cell counter (Countess 3
Cell Counters, Thermo Fisher Scientific, France).

The required number of cells was then resuspended in
complete Mammocult medium (MammoCult™ Human Medium
Kit, STEMCELL Technologies, Grenoble, France), supple-
mented with human proliferation supplement (3.4%), hydro-
cortisone (0.056%), heparin (0.011%), amphotericin B,
primocin, and 20% serum from patients with HCC, and seeded
in 96- or 384-well ultra-low attachment plates (Corning®,
Thermo Fisher Scientific). For 96-well plates (characterization),
~75,000-100,000 cells in 50 pL were required per well. For
384-well plates (for screening of FDA-approved drugs),
~30,000 cells in 25 pL were required. The plates were then
centrifuged at 300 g for 6 min. From 2 to 3 days after seeding,
50 or 25 pl of complete medium was added per well. This small
volume of medium at the beginning of the culture enables cell
concentration and improves cell migration. Tumor spheroid
formation began between 4 and 7 days post seeding and was
patient dependent, as was the expected tumor spheroid size
(on average 100-250 pum in 96-well plates). Of note, extra cells
were frozen at -80 °C in CryoStor® cryopreservation media
(Sigma-Aldrich).

Go/no go step: for fresh tissue, the expected cell viability
was, on average, 60-70%. If viability was ~40%, dead cell
removal was required using a Dead Cell Removal Kit (Miltenyi
Biotec) according to the manufacturer’s instructions. When
viability was <30%, the advantage of dead cell removal versus
cell viability was lost, given that poor viability resulted in tumor
spheroid generation failure.

Tumor spheroid generation from frozen tissue or
frozen cells

HCC tissue freezing can be performed by cutting the tissue into
small pieces and freezing them in CryoStor® cryopreservation
media with slow temperature decrease (Thermo Fisher Scien-
tific Mr. Frosty ™ Freezing Container). Use of DMSO alone may
affect immune cell viability after thawing. To generate tumor
spheroids from cryopreserved tissues, the tissue pieces or
frozen cells were thawed at 37 °C, rinsed and then washed with
HBSS to eliminate the cryopreservative medium; either the
dissociation protocol for tissues was then followed or dead cell
removal was performed using the dissociated cells, as
described above. Erythrocyte lysis was not needed for frozen
samples. Perturbation studies were then performed only if the
cell viability after processing was >40% and cells had properly
aggregated after 3 to 4 days.

Statistical analysis and reproducibility

For experiments on patient-derived tumor spheroids and with
patient sera, the limited amount of HCC tissue and blood
restricted the number of repeated experiments for the same
donor. Thus, to ensure the reproducibility of our findings, and
for arresting conclusions, we performed independent experi-
ments on different tissues. The number of technical replicates
was three or four for each experiment (unless otherwise stated).
The precise number (n) of biologically independent samples is
indicated in the figure legends. The data are presented as the
mean + SD. Statistical analyzes were performed for n 23, using
parametric tests (unpaired Student t test, one-way ANOVA) or
nonparametric tests (two-tailed Mann-Whitney U test or
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Kruskal-Wallis test) as indicated in figure legends, after deter-
mination of distribution by the Shapiro-Wilk normality test;
p<0.05 was considered statistically significant. GraphPad
Prism was used for all statistical analyses (V10.2.1; GraphPad
Software Inc., San Diego, CA, USA).

More information about the materials and method, anti-
bodies, and primers lists is available in the supplementary
information online and CTA table.

Results

A simple and robust protocol to establish patient-derived
HCC tumor spheroids

As detailed in the Materials and Methods sections in the
supplementary information online, a protocol ‘from patient bed
to the bench’ was established to generate high-quality patient-
derived tumor spheroids using HCC tumor tissues (Fig. 1A).
Tumor tissues were dissociated using mechanical and enzy-
matic digestion and tumor spheroids were generated using a
scaffold-free approach, in ultra-low attachment microplates in
the presence of patient autologous sera (Fig. 1A). Cell aggre-
gation started 3 to 4 days after seeding, with complete cell
compaction into tumor spheroids after 5-7 days on average
(Fig. 1B). Optimal culture conditions maintained high cell
viability up to 7 days after seeding (Fig. 1C). Moreover, the cell
suspension obtained after tissue dissociation to generate tu-
mor spheroids allowed homogenous formation of spheres
among the different wells (Fig. 1D; Fig. S1).

Next, we applied this protocol to a large panel of surgical
resections from a cohort of patients with various etiologies and
grades of HCC (Tables S1 and S2). Tumor spheroids were
successfully generated independently of etiology and tumor
grades, with an overall success rate of ~90% when using fresh
tissues (see Methods in the supplementary information online).
Tumor spheroid generation failure resulted from the poor
quality of the tissue or necrotic tissue, from which only a low
fraction of living cells was recovered after dissociation. The
procedure was also successfully applied to cryopreserved HCC
tissues (Tables S1 and S2), but with a more limited success rate
resulting from cell death after thawing in some cases.

Tumor spheroids retain the original tumor features,
including the main HCC cell compartments and TME

To characterize the model, we established IHC and H&E
staining protocols. To demonstrate that our tumor spheroid
system reflected patient heterogeneity in cell composition and
structure, we selected two cases of moderately differentiated
HCC that had arisen on normal liver (HCC 615) or cirrhotic
tissue (HCC 608). For processing and fixation, tumor spheroids
were embedded in hydrogel (Figs. 2A and 3A) (see Methods in
the supplementary information online). IHC analyses using
established markers'"'? showed that the tumor spheroids
contained epithelial cancer cells (pan-cytokeratin, PanCK) and
different nonparenchymal cells, including CD45" immune cells,
CD3* T cells, CD31* endothelial cells, and Desmin* cancer-
associated fibroblasts (CAFs; Figs. 2B and 3B). Moreover,
H&E and IHC stainings performed side-by-side on the original
tumor and tumor spheroids demonstrated that the spheroids
self-organized in a compact structure mimicking that of the
original tumor (Figs. 2B and 3B). As an example, analysis of
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HCC 615 showed an organization of cancer cells in islets sur-
rounded by Desmin* CAFs with infiltration of CD3* cells
(Fig. 2B). Interestingly, the corresponding tumor spheroids
showed a similar organization (Fig. 2B, schematized in Fig. 2C).
CD31+ endothelial cells were detected within the tumor
spheroids, with organization into vessel-like structures in a
patient-dependent manner (Figs. 2B and 3B,C).

Analyses of the tumor spheroid cell composition by flow
cytometry using the same cell markers confirmed the presence
of the main HCC cell compartments in the tumor spheroids with
variable proportions (Figs. 2D and 3D). Interestingly, while
CD45* immune cells were detected by flow cytometry, IHC
analyses revealed that immune cells either infiltrated the
spheres (CD3™ T cells) or were present at the periphery of the
tumor spheroids (Figs. 2B,D and 3D).

Importantly, further flow cytometry analyses of the original
tissue and the corresponding tumor spheroids showed that the
proportion of the different cell compartments was preserved in
tumor spheroids (Figs. S2 and S3; summarized in Table S3).
These results indicate that our approach did not lead to enrich-
ment of a particular cell population but included all cell pop-
ulations that were present in the original liver tissue at the time of
sampling. Tumor spheroids generated from different donors
harbored cell population proportions that were specific to each
individual at the time of collection, reflecting HCC tissue het-
erogeneity among patients (compare HCC 544 and HCC 576 in
Figs. S2 and S8, and Table S3,). A high proportion of immune
cells led to variation in tumor spheroid size and shape and less
compaction (compare HCC 544 and HCC 576 in Fig. 1B).

Next, we studied whether the cancer cell phenotype was
preserved in tumor spheroids. We analyzed a HCC subset that
expressed epithelial cell adhesion molecule (EPCAM), a pro-
genitor marker associated with stem cell features.’® IHC and
flow cytometry analysis showed that EPCAM expression on
cancer cells was preserved in tumor spheroids generated from
EPCAM* HCC (Figs. S2-S4). We further studied the endothelial
compartment and observed that the proportion of CD31*
endothelial cells differed between the original tumor and tumor
spheroids (Table S3). This difference could be explained by the
ability of endothelial cells to form, or not, vessel-like structures
within the spheres (Figs. 2 and 3).

Together, our results showed that the patient-derived tumor
spheroid model included the main HCC cell compartments,
retained the original tumor features, and preserved the inter-
individual heterogeneity of HCC.

Tumor spheroids comprise functional CAFs producing ECM

CAFs are a central component of the TME with several func-
tions, including ECM secretion and remodeling as well as
cytokine/growth factor production.'® To further investigate tu-
mor spheroid formation in a scaffold-free approach, we
analyzed CAF function and ability to produce ECM compo-
nents in our tumor spheroids. Flow cytometry analysis using
Desmin as a marker of activated fibroblasts and CAFs and
analysis of ACTA2 (encoding alpha smooth muscle actin)
expression by qRT-PCR'2 confirmed the presence of CAFs in
the tumor spheroids (Fig. 4A-E).

To demonstrate that these CAFs were functional, we stim-
ulated tumor spheroids with TGF and assessed fibrotic marker
expression and collagen secretion. We observed an increase in

JHEP Reports, mmm 2025. vol. 7 | 101252 3



collagen expression and secretion in the culture supernatant
(Fig. 4D,F,G) associated with changes in tumor spheroid
morphology at the periphery (Fig. 4G). Moreover, kinetic ex-
periments showed that functional CAFs produced collagen up
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to 1 week after tumor spheroid generation (Fig. 4H). ECM
protein secretion by fibroblasts is likely to have contributed to
aggregation of the different cell types and generation of stable
tumor spheroids in the absence of scaffold.

Characterization
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Fig. 1. A simple and robust protocol to establish a patient-derived HCC tumor spheroid. (A) Experimental approach. HCC tissue and patient serum were pro-
cessed to generate tumor spheroids that were used for characterization and perturbation studies. (B) Tumor spheroid formation. Aggregation of cells was observed, on
average, 4 days after seeding. Cell compaction and tumor spheroid generation were observed, on average, after 7 days. Three representative examples are shown
(MOTIC AE2000 Lordill, 10x). (C) Tumor spheroid viability. Viability was assessed by measurement of ATP levels and was stable at least for 7 days. Data are presented
as mean + SD (n = 4, three independent experiments). (D) Homogenous tumor spheroid formation. To show homogeneity in sphere generation, images of tumor
spheroid formation for 10 tumor spheroids generated in 384-well plates is shown (MOTIC AE2000 Lordill, 10x). (A) created with BioRender (biorender.com). HCC,

hepatocellular carcinoma; RLU, relative light unit.
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Serum from patients with HCC facilitates tumor spheroid
generation and preserves TME

In cell culture, serum is widely used to not only provide growth
factors, but also promote cell adhesion.'® Therefore, we
analyzed the effect of FBS compared with sera from patients
with HCC on the tumor spheroid phenotype. The presence of
autologous patient serum robustly improved the cell viability of
the tumor spheroids from different donors compared with FBS

A
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(Fig. 5A). Moreover, kinetic experiments showed that the
presence of HCC serum robustly facilitated cell aggregation
and compaction into spheres (Fig. 5B). Of note, HCC serum did
not induce cell proliferation of a specific cell compartment
within the tumor spheroids, as confirmed by Ki67 stain-
ings (Fig. 5C).

Next, we investigated the effect of sera from patients with
HCC on the phenotype and function of the individual HCC cell

Tumor spheroid HCC 615
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Fig. 2. Tumor spheroids contain the main HCC cell compartments and self-organize as tumor-like structures (case HCC 615). (A) Representative images of
tumor spheroids in hydrogel before FFPE inclusion. Surrounding cells correspond to immune cells. Cells were imaged after 5 days of culture (MOTIC AE2000 Lordill,
10x). (B) Side-by-side H&E stainings and IHC analysis of the original tumor and corresponding tumor spheroids. Scale bars = 100 pm. (C) Model of tumor spheroid
organization. (D) Analysis of different cell compartments in tumor spheroids by flow cytometry. CD45* indicates immune cells, CD3* indicates T cells, CD31* indicates
endothelial cells, Desmin* indicates cancer-associated fibroblasts, and PanCK* indicates epithelial cancer cells. (C) created with BioRender (biorender.com). FFPE,
formalin-fixed paraffin-embedded; HCC, hepatocellular carcinoma; IHC, immunohistochemistry; PanCK, pan-cytokeratin.
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compartments and TME components. As a simplified model of
HCC cancer cells, we first used Huh7 cells cultured in 3D.
Similar to observations in patient-derived tumor spheroids,
HCC serum improved cell compaction in 3D (Fig. 5D). However,
it did not lead to Huh7 cell proliferation compared with FBS, in
line with Ki67 staining (Fig. 5C,D). It is likely that HCC serum
preserved epithelial cancer cell viability in tumor spheroids by
allowing cell aggregation and survival rather than by inducing
epithelial cancer proliferation.

We next used LX2 stellate cells as a simplified model of fi-
broblasts, co-cultured in 3D with Huh7 cells and increasing

A
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concentrations of sera from patients with HCC or FBS (Fig. 6A).
Sera from patients with HCC triggered stellate cell activation
and CAF-like phenotype, as shown by the change in spheroid
morphology and increase in ACTA2 and COL1A1 (encoding
collagen type | alpha 1 chain) expression independently from
the etiology (Fig. 6A-C; Fig. S5A-D). Ten to 20% of patient
serum was sufficient to obtain this phenotype. Importantly, this
phenotype was only observed with sera from patients with HCC
and not with sera from healthy patients, indicating that soluble
factors specific from HCC led to fibroblast activation (Fig. S6).
Increase in COL7A71 expression in patient-derived tumor

Tumor spheroid HCC 608
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Fig. 3. Tumor spheroids contain the main HCC cell compartments and self-organize in a tumor-like structure (case HCC 608). (A) Representative images of
tumor spheroids in hydrogel before FFPE inclusion. Cells were imaged after 5 days of culture (MOTIC AE2000 Lordill, 10x). (B) Side-by-side H&E stainings and IHC
analysis of the original tumor and corresponding tumor spheroids. Scale bars = 100 pm. (C) High magnification of CD31 staining showed that endothelial cells
organized in vessel-like structures in tumor spheroids. Scale bars = 50 um. (D) Analysis of different cell compartments in tumor spheroids by flow cytometry. CD45*
indicate immune cells, CD3" indicate T cells, CD31* indicate endothelial cells, Desmin* indicate cancer-associated fibroblasts, and PanCK"* indicate epithelial cancer
cells (arrows). FFPE, formalin-fixed paraffin-embedded; HCC, hepatocellular carcinoma; PanCK, pan-cytokeratin.
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cytometry using Desmin as a CAF marker. (C-G) Effect of TGFp treatment on tumor spheroids. Tumor spheroids were treated with TGF for 24 h. (C,E) Fibrotic gene
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Mann-Whitney U test). (D,F). Collagen secretion was measured at day 7 by colorimetric assay in culture supernatant. Data are presented as mean + SD of collagen
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spheroids confirmed that HCC serum preserves CAF activation
in the spheres (Fig. 6E).

We used a differentiated monocyte-derived cell line (THP1)
as a model of macrophages, finding that HCC sera induced
phenotypic changes in macrophages (Fig. 6D; Fig. S7A and B).
Further investigation indicated differentiation of THP1-derived
macrophages into tumor-associated macrophage (TAM)-like
cells, as demonstrated by an increase in CD204, CD206,

CD163, and IL10 expression (Fig. 6D; Fig. S7A and B). Inter-
estingly, the expression of these markers is often associated
with tumor growth and poor prognosis in patients.'®!”
Macrophage differentiation in TAM was only observed in the
presence of sera from patients with HCC and not sera from
healthy patients, demonstrating the specific effects of HCC
serum (Fig. S7C). Of note, CD163 expression in patient-derived
tumor spheroid showed only a trend in increase, most likely
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ANOVA followed by Tukey’s multiple comparisons test). HCC, hepatocellular carcinoma; IHC, immunohistochemistry; RLU, relative light unit.

because of the robust basal expression of CD163 in patient
TAMSs (Fig. 6F)."®"” The decrease in TNFA expression suggests
maintenance of an immunosuppressive milieu in tumor spher-
oids (Fig. 6F).

Finally, we analyzed the effect of HCC serum on T cell
phenotype in tumor spheroids. We isolated CD3* T cells from
HCC tumors from patients (Fig. S8) and grew them in serum-
free conditions, in the presence of FBS or patient autologous
serum. As a readout, we measured the expression of early
(CD69) and middle (IL2RA/CD25 and IFNG) T cell activation
markers.'® Addition of FBS to the culture medium induced
activation of T cells compared with serum-free conditions, as
shown by the constant increase in IL2RA/CD25 and IFNG

expression among the different donors (Fig. 6G; Fig. S9A). In-
crease in CD69 expression in the presence of FBS was patient
dependent (Fig. 6G; Fig. S9A). By contrast, T cell activation was
not observed following the addition of patient autologous
serum, indicating that HCC serum was superior to FBS for
maintenance of T cell phenotypes in tumor spheroids. The ef-
fect of FBS and HCC serum on T cells was confirmed at protein
level by analysis of the CD3+ cell compartment in tumor
spheroids by flow cytometry (Fig. S9B-D).

Collectively, these results indicate that the use of sera
from patients with HCC facilitates tumor spheroid generation
and is superior to FBS in maintaining the TME phenotype
ex vivo.
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Fig. 8. HCC tumor spheroids respond to immunotherapy. (A,B) Tumor spheroids from HCC 569 and HCC 580 were treated with nivolumab or CTRL mAb for 6 days.
At day 6, they were dissociated and analyzed by flow cytometry. Gating shows selection of a specific CD3* T cell population among total cells. PD-1 was detected as a
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their application in the patient tumor spheroid model, the drug
concentrations inhibiting targeted signaling pathways were
determined in a Huh7 3D spheroid model (Fig. S10). The
optimal concentrations for the mAbs were selected according
to the literature.®°

First, we observed a heterogeneous response to TKis, likely
reflecting inter- and intra- individual tumor phenotypes
(Fig. 7B,C). As an example, HCC 577 was sensitive to all tested
TKils, whereas HCC 551 was sensitive to only cabozantinib.
HCC 576 harbored an intermediate phenotype and showed
sensitivity to sorafenib, lenvatinib, and cabozantinib, but
resistance to regorafenib (Fig. 7B,C). The response rate ob-
tained with sorafenib was 13.33%, which reflects response
rates observed clinically in patients® (Fig. 7C). Moreover, len-
vatinib showed a superior response compared with sorafenib,
as also observed in patients®' (Fig. 7C). A robust response rate
was observed for cabozantinib, which correlates with a recent
meta-analysis demonstrating superiority of cabozantinib in
second-line settings?® (Fig. 7C).

To further confirm the validity of the model for the investi-
gation of chemotherapeutic agents, we generated spheroids
from adjacent nontumoral liver tissues using the same
approach and compared treatment responses with the corre-
sponding tumor spheroids (Fig. 7D). As a proof-of-concept
study, we selected HCC tissues responding to cabozantinib
(Fig. 7C). Cabozantinib strongly decreased cellular viability only
in tumor spheroids, with minor or absent effects on the adja-
cent nontumoral spheroids (Fig. 7D), demonstrating the spec-
ificity of the tumor spheroid model for tumor-targeting drugs.

Next, we compared TKI treatment response obtained on
tumor spheroids generated from fresh and cryopreserved tis-
sues from the same patient. Treatment response and cell
viability were comparable between fresh and cryopreserved
tissues when tumor spheroids were successfully formed
(Fig. S11A and B). However, cryopreservation in some cases
resulted in failure of proper tumor spheroid formation, leading
to heterogeneous treatment response (Fig. S11C and D).
Therefore, assessment of the quality of tumor spheroid gen-
eration and viability before treatment is essential to obtain
robust, reproducible results (see Methods in the supplementary
information online).

Finally, tumor spheroids were treated also with immuno-
therapies. A consistent but low-level response was observed
for four out of 15 of the tumor spheroids tested (Fig. 7C). To
validate the specific antitumor efficacy of mAbs in our model,
we measured target expression in tumor spheroids. Flow
cytometry analysis after nivolumab treatment demonstrated
target engagement on CD3* T cells (Fig. 8A,B). Moreover,
treatment with bevacizumab resulted in a robust decrease in
VEGF levels in tumor spheroid culture supernatants (Fig. 8C),
confirming target engagement.

Discussion

In this study, we established a simple, patient-derived, multi-
cellular HCC spheroid model recapitulating tumor heteroge-
neity and TME for HCC drug discovery and development. While
HCC spheroid systems have been described previously,?*2’
the conceptual advances and innovation of the model estab-
lished in this study relate to the combination of tumor spheroids
with sera from patients with HCC and inclusion of the TME.

A patient-derived HCC spheroid system

Characterization of the tumor spheroids using different as-
says and markers suggests that our system is representative of
key features and phenotypes of the original tumors. Side-by-
side comparison of the tumor and tumor spheroids demon-
strated that they included the main HCC cell compartments
and that the proportions were preserved. Moreover, using
EPCAM as an example, the cancer cell phenotype was pre-
served in the tumor spheroids. Finaly, we showed that the tu-
mor spheroid self-organized into a 3D structure that was very
close to the original tumor. Thus, our approach enables the
generation of functional tumor spheroids for drug proof-of-
concept studies within only a few days, with high and sta-
ble viability.

HCCs are characterized by significant intratumor and inter-
patient heterogeneity.> Compared with 3D cell culture models,
the tumor spheroid system preserved original tumor features
and recapitulated this patient heterogeneity. Over the past
decade, HCC organoids have emerged as a major technical
advancement to study HCC biology.? However, their use is
limited by a low success rate of ~27%.2 Moreover, HCC
organoids can only easily be established from high-grade HCC
with a high proliferative index.®> Our model overcomes these
limitations by enabling tumor spheroid generation regardless of
grade and etiology with a high success rate. In contrast to
organoids, tumor spheroids also included stromal, endothelial,
and immune cells.® Finally, we used a matrix-free approach to
generated tumor spheroids, based on the self-aggregation
capabilities of cells. Therefore, our model overcomes the limi-
tations of previously described matrix-based methods, such as
the variability of matrix batches, reproducibility issues, high
costs, and limitations to drug or large molecule diffusion.?®

Recently, precision cut tumor slices (PCTSs) have also
emerged as a major breakthrough to study HCC biology and for
drug development.®® However, generation of PCTSs is
dependent on the availability of fresh HCC specimens.?® By
contrast, tumor spheroids can be generated from frozen tis-
sues. Moreover, PCTSs likely only partially reproduce the
hypoxic TME of HCC tumors.?® Spheroid cultures have been
shown to model hypoxia by inducing an oxygen gradient from
the periphery to the hypoxic core of the spheroid.'® Finally, in
contrast to PCTSs, the tumor spheroid system can be more
easily adapted to high-throughput studies using screening
formats with homogenous sphere formation.

As with any model, patient-derived tumor spheroids have
their limitations. In contrast to organoids, tumor spheroids
cannot be passaged. Cell death during cryopreservation of
HCC tissues can lead to selection of specific cell subtypes after
thawing and failure of tumor spheroid generation. Therefore,
the quality of HCC cryopreservation is crucial for success.
Finally, as for any model system, it is unlikely that all aspects of
the patient tumor are represented in the tumor spheroids.
Combining investigations applying the tumor spheroids with
other HCC models will address this limitation.

The other innovation is the use of autologous patient sera to
generate spheroids. Hepatocarcinogenesis is accompanied by
secretome modification. The secretome is present in patient
sera, including tumor-associated proteins and immune medi-
ators with key roles in tumorigenesis;***' thus, HCC serum
may mimic the HCC secretome. Our data demonstrated that
sera from patients with HCC facilitated cell aggregation and
was key to preserving high cell viability in patient-derived tumor
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spheroids. Moreover, it contributed to the preservation of CAFs
and the immune cell phenotype as well as an immunosup-
pressive TME, most likely through different soluble factors (i.e.
cytokines, chemokines, and extracellular vesicles). These fea-
tures offer a unique opportunity to study cellular communica-
tion within the cellular and noncellular TME.

By using FDA-approved drugs in proof-of-concept studies,
we demonstrated that this serum-tumor spheroid system en-
ables study of the efficacy of anti-HCC therapies in authentic
patient material. A limitation of the model was that responses
to CPIs were detectable but at a low magnitude. It is
conceivable that CPIs do not induce robust cancer cell mor-
tality in tumor spheroids because of the limited number of
immune cells in the spheres (no infiltration/recruitment of new
cells is possible in this model) or the absence of tertiary
lymphoid structures. Nevertheless, target engagement assays
suggest that the tumor spheroid model will contribute to un-
derstanding the mechanism of action of immunotherapy-
based treatments.

Research article

The next step will be a prospective study to compare
treatment responses in tumor spheroids with clinical responses
in patients from whom the material was derived. However,
given that the material from patients used in this study was
from liver resections as part of a surgical curative approach,
retrospective data on the response to systemic therapies of the
patients, from whom the resections were obtained, are not
available. Nevertheless, the opportunity to assess treatment
responses of tumor spheroids from liver biopsies of patients
undergoing future treatment may harness our model for future
precision medicine.

Concluding remarks

In conclusion, the HCC serum-tumor spheroid system based on
authentic patient tissue and autologous sera offers new per-
spectives to improve HCC drug discovery and development,
including compounds targeting the TME. Based on these oppor-
tunities and perspectives, the serum-tumor spheroid model will
likely contribute to improve outcomes for patients with HCC.
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