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ABSTRACT ARTICLE HISTORY
Introduction: Immunotherapies have revolutionized cancer treatment, but often fail to produce desir- Received 30 November 2023
able therapeutic outcomes in all patients. Due to the inter-patient heterogeneity and complexity of the ~ Accepted 26 March 2024
tumor microenvironment, personalized treatment approaches are gaining demand. Researchers have KEYWORDS

long been using a range of in-vitro assays including 2D models, organoid co-cultures, and cancer-on 3D culture model;

-a-chip platforms for cancer drug screening. A comparative analysis of these assays with their suitability, co-culture; ex vivo drug
high-throughput capacity, and clinical translatability is required for optimal translational use. screening; immunotherapy;
Areas covered: The review summarized in-vitro platforms with their comparative advantages and organoids; spheroids;
limitations including construction strategies, and translational potential for immuno-oncology drug personalized treatment;

efficacy assessment. We also discussed end-point analysis strategies so that researchers can contextua- ~ tUmor microenvironment

lize their usefulness and optimally design experiments for personalized immunotherapy efficacy
prediction.

Expert opinion: Researchers developed several in-vitro platforms that can provide information on
personalized immunotherapy efficacy from different angles. Image-based assays are undoubtedly more
suitable to gather a wide range of information including cellular morphology and phenotypical
behaviors but need significant improvement to overcome issues including background noise, sample
preparation difficulty, and long duration of experiment. More studies and clinical trials are needed to
resolve these issues and validate the assays before they can be used in real-life scenarios.

1. Introduction settings which are PD-1 inhibitors (Pembrolizumab and
Nivolumab) and CTLA-4 inhibitors (Ipilimumab). These drugs in
combination (Nivolumab and Ipilimumab) have improved the
treatment outcome for advanced melanoma patients with an
overall survival rate of 49% and progression-free survival rate of
34% at 6.5 years but a large proportion of patients still remain
refractory to the treatment [6]. A systematic review identified
that 74% of the patients treated with PD-1 inhibitors (PD-1i) have
suffered from immune-related adverse effects and for CTLA-4
inhibitors (CTLA-4i) the rate was 89% [7].

Due to the adverse effects and high non-response rate, it is

Harnessing the immune system to fight cancer has revolutio-
nized cancer treatment providing a better outcome compared to
conventional systemic therapies [1]. One of the 14 hallmarks of
cancer is immune evasion or evading immune destruction where
cancer cells escape immune surveillance to survive and prolifer-
ate [2]. Cancer immunotherapies target one or multiple path-
ways of communication between the tumor microenvironment
and the immune system using biological components including
specialized antibodies, modified immune cells, etc. This
enhances the immune system’s ability to better detect and o . o o !
eliminate cancer cells with more precision and fewer system often difficult to make optimal clinical decisions for patients
effects. Several immunotherapy drugs especially Immune considering both survival and quality of life parameters.
Checkpoint Blockers (ICBs) are now clinically approved as the Researchers have successfully tried ex-vivo drug efficacy
standard of care treatment for different advanced tumors includ- ~ @ssessment using multiple in-vitro assays for several hemato-
ing advanced melanoma and non-small cell lung cancer [3,4]. logical and solid cancers. These assays have also been useful in
Despite improving clinical outcomes and response rates high-throughput screening and identification of novel
alarge proportion of patients remain refractory to ICB treatments  immuno-oncology drugs. In this review, we gather information
and suffer from adverse effects [5]. In the case of metastatic and compare multiple in-vitro assays for immuno-oncology
advanced melanoma, two of the ICB classes are used in clinical  efficacy assessment with their advantages and limitations.
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Article highlights

e Both 2D and 3D culture methods are available to model tumor
immunity for immunotherapy efficacy prediction.

o Patient-derived 3D organoid models comprising extracellular matrix
(ECM) and heterogeneous cell populations similar to the original
tumor can closely mimic in vivo tumor microenvironment and are
more reliable for drug efficacy prediction.

» Exogenous immune cells from peripheral blood or expanded tumor-
infiltrating lymphocytes can be used in co-culture models for efficacy
prediction of immunotherapy drugs.

¢ Image-based end-point analyses are best suited to explain tumor-
immune cell interaction within reconstituted in vitro models as well
as analyze cell viability, immune infiltration, and activation effects of
immuno-oncology drugs.

¢ Complex models have reproducibility issues whereas commonly used
2D and less complex 3D models are unreliable in explaining tumor-
immune interaction upon drug exposure.

o Large-scale trials are needed for clinical validation of the successful
models.

For this narrative review, we have conducted electronic
searches in Google Scholar, PubMed, and Web of Science.
Searches were also conducted on the ‘Clinicaltrials.gov’ website
to identify clinical trials on the topic. Relevant search keywords
were used including ‘immunotherapy,” ‘onco-immune,’ ‘efficacy,’
‘organoid,” ‘spheroid,’ ‘coculture,’ ‘ex-vivo,” ‘in-vitro,” ‘scaffold
based, ‘scaffold free, ‘microenvironment,’ ‘immune interaction,’
‘PDE,/ ‘organ on a chip, ‘3D model,” ‘immunotherapy drug
screening,” and ‘immunotherapy efficacy prediction.’ The search
results were filtered for the English language only. The last search
was conducted on 16 February 2024. Publications were selected
based on relevance (determined by the authors) and further
searches were conducted to expand specific topics of interest.
The most recent publication was considered where multiple
publications were available.

2. Importance of pre-clinical drug efficacy
assessment

Cancer is a complex heterogeneous condition and yet the treat-
ment options are tumor-type-led in many cases, rather than
patient-tailored. Thus, the effectiveness of these treatments in
yielding desirable outcomes often varies and cannot always be
predicted using traditional biomarkers. Moreover, due to the
high plasticity of cancer cells, they rapidly develop multiple
resistant subpopulations capable of surviving targeted inhibitors
and immunotherapies, hence the disease frequently recurs
through clonal expansion of resistant subpopulations despite
excellent primary response [8]. As discussed earlier, a large por-
tion of patients (40-80% depending on cancer and therapy type)
remain refractory to immunotherapies and may still suffer from
adverse effects especially the responders [7,9]. So, more perso-
nalized treatment options including novel or repurposed drugs
and combination therapies need to be identified to improve
treatment outcomes in these cohorts of patients. The develop-
ment of newer therapies addressing individual heterogeneity
and the plasticity of the disease is a dire need.

Risk stratification of patients to improve treatment out-
comes is another challenge due to the lack of reliable

biomarkers. Researchers reported several pre-treatment bio-
markers to predict response to immunotherapy in solid can-
cers but most of them have failed to be reliable enough to be
clinically incorporated except for PD-L-1 expression, tumor
mutational burden, and microsatellite instability [10]. These
biomarkers often fail to predict prognosis in the long term
due to their instability over time and cancer heterogeneity as
discussed earlier. Preclinical drug sensitivity testing could elim-
inate the need for biomarker validation and increase our
understanding of the complex effect of genetic aberrations
on individual patients. Patient-derived xenograft models are
considered the gold standard for studying drug efficacy on
tumors, but the process requires a significant amount of time
with complex maintenance procedures that make it impracti-
cal for clinical use as a personalized treatment tool.
Researchers have used many different clinically usable in-
vitro models ranging from traditional cell culture to tumor-
on-a-chip models that can be used to produce reliable and
reproducible predictive results of personalized drug sensitivity
within a period [11].

3. In-vitro models for immunotherapy assessment

In-vitro efficacy assessment for immuno-oncology drugs is
much more complex than other drugs such as chemotherapies
or targeted inhibitors as it relies on direct and indirect assess-
ment of immune cell functionality rather than cancer cells. As
immunotherapies potentiate immune cells to target malignant
cells, the efficacy assessment often needs to assess the com-
plex spatial interactions between effector and target cells or
measure biochemical crosstalk toward effective cell death.
These can be achieved by mimicking the tumor microenviron-
ment (TME) in-vitro, commonly using co-culture (culturing
different cell types together) assays where immune cells and
tumor cells are co-cultured within specially prepared cell cul-
ture systems [12]. Multicellular 3D structures of tumor cells
either in the form of spheroids or more specialized organoids
are popular among researchers for co-culture and drug screen-
ing studies.

Many of the challenges often remain with generating these
3D structures. The most common challenge is ensuring the
reproducibility and uniformity of spheroids. Multicellular
tumor spheroid (MCTS) formation largely varies on cell type,
formation is linked to various factors, such as cell type, culture
technique, medium composition and volume, and cell density.
These factors cause variability in MCTS formation, resulting in
difficulties in reproducible spheroid formation. The advan-
tages and limitations of different in vitro culture models are
discussed below.

3.1. 2D models

2D cell culture models are simple and well-established for
drug efficacy assessment. These can also be used as a co-
culture system where both target (cancer cells) and effector
cells (immune cells) are co-cultured in culture plates as
a heterogeneous cell suspension without the need for gener-
ating complex 3D spheroids/organoids. The major advantages



of 2D culture models are simplicity, low maintenance, easy to
interpret, high throughput capability, and extensive use in
high throughput screening that allowed the establishment of
highly reproducible assays [13,14]. However, these models do
not represent in-vivo cell-cell interactions as a large part of the
cell surface remains inaccessible due to the attachment with
the culture plate surface. As the adhered cells get flattened,
the alteration in cellular morphology results in the alteration
of gene expression, cell signaling, organization of intra-cellular
organelles, polarity, and response to the external environment
[15-21]. Due to the lack of representation of the TME in 2D
models, it is highly challenging to study cancer-immune inter-
actions in response to therapeutics. Researchers have estab-
lished a few models to reflect TME in 2D systems by co-
culturing different cell types together (including cancer cells,
antigen presenting cells, lymphocytes, fibroblasts, etc.) and
allowing cancer-immune interactions which can be detected
by different assays (immune cell activation, phagocytosis,
cytotoxicity, image-based spatial interaction, etc.) [22].

Much of these studies are based on established cell lines
due to their known stability in different culture environments.
Stock and colleagues conducted a comparative analysis of 2D
and 3D models for drug discovery using cell lines (MCF7,
LNCaP, NCI-H1437). They demonstrated the applicability of
2D co-culture platform in assessing tumor-stroma interactions.
Using fluorescence image-based analysis they showed stroma
derived growth benefit and possible drug resistance in MCF7
cells when co-cultured with human dermal fibroblasts [23]. Mo
and colleagues described another image based 2D co-culture
platform where they screened inhibitor of apoptosis (IAP)
antagonists as immune enhancers. They used colorectal can-
cer cell lines (SW48, LIM1215, and NCI-H838) and human
Peripheral Blood Mononuclear Cells (PBMCs) as targets and
effectors and their viability was measured by cellular fluores-
cence intensity and resazurin based biochemical assay [24].

The example of using 2D co-culture platforms for ex-vivo
immune-oncology drug efficacy prediction is scarce due to
their limited capability in TME representation and supraphy-
siological access to the external environment in addition to
the individual heterogeneity of patient samples [25]. Pimentel
and colleagues described an in-vitro 2D coculture model
where they assessed the antitumor activity of irradiated and/
or immunotherapy-treated (in-vivo) effector T-cell on in-vitro
irradiated tumor cells using flow cytometry and luminescence-
based cell viability assay. Although they used murine models
and in-vivo treatment, they suggested the model could also
be adapted to ex-vivo high-throughput immunotherapy
screening using human patient tissue [26].

3.2. 3D co-culture models

Compared to 2D, the 3D models are far more advanced and
more closely mimic the TME as they can preserve cellular
heterogeneity, polarization, morphology, and gene expression,
and provide more surface area to study cell-cell interactions
[27]. The 2D monolayer cell cultures do not resemble tumor
structure hence cell-cell interactions cannot be properly stu-
died, even with primary culture models. Studying such inter-
actions is valuable especially for immunotherapy screening as
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the immunotherapy drugs themselves may not exert cytotoxic
effects on tumor cells but rather facilitate the immune system
to kill them via changing cellular morphology and interaction.
To overcome this problem many different techniques have
been developed to allow the organization and growth of
cells in a 3D spherical shape that more closely mimics the
original tumor microenvironment [28]. When such 3D struc-
tures are developed from patient-derived tumor samples, the
process is commonly referred to as patient-derived organoids
(PDOs). The terms spheroid and organoid are interchangeably
used in literature to refer to compact 3D cellular aggregates
often spherical in shape that structurally and sometimes func-
tionally can mimic the original tissue it was derived from [29].
To avoid confusion, we have replaced the term ‘organoid’ with
‘spheroid’ throughout the review.

Makeld and colleagues reported successful use of both 2D
and 3D patient-derived culture models for personalized drug
efficacy screening in a rare metastatic urachal carcinoma [30].
One of the disadvantages of these models is the depletion of
nonmalignant cells. This can be minimized by co-culturing the
spheroids with peripheral blood-derived or other organ-
derived immune and stromal cells that allow a continuous
supply of such cells for maintaining the tumor microenviron-
ment [24,31]. Such co-culture methods can also be used with
cell lines giving rise to heterogeneous spheroids of cell lines
closely resembling tumor microenvironment [32].

One of the key challenges of using 3D co-culture models
for drug efficacy assessment is to create and replicate uni-
formly shaped 3D structures from tumor cells/tissue for differ-
ent cancer types. With the continuous evolution of 3D cell
culture techniques, numerous types of 3D structures have
been developed using different cell types. Each of these struc-
tures and techniques has its limitations and advantages
(Table 1). These structures can be grown using single-cell
suspensions from established cell lines (homogenous), patient-
derived tissue dissociated cells (heterogenous), or tissue-
derived stem cells that can functionally differentiate into min-
iature organ-like structures.

Table 1 provides an overview of different 3D models.
Among the different 3D structural models, MCTS is the sim-
plest and most commonly used. MCTS are cellular aggregates
that form compact spheroids either spontaneously or using
external force (e.g. gravity, centrifuge, magnetic force) in low
attachment culture conditions (Table 1). Single cell suspension
from cell lines or dissociated patient tissue are cultured in low
attachment plates or specially designed containers (spinner
flask, bioreactor, microwell plates, etc.) that prevent cell adhe-
sion on container surface and facilitate cell-cell adhesion lead-
ing to the tightly packed spheroid formation (Table 2). To
facilitate MCTS formation for some cancer types, different
media additives such as Methyl Cellulose can be used to
increase the viscosity of media, thus facilitating the formation
of cell aggregates [50]. Sometimes artificial or animal-derived
acellular scaffolds mimicking ECM are incorporated in culture
conditions to facilitate MCTS formation. MCTS are generally
easy to form within a short period of time (1-7 days), well
characterized, high throughput capable, heterogenous, and
represent in-vivo tumor characteristics making them
a common choice for preclinical drug efficacy experiments



Table 1.

Comparison of different 3D structural models for cancer research [30, 42, 65, 79, 80].

Type

Description

Advantages

Duration to reach optimal

Disadvantages size

Image

MCTS

Compact cellular .
aggregates forming .
a spherical shape .

Tumorosphere Spheroids emerge from .

TDTS

oms

PDE

the proliferation of .
isolated single cancer

cells (generally cancer e
stem cells)

Spheroids are obtained by e
culturing minutely .
minced, crushed, and/or e
partially dissociated
(enzymatic) tumor

tissue

Tumor tissue is sliced .
into minute pieces and
cultured in media .
without enzymatic .
digestion .

Minutely sliced tissue .
fragments are cultured
either submerged in .
media or air-liquid .
interface. They are
similar to OMS but the
fragments are larger
and spherical spheroids
are not isolated

Easiest to generate, easy maintenance
Comparatively cheap, High throughput
Require minimal technical handling/
modification

Heterogenous

Highly reproducible for several cancer cell
types

Preserve stromal and nonmalignant cellular
component

Quickly reach optimal size

A small number of cells are required even
for mass production

Can be used for a wide range of cancer cell
types

Moderately reproducible

Cancer stemness preserved

More uniform in size and shape

Easy and quick to grow
Tumor heterogeneity is preserved
Moderately high-throughput

Characteristically closest to original in-vivo
tumor

Preserve tumor heterogeneity

Stromal components are preserved

Easy and quick to grow

Closest to original in-vivo tumor
Preserves tumor heterogeneity
Stromal components are preserved
Easy and quick to grow

1-7 days (higher for patient-
derived cells)

Not suitable for long-time culture

Require specially designed plates for size
uniformity

Large spheroids contain necrotic cores
Suitable for a limited number of cell types
Special media additives and pre-processing are
required for some cell types

Mostly homogenous 5-30 days
Cannot mimic TME

Skilled technical handling and pre-processing

required

Difficult maintenance

Comparatively costly

Does not preserve the original characteristics of

a tumor

Suitable for only a limited number of cancer 1-3 days
types

Slow growth rate

Prone to hypoxia

Stromal components can be lost

Suitable for only a limited number of cancer

types
Cancer stemness cannot be studied

2-5 days until 12-18 days

Prone to hypoxia 0-1 day
Cannot be cultured for a long time

Application is limited

Low throughput

Requires large tissue sample

Precision handling is required to get uniform

micro fragments

MCF-7 MCTS, image
adapted from, ‘Generation
of Multicellular Tumor
Spheroids with Microwell-
Based Agarose Scaffolds for Drug Testing’
by Gong X, Lin C, Cheng J, et al., 2015 [33].

Tumoro-sphere from clonal
expansion of single neural
stem cell, image adapted

- from, ‘Direct isolation of
human central nervous
system stem cells. Proceedings of the
National Academy of Sciences’ by Uchida
N et al., 2000. Copyright © 2000, The
National Academy of Sciences [34].

TDTS derived from
colorectal tumor tissue,
image adapted from,
‘Retaining cell-cell contact
enables preparation and
culture of spheroids composed of pure
primary cancer cells from colorectal
cancer’ by Kondo J et al., 2011 [35].

OMS from bladder tumor
.. sample, image adapted
from, ‘A Chemosensitivity
Test for Superficial Bladder
" Cancer Based on Three-
Dimensional Culture of Tumour Spheroids’
by Burgués JP et al., 2007 [36].

Explant culture using
5 NSCLC tumor fragments,
R image adapted from,

| ‘Patient-derived explants
\___{ (PDEs) as a powerful
preclinical platform for anti-cancer drug

and biomarker discovery’ by Powley IR
et al., 2020 [37].

(Continued)
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Table 1. (Continued).

Duration to reach optimal

Type Description Advantages Disadvantages size Image
3D Specialized devices use Can be used for a wide range of cells o Costly 3-30 days (depends on cell Bioprinted chimeric
bioprinting cell suspension as bio- Automated handling can reduce ¢ High maintenance type, shape, and use) organoid using MCF-12A
ink to seed cells of contamination e Specialized training required and MDA-MB-468 cells,
interest in specific 3D structures can be created of different e Still under development image adapted from, 3D
patterns to form 3D shapes 3 bloprmtlng for
shapes Customized 3D shapes can be formed for reconstltutlng the cancer
specialized use microenvironment’ by Datta P et al., 2020
High throughput [38].
Tumor-on Specialized microfluidic Different cell populations can be used to e Costly 1-13 days Patient-derived Lung
-a-chip devices use cells to create complex microenvironment e Long-term culture not reported " adenocarcinoma spheroid

form spheroids in
a perfusion-controlled
environment

Both scaffold-free and scaffold-based con-
ditions can be applied

Easy to control environment (TME, flow,
and other forces)

Easy in-situ monitoring

Specialized training required

Still under development .
Reproducibility, consistency, and high-

throughput capability are not yet established

|| cultured on a microfluidic
~ chip, image adapted from,
‘Towards personalized
med|cme chemosensitivity assays of
patient lung cancer cell spheroids in

a perfused microfluidic platform’ by
Ruppen J et al., 2015 [39].

MCTS: Multicellular Tumor Spheroid, SCS: Single Cell Proliferation Spheroid, TDTS: Tissue Derived Tumor Spheroids, Organotypic Multicellular Spheroid, PDE: Patient-Derived Explant, TME: Tumor Microenvironment.
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Table 2. Comparison of spheroid forming techniques [38,40-49,52,62,69,95-100].

Long- Immunotherapy
Ease Cost term Cancer efficacy
of Ease of effective- Easy to High Quick culture  Automation cell type TME Special assessment
Techniques Description use maintenance ess Uniformity harvest throughput duration suitability =~ capable  coverage preservation consideration example
Hanging Drop Cell suspension drops are hung  +++ + +++ + +++ - +++ - + + + Careful handling is [40]
from an inverted glass/plastic required
surface, thus allowing cell
aggregation using gravity
Suspension Cells spontaneously aggregate ~ +++ +++ +++ - +++ +++ ++ - + + + Plate surface [41]
culture to form spheroids on low- modification
attachment plates may be required
High viscosity Cells spontaneously aggregate ++ + +++ - ++ +++ ++ - + + + Plate surface [42]
suspension to form spheroids on low- modification
attachment plates/hanging may be required
drop settings, media additives
are added to increase
viscosity (i.e. methylcellulose)
and facilitate cell aggregation
Pellet Culture Using a centrifuge, cells are +++ ++ +++ + +++ +++ +++ - + ++ + Larger larger-sized -
concentrated as a pellet at spheroids, Shear
the bottom of a small force from
microcentrifuge tube and centrifugation
cultured for 1-2 days before may damage
transferring into ultra-low cells
attachment plates for
subsequent use
Spinner Flask Specially designed spinning ++ +++ ++ + +++ +++ ++ ++ + ++ + o Shear force from [43]
flasks containing single-cell continuous
suspension continuously spinning may
agitate by stirring to force affect cells.
into forming aggregates o Require specific
devices.
e May alter gene
expression.
Rotating wall A cylindrical vessel containing + + - + +++ +++ +++ ++ ++ ++ + e May alter gene -
Vessel single-cell suspension creates expression.
a microgravity environment o Require specific
by constant horizontal
rotation thus allowing cells to
remain suspended and
agitated enough to form
spheroids
Magnetic Cells are magnetized using ++ +++ ++ + +++ +++ +++ ++ + ++ + o Specific device -
Levitation magnetic nanoparticles and arrangement
suspended in culture media and cell
using a magnetic force. The magnetization
magnetic force also facilitates required

cell aggregation

(Continued)
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Table 2. (Continued).

Long- Immunotherapy
Ease Cost term Cancer efficacy
of Ease of  effective- Easy to High Quick culture  Automation cell type TME Special assessment
Techniques Description use maintenance ess Uniformity harvest throughput duration suitability =~ capable  coverage preservation consideration example
Microwell culture Specially designed uniform ++ +++ ++ +++ ++ +++ +++ + + ++ + Specialized [44]
microwells (i.e. low molding and
attachment microwell plate, microarray
microwells molded in agarose patterning is
gel) (~500-1000 um sized) required
with low attachment surface
allow cells to remain
suspended in culture media
inside a compact space
Hydrogel ECM mimetic temperature + + ++ + + ++ +++ - + +++ ++ Can mimic in- [45]
embedding controllable hydrogels (i.e. vivo ECM and
Matrigel, Geltrex, Collagen) preserve TME
are used to entrap cancer Suitable for
cells in an ECM like an a wide range of
environment that facilitates cell types
cancer cell organization into Difficult harvest-
spheroids in a native-like ing process may
environment harm cells
Non-hydrogel Decellularized organ scaffolds or ~ + + + - - ++ + + + +++ ++ Mimic in-vivo [46]
scaffolds synthetic fibrous scaffolds ECM structure
provide porous surfaces for High cell-surface
cells to get adsorbed and ratio
form 3D micro-tissue-like Protect cells
structures from the out-
side
environment.
Harvesting of
spheroids can
be difficult
ALl Cells embedded in ECM + ++ + - +++ ++ ++ - - ++ ++ Suitable for [47]
hydrogel are placed on the long-term
upper surface of cell culture culture and
inserts exposed to air and get invasion assay
nutrition from culture media Can incorporate
below through the porous stromal and
membrane of the insert epithelial
components
Vulnerable to
external envir-
onment
(Continued)
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Table 2. (Continued).

Long- Immunotherapy
Ease Cost term Cancer efficacy
of Ease of  effective- Easy to High Quick culture  Automation cell type TME Special assessment
Techniques Description use maintenance ess Uniformity harvest throughput duration suitability =~ capable  coverage preservation consideration example
Microfluidic Cells are dispersed into specially — + + - + - ++ ++ + ++ +++ +++ Dynamic [48]
Device (Organ- designed chip that contains environment
on-a-chip) microchambers and channels Can simulate
that can harbor cell a wide range of
suspensions, and hydrogels physiological
and dynamically deliver processes
nutrients, drugs, or other Can mimic
components. organ structure
and function
Require specific
device
Require skilled
handling
Bioprinting Cells in bio-ink (composed of + + - ++ ++ ++ +++ + +++ +++ +++ Better spatial [49]
media, ECM material, control of
hydrogel, microcarriers, etc.) different cells
are deposited layer-by-layer and
in a computer-aided designed components
pattern to generate viable 3D Can simulate
structures a wide range of
physiological
processes
Can mimic

organ structure
and function
Require specific
device

Require skilled
handling

ECM= Extra-cellular matrix, TME= Tumor microenvironment, ALI= Air-liquid interface.
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[29]. However, their uniformity in size and shape, response to
environment, and metabolic activity often remain challenging
which may cause a reproducibility issue. MCTS are excellent
for the mass production of spheroids, enabling them to be
used in drug screening studies, but only a limited number of
cancer cells (e.g. MCF-7, HCT-116, RF-1. PANC-1, T47D) spon-
taneously form compact spheroids, while many others (e.g. SK-
BR3, SW620, SNU-16, MIA PaCa-2, MDA-MB-231) form loose
aggregates [51].

Tumorospheres are quickly formed stable compact spher-
oids but lack heterogeneous complexity as they are clonally
expanded from single cancer stem cells. Dissociated cells are
cultured in special ‘stem cell medium’ which generally lacks
fetal bovine serum and is often supplemented by stem cell
growth factors including epidermal growth factor, fibroblast
growth factor, insulin, hydrocortisone, etc. Cells grown in low
attachment plates at low seeding density using stem cell
medium facilitate stem cell proliferation and deplete nonma-
lignant and differentiated cells giving rise to tumorospheres.
They can be used to study cancer cell stemness but due to the
lack of heterogeneous complexity, their use in drug screening
may not correspond with clinical scenarios [52]. Heterogenous
spheroids can also be obtained from partially dissociated
malignant tissue which are known as tissue-derived tumor
spheroids (TDTS). Colospheres are one of the common exam-
ples of TDTS where finely cut tumor tissue fragments are
minced for mechanical dissociation and cultured in culture
flasks that give off circular compact spheroids within a day
[53]. In some cancer types culturing small pieces (300 to 800
pm) of tumor tissue fragments can give off compact spheroids
similar to TDTS without any mechanical or enzymatic dissocia-
tion steps. These are commonly known as organotypic multi-
cellular spheroids (OMS). Burgues and colleagues reported
successful generation of bladder cancer OMS from biopsy
tissue fragments within 2 days of culture in agarose coated
25 mm? flask and harvested the spheroids by careful pipetting
under a light microscope [36]. Both TDTS and OMS are quick
and easy to form but their initiation success rates are poor for
different types of cancer. Generated spheroids are highly vari-
able in size and shape and not suitable for high throughput
screening due to a limited number of spheroid generation
capacity [29].

Researchers have also reported using patient derived
explant (PDE) culture platform for ex-vivo drug screening
including immuno-oncology drugs without generating spher-
oids. In PDE culture larger tissue fragments (1-2 mm) are
directly cultured either submerged in media or keeping in
partial contact with media through a membrane or matrix.
As the tissue fragments are not dissociated, the TME remains
intact preserving all the in-vivo tissue components. However,
due to the size and compactness, they are low throughput,
require larger tissue samples, not suitable for long term cul-
ture and very limited end-point analysis can be conducted
[37]. Vaobil and colleagues described using a PDE platform
for clinically relevant ex-vivo immunotherapy response predic-
tion in melanoma, non-small cell lung carcinoma, breast can-
cer, ovarian cancer, and renal cell carcinoma [54].

With the incorporation of engineering techniques, research-
ers have developed microfluidics and 3D printing-based models
that can be used for in-vitro immuno-oncology drug efficacy
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analysis. Organ-on-a-chip systems are gaining popularity as they
allow precise manipulation of environmental components
such as nutrients, oxygen, chemokines, etc. These chips are
designed on a polydimethylsiloxane (PDMS) base with multiple
compartments and channels to allow experimental freedom for
fluidic and biochemical adjustments. Cui and
colleagues conducted ex-vivo glioblastoma (GBM) culture on
an organ-on-a-chip platform and identified that CSF-1 R inhibitor
coadministration improves PD-1 inhibitor efficacy leading to
GBM apoptosis. 3D-bioprinting is a more advanced technique
where cellular and ECM components as well as biochemical
factors can be precisely controlled and layered to form 3D
structures that are structurally and morphologically more similar
compared to self-assembled organoids [55]. Heinrich and collea-
gues developed a 3D-bioprinting based GBM model where they
co-cultured glioblastoma cells and GBM associated macro-
phages (GAMs) within bioprinted ‘mini-brains.” They identified
slower GBM cell growth and functional inhibition of GAMs in
response to STAT6 and CSF-1 R inhibitors [49]. Both models are
robust in experimental freedom and suitable for ex-vivo drug
screening. However, the requirement for external devices, com-
plex maintenance procedures, and high cost compared to other
methods makes their use challenging in both pre-clinical and
clinical settings [11,56,57].

A graphical summary of the models is displayed in Figure 1
below.

All the above-mentioned 3D structures can be generated
using a wide range of techniques that researchers have devel-
oped over the years (Table 2). The techniques can be classified
into two groups, Scaffold-free and Scaffold-based. The most
used scaffold-free technique is suspension culture, also known
as liquid overlay culture, which can mass-produce multicellular
spheroids. The process involves using a low attachment surface
that facilitates the spontaneous aggregation of cells into sphe-
rical 3D structures. Hydrophilic polymers such as Agarose, Poly
2-hydroxyethyl methacrylate (PolyHEMA), and Polyethylene gly-
col-block-poly propylene glycol-block-polyethylene glycol, are
generally used to coat non-treated cell culture plates/dishes to
produce a cell-repellent surface that forces the cells to float.
Commercial ultra-low-attachment (ULA) plates/dishes are also
available with low adhesion coating. This surface modification
prevents cell adhesion to the inert surface and enables cell-cell
interaction thus formation of spheroids occurs within a few days
depending on the growth cycle of the cell types. Once the cells
have formed spheroids of a desired size, they can be co-cultured
with immune cells commonly isolated from blood as PBMCs to
determine the therapeutic effects of drugs [44,58,59]. This tech-
nique is frequently used due to its ease of initiation, mainte-
nance, and harvest, low cost, and high throughput capability.
However, this technique can only be used for a limited type of
cancers, and it does not produce uniformly shaped and sized
spheroids that may impact the reproducibility of end-point
analysis [52,60,61]. Tong and colleagues demonstrated the onco-
lytic potential of the Marab virus on ovarian cancer spheroids
generated using suspension culture technique [41].

Other scaffold free techniques involve using external aids to
facilitate spheroid formation. In hanging drop culture single cell
suspension drops are hung from a culture surface allowing
gravity to force cells into forming compact aggregates. This is
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Figure 1. Different cell culture techniques to form spheroids from cancer cells. (a) Hanging drop: gravitational pull facilitates spheroid formation (b) suspension
culture: plate surface modification prevents attachment and facilitates cell aggregation (c) high viscosity suspension: media additives (e.g. methyl cellulose) increase
viscosity and facilitate cell aggregation (d) pellet culture: centrifugation assists spheroid formation (e) magnetic levitation: magnetized cells aggregates to form
spheroid assisted by a magnetic field (f) spinner flask: continuous agitation prevents cell attachment and facilitate spheroid formation (g) microwell plate:
micropatterned wells allow uniformly sized spheroid formation (h) hydrogel embedding: hydrogel containing extracellular matrix components (laminin, collagen,
etc.) aid in spheroid formation (i) fibrous scaffold: decellularized or synthetic fibrous scaffold support spheroid formation in-vitro (j) bioprinting: cells within bio ink
layered in computer-aided patterns supports the formation of 3d structures (k) tumor-on-a-chip: specially designed chips containing microwells and channels
supports spheroid growth with dynamically controlled environment. The illustration is created with BioRender.com.

a quick and easy technique, but long-term culture is not possi-
ble as media changing in hanging drops is highly challenging.
Another way of forcing cells into forming aggregates is increas-
ing media viscosity by adding inert additives such as agarose or
methylcellulose. Additives can be used in both hanging drop
and suspension culture techniques, but additional clearing
steps may be required during spheroid harvesting. Mukherjee
and colleagues reported using 2% methylcellulose supplemen-
ted hanging drop method for mouse melanoma spheroid gen-
eration which they used in co-culture to demonstrate activated
immune cell infiltration in co-culture [42]. Spheroids can also be
formed by centrifuging them to form pellets and culturing
them as pellet culture in Eppendorf tubes. However, we could
not find any study reporting its use in immune oncology
experiments. External forces facilitating spheroid formation are
also used in spinner flasks and bioreactors. Continuous agita-
tion from spinning keeps cells in a floating state inside the
spinner flask and horizontal rotation in the bioreactor creates

microgravity forcing cells to form spheroids. Spinner flasks are
suitable for mass production of spheroids but may not be cost
effective and the shear forces generated from rotation may also
damage cells as well as alter gene expression. Hence only cell
lines that can withstand high shear force are suitable for this
platform [52,62]. The shear force is comparatively low in bior-
eactors, but they are not cost-effective and need additional
maintenance. Weigi He and colleagues showed that HLA-E or
NKG2A inhibition facilitates NK cell-based glioma cell line
(U251) spheroids generated using the bioreactor method [43].
Researchers have reported using magnetic force to facilitate
spheroid generation where cells are magnetized using nano-
particles and cultured inside a magnetic field by placing mag-
nets on top (levitation) or bottom (magnetic bioprinting) of the
plate. The magnetic field forces cells to aggregate within a few
hours thus initiating spheroid formation. While this is a quick
and easy technique, the challenges remain in optimizing mag-
netic nanoparticle concentration and incubation duration for



individual cell types [63]. Ferreira and colleagues reported using
magnetic levitation technique to generate saliva secreting
spheroids from primary cell culture [64].

All the above-mentioned techniques have a common lim-
itation that they cannot generate uniformly shaped and sized
spheroids which may be required to ensure reproducibility of
experimental results. This challenge can be overcome by cul-
turing cells in low attachment round bottom microwell plates
where culture plates are patterned into tiny microwells allow-
ing cells to grow within a limited amount of space. The draw-
backs of this method are, this is not suitable for long term
culture due to space restriction, and it requires special micro-
well patterning which are available commercially or can be
generated by agarose molding using 3D printed PDMS
stamps. Courau and colleagues identified the therapeutic effi-
cacy of anti-MICA/B and anti-NKG2A facilitating NK cell
mediated destruction of colorectal carcinoma spheroids gen-
erated from microwell plate culture [44].

Many of the scaffold-free techniques such as suspension,
hanging drop, pellet, microwell, and magnetic culture techni-
ques are inexpensive and easy to use. However, these techni-
ques are suitable for a limited number of cancer cell types as
they lack an ECM environment which is a crucial part of TME
and essential for many different cellular interactions including
providing support for 3D structure formation in-vivo. To over-
come this problem, several scaffold-based techniques have
been developed that can closely mimic the ECM environment
with the appropriate stiffness and structural stability required
for specific tumor types. The in-vivo ECM components contain
fibrous proteins (e.g. collagen, laminin, fibronectin, elastin), pro-
teoglycans, and polysaccharides that provide matrix structure
for cellular communication and organization. Commercial
hydrogel solutions are available that are rich in these proteins
and have been successfully used by researchers for 3D culture
experiments. Hydrogel embedding is one of the widely used
scaffold-based techniques where cells are embedded in ECM
mimicking hydrogel rich in structural proteins and overlayed by
liquid media. The natural proteins in hydrogel provide cell
binding ligands and structural stiffness for spheroid formation
from cells that may not form compact 3D shapes in scaffold free
platforms. While this model provides a more realistic represen-
tation of TME, separating spheroids from the matrix can be
difficult and also reported to have a batch-to-batch inconsis-
tency [52,65]. Ou and colleagues demonstrated the persona-
lized efficacy of anti-PD-1 antibodies on patient derived
melanoma spheroids generated using hydrogel embedding
technique. They directly added isolated tumor infiltrating lym-
phocytes on top of the hydrogel embedded spheroids and
assessed their migration rate and infiltration using confocal
microscopy [45]. Decellularized or synthetic fibrous non-
hydrogel scaffolds are also available that can provide structural
support for spheroid formation. Cell removing agents are
applied to healthy or malignant tissue to obtain the matrix
which has the closest similarity to native ECM, but these
matrices demand additional tissue extraction and can have a
batch-to-batch inconsistency along with lower architectural
control. Synthetic fibrous scaffolds do not have these limita-
tions, but they are still under development to be used widely.
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Both synthetic and decellularized scaffolds have transparency
issues making them unsuitable for image based co-culture
experiments [52,65]. Wallstabe and colleagues reported recep-
tor tyrosine kinase-like orphan receptor 1-specific CAR T cells
exhibit antitumor effect when co-cultured with A549 and MDA-
MB-231 spheroids grown using decellularized scaffold [46].

The hydrogel embedding technique is less suitable for auto-
mation due to its gel like structure and requires careful, fast,
and laborious handling. This can be resolved by using the 3D
bio-printing technique described earlier. Layer wise deposition
of cellular and biochemical materials allows more spatial control
and biomimetic tissue architecture with higher reproducibility
[66]. Chip based (organ-on-a-chip) microfluidic culture systems
are preferable for dynamic culture conditions which may
require for long term culture with a better control of the
environment. These devices allow both hydrogel based and
scaffold free culture models to study migration, drug sensitivity,
and immune infiltration effects [52]. The limitations of these
systems are that they require special handling and are less cost-
effective. Mu and colleagues used a circulation system incorpo-
rated tumor-on-a-chip platform to demonstrate spatial infiltra-
tion of CD8+ T cells into hydrogel embedded ex-vivo tumor
culture in response to combination immunotherapy [48].

Finally, another method of 3D co-culture is air-liquid inter-
face (ALl) where hydrogel embedded spheroids or minutely
minced tissue pieces are partially kept in contact with culture
media using trans-well inserts leaving the apical part of the
tissue exposed to air for better oxygen access. Neal and col-
leagues used this technique to propagate patient derived
spheroids and co-cultured them with TILs to assess the cyto-
toxic effect in response to PD-1/PD-L1 blockade [47]. The
comparative advantages and limitations of both scaffold-free
and scaffold-based techniques are discussed in Table 2.

4. Endpoint analysis for immunotherapy efficacy
prediction

For drug screening experiments, researchers commonly use
viability/proliferation assays on drug-treated cells either by
direct cell counting using fluorescence microscopy or indirect
viability assessment by enzymatic assays, e.g. ATP-based bio-
luminescence assay. Some other methods of viability/prolifera-
tion assessment include flow cytometry and cytokine
assessment. From these assays, variations of response over
a range of drug concentrations compared to controls are
assessed and can be used to generate multiple drug response
metrics to statistically quantify these variations. The commonly
used metrics are IC50 (the drug concentration at which cell
population is halved compared to control), Eax (drug concen-
tration at which the maximum effect of the drug is achieved),
ECso (drug concentration at which half of E. . is achieved),
GRso (drug concentration at which cell growth rate is 50%
compared to control) and AUC (the cumulative effect of drug
determined by the area under the drug dose-response curve),
and DSS (Drug Sensitivity Score, based on closed-form inte-
gration of the area under the estimated dose-response curve)
[52,67,68].
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While all these methods are well established and have
been repeatedly used in numerous drug screening experi-
ments on 2D platforms, their use in 3D co-culture models
could be challenging, especially for immunotherapy drug
screening. As 3D structures are more complex than 2D mono-
layer cultures, standard end-point assays can be adapted in
addition to 3D model-specific assays for 3D drug screening
experiments [52]. Much of these assays depend on spheroid
characterization by measuring shape, size, compactness,
necrosis, and functional activity [51]. Here we discuss some
of the endpoint analyses that researchers have used or can
be used for immuno-oncology drug efficacy assessment
(Figure 2).

4.1. Metabolic viability/cytotoxicity assays

Several bioluminescence assays (Figure 2) have been adapted
for 3D systems, which quantitatively measure luminescence
signals from metabolic reactions in living/dying cells such as
ATP-mediated luciferase reaction in living cells, mitochondrial
dehydrogenase mediated WST-1 to formazan reaction in live
cells, Caspase 3/7 mediate luciferase reaction in apoptotic
cells, etc [39,52,69].
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Sarchen and colleagues reported that BH3 mimetics can
potentiate NK cell-based immunotherapy in Pediatric
Rhabdomyosarcoma (RMS) as they have successfully demon-
strated drug efficacy in RMS spheroid-coculture model using
ATP based 3D cell viability assay [70].

4.2. Enzymatic/cytokine quantification assays

In most cases, immunotherapies potentiate immune cells to
kill tumor cells via receptor recognition followed by enzymatic
degradation. Activated immune cells (e.g. Tumor Infiltrating
Lymphocytes, NK cells) release cytokines (e.g. Granzyme B,
IFNy, Perforin-1) in response to tumor antigens and the level
of cytokine can be measured in co-culture systems to assess
immunotherapy efficacy, especially for ICBs (Figure 2).

Wan and colleagues measured IFNy levels in tumor media
where High-Grade Serous Ovarian Cancer spheroids were co-
cultured with immune cells. Compared with untreated con-
trols, the researchers found significant elevations of IFNy in
the tumor media where spheroid cocultures were treated with
PD-1/PD-L1/Bispecific antibodies [71].

Meng and colleagues also used ELISA-based IFNy and
Granzyme B quantification in pancreatic tumor spheroid cocul-
ture supernatants to determine T-cell activation. They have used
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Figure 2. Multiple methods of ICB efficacy assessment from spheroid-PBMC co-culture. (a) Cocultured spheroids are harvested and dissociated for flow cytometric
analysis of T-Cells to compare activated T-cell population and tumor cell population levels (b) spheroids are stained with live-dead fluorescent staining and imaged
to compare the proportions of dead cells between treatment and control (c) co-cultured spheroids are fixed and fluorescently labeled for imaging analysis where the
spatial distribution of immune cells is compared (d) co-cultured spheroids are treated with ATP based bioluminescence assay for viability analysis (e) co-cultured well
substrates are analyzed by ELISA method to compare levels of CD8+ activation enzymes e.g. Granzyme B. The illustration is created with BioRender.com.



autologous PBMCs which were primed by co-culturing with
tumor spheroids, which were subsequently used for immune
checkpoint blockade efficacy assessment. The co-culture super-
natant analysis revealed the highest IFN-y production in
response to NKG2A blockade compared to other ICBs and con-
trol [72].

4.3. mMRNA expression assay

Immune cell activity in response to tumor antigens and immu-
notherapy treatment can also be determined by mRNA
expression analysis. Up or down-regulation of immune cell
activation mRNA markers (e.g. IFNG, GZMB, GZMK, PRF1) can
provide useful information about the alteration of tumor
immune cell function in response to immunotherapy.

Neal and colleagues reported anti-PD-1 and anti-PD-L1
efficacy on heterogeneous spheroids propagated from > 100
patient/xenograft tumor samples using the ALl method.
Upon gRT-PCR analysis of co-cultured T-cells, IFNG, GZMB,
and PRF1 mRNA expression was significantly higher in anti-
PD-1/PD-L-1 treated groups compared to the controls in their
study [47].

4.4. Flow cytometry assays

This endpoint analysis commonly involves dissociation of co-
cultured tumor spheroids into single-cell states and counting
cells of interest to compare treatment and control groups
(Figure 2). Decreased tumor cell number (expressing specific
tumor antigen markers) or expansion of T-cell population
(expressing T-cell activation markers) in dissociated co-
cultured models can indicate the therapeutic efficacy of
immuno-oncology drugs when compared with control.
Courau and colleagues analyzed T and NK cell infiltration in
colorectal carcinoma spheroid (HT29) using flow cytometry.
They observed higher spheroid infiltration of immune cells in
the presence of IL-15 as well as a higher proportion of T cell
subsets expressing activation markers CD45RO, CD25, and
CD107a [44].

Flow Cytometry can also be used to quantify T-cell activation
chemokines (IL-2, IL-4, TNF-a) in culture supernatants as
described by Collins and colleagues. Briefly, specially designed
beads with cytokine capture antibody along with a detection
reagent (fluorophore-conjugated antibody) are incubated with
cell culture supernatant that forms capture bead-analyte-
detection reagent sandwich complex. This can be detected
using flow cytometry and the analytes can be quantified by
comparing with standards. Zhou and colleagues identified
a significantly increased concentration of chemokines (CXCL10,
CXCL9, CXCL8, CCL2, and CCL5) in HGC37 MCTS-PBMC co-culture
in the presence of PD-1 blockers. They also identified a higher
proportion of dead cells within the co-cultured spheroids (from
fluorescence confocal imaging) in the presence of PD-1 blocker
which correlated with the increased supernatant chemokine and
suggests a possible contribution of chemokines in tumor cell
killing by recruiting activated immune cells inside the spheroids
in presence of PD-1 blocker [73].
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4.5. Images based assays

While most of the above-mentioned assays indirectly measure
immunotherapy-assisted cytotoxicity or immune cell activity,
image-based assays allow more direct spheroid characteriza-
tion allowing more sensitive and diverse functional assess-
ment. Microscopy-based techniques are more sensitive than
other assays as they do not require spheroid dissociation for
end-point analysis. Imaging can allow multiple endpoint
assessments such as spheroid morphology characterization,
viability assessment by fluorescent live/dead staining, the spa-
tial distribution of immune cells surrounding spheroids to
measure immune cell infiltration, etc. [52,74]. (Figure 2).

The simplest of the imaging techniques is brightfield micro-
scopy which provides information on tumor size and shape
and can be used to identify immune cell invasion. Courau and
colleagues reported brightfield microscopy can be used to
determine the volumetric reduction of human colorectal
tumor spheroids (HT29 cell line) when co-cultured with acti-
vated T & NK cells with or without IL-15 compared to controls
[44]. More complex imaging systems including SEM (Scanning
Electron Microscopy), TEM (Transmission electron microscopy)
and AFM (Atomic Force Microscopy) can assess fine and ultra-
structural measures on spheroid surface or lumen (based on
the 3D structure). Kast et al. reported a 3D coculture model for
immunotherapy response assessment in pancreatic cancer,
where they used SEM and AFM for spheroid morphology
assessment including spheroid crowding density, ECM deposi-
tion, and matrix stiffness [75].

Fluorescence microscopy techniques are more popular in
drug efficacy assessment experiments as they provide viability
as well as multiple marker expression information on different
cell types allowing differential analysis in a mixed cell popula-
tion. While this technique has been used widely in monolayer
cultures, their use in 3D co-culture models is quite challenging
due to factors including, low light penetrance, low marker
penetrance, high light scattering from neighboring cells, auto-
fluorescence, and high background [52,74]. Conventional
microscopy approaches acquire images from a single plane
which often fails to gather enough information from a 3D
object. This can be solved by taking a series of equally distant
XY images on the Z-axis (Z-stack) and processing them into
a single image by overlapping [76,77]. For image acquisition,
widefield microscopes are faster enabling it for high-
throughput experiments but often it requires rigorous post-
processing as they use LED lights which scatter more com-
pared to laser excitation. On the other hand, confocal micro-
scopes use laser excitation yielding a more detailed, clearer
image with higher resolution, but it takes a longer time redu-
cing its suitability for high-throughput use. Researchers have
also reported the use of light sheet fluorescence microscopy
(LSFM) which illuminates fluorophores on a single plane redu-
cing out-of-focus signals from neighboring cells [78,79].

For fluorescence imaging-based analysis, different types of
fluorophores can be used. One of the common practices is to fix
and permeabilize spheroids and label them with specific pri-
mary antibodies that can be selective for specific cell types (e.g.
tumor cell marker, immune cell marker) followed by the addi-
tion of secondary antibodies attached with fluorophores. These
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antibodies can also be directly labeled where the primary anti-
body is conjugated with a fluorophore. These fluorophores can
be excited with a specific light source and imaged with
a fluorescence microscope. The problem with this technique is
that it does not allow live cell imaging and marker penetration
can be low depending on spheroid size and density [52]. To
overcome this problem, different cell populations can be pre-
labelled with different nontoxic cell tracer markers such as
Carboxyfluorescein Diacetate Succinimidyl Ester (CSFE) or
5-(6)-(((4-Chloromethyl)Benzoyl)Amino)-Tetramethylrhodamine
(CMTMR) before co-culture and then traced within the spheroid
to determine the population ratio for measuring infiltration [80].
This technique uses live cells and time-lapse imaging, but the
markers lose their fluorescence intensity as the cells undergo
cell division. Alternatively live-dead cell markers such as Calcein
Acetoxymethyl (Calcein AM) which emits green fluorescence
inside live cells and Ethidium Homodimer-1 (EthD-1) or
Propidium lodide (Pl) which emits red signals when bound
with DNA inside the membrane-damaged dead cells. This tech-
nigue can be used to determine live/dead cell proportion in
response to treatment [74].

A recent study reported the use of multiple fluorescence
staining techniques and confocal microscopy to identify drug
response on a patient-derived melanoma-TIL (tumor-
infiltrating lymphocyte) 3D co-culture model. They reported
a higher infiltration of CD3+ and CD8+ T cells within the
spheroids in the presence of anti-PD-1 or anti-PD-1+IL2 treat-
ment compared to control. They also observed a significant
increase of dead cells within the spheroids in treatment
groups using live-dead staining [45].

Zhang and colleagues reported higher infiltration of B7-H3
CART cells inside HCT116 spheroids in the presence of a small
molecule hedgehog inhibitor where cells were stained with
Calcein/PI and CSFE and images were taken with a confocal
microscope [81].

5. Clinical readiness of in-vitro assays

We have discussed a substantial number of in-vitro assays that
researchers have used successfully to assess immune-oncology
efficacy on multiple cancer types. However, translating the
assays into clinical practice is much more challenging. In clinical
scenarios, we need to consider both inter-patient and intra-
patient tumor heterogeneity that can alter cellular behavior in-
vivo and in-vitro. As discussed earlier, different cancer types
require different culture environments, yet established cell
lines can be easily adapted to a wide range of immunotherapy
efficacy assessment models (both 2D and 3D). Patient derived
primary cells are extremely variable and may not behave simi-
larly as cell lines. For example, cell lines can withstand shear
force in a spinner flask and mass produce spheroids, but they
are not suitable for primary cells [52]. Scaffold free assays are
easy to handle but they lack TME representation hence the
screening results may not reflect clinical outcomes (Table 2).
For the same reason, 2D co-culture platforms are also less
reliable for clinical use. The PDE and ALl models preserve
original tissue architecture but require a large amount of tissue
samples which may not always be possible in clinical settings.
Where tissue samples are limited and TME representation is

required, hydrogel-based techniques can be used if reproduci-
bility can be ensured through proper optimization. Spheroid
uniformity issue can be resolved by using hydrogel embedding
within micro-well plates. Microfluidic devices and 3D bio-
printing techniques can be clinically useful as they provide
better environmental control and incorporate dynamic culture
conditions similar to in-vivo environments, but they are still
under development and need rigorous testing to be optimized
before clinical use [52]. Researchers reported a degree of varia-
bility in 3D structure formation and end-point assay duration
for different cancer cell lines as well as primary tumor cells
which nay require up to 30 days [29,45,55,82-84]. This duration
is too long to be useful in clinical settings as the clinicians often
need to start treatment within a few days of surgery or biopsy
especially for aggressive fast-growing cancers. To the best of
our knowledge there are no published or ongoing clinical trials
on personalized efficacy prediction of onco-immune drugs
which are clinically relevant. We have found one multicenter
phase Il trial (RAMONA trial, NCT03416244) exploring clinical
efficacy of nivolumab and ipilimumab as second line treatment
in elderly advanced esophageal squamous cell carcinoma
patients. They have included a translational sidearm in the
study where they aim to identify novel biomarkers for check-
point inhibition by using patient derived organoids at different
time points of the study [85].

6. Expert opinion

With the rapid development of immunotherapies for cancer
treatment, the demand for suitable preclinical drug screening
assays with higher predictive value is increasing day by day.
The current preclinical drug screening gold standard animal
models have served the purpose well, but the associated
challenges including the duration of the assay, and scientific
commitment to reducing animal use in research have made
the models less desirable. On the other hand, high-throughput
in-vitro models are gaining popularity due to their robust
screening power of assessing large drug libraries within
a short duration. However, multiple challenges of in-vitro
models (including ex-vivo) remain along parameters including
technical ease, reproducibility, resource needs, high-
throughput capability, and tumor microenvironment (TME)
mimicry [51,76]. Researchers have developed an array of tech-
niques addressing these issues, but high-throughput, easier,
and reproducible models lack proper TME and vice versa. For
example, tumor-on-a-chip models are robust in mimicking
TME including dynamic nutrient flow. Mu and colleagues
demonstrated tumor-on-a-chip model can maintain nutrient
and hypoxia gradients as well as cellular compositions similar
to an in-vivo environment, but it is not suitable for high-
throughput screening with a large number of drugs [48]. On
the other hand, scaffold-free MTCS models can quickly gen-
erate a large number of spheroids and their size and shape
uniformity can be ensured using micropatterned wells allow-
ing high-throughput capability, but lack of ECM environment
doesn’t reflect in-vivo conditions hence less reliable for drug
response analysis [52]. For similar reasons, commonly used
monolayer culture models lack in-vivo tissue architecture and
fail to provide information including cellular morphology,



complex cell-cell interactions in 3D, and spatial distribution,
thus may not reliably predict therapeutic response in clinical
settings. Although, several studies on hematological cancers
have successfully demonstrated reproducible ex-vivo drug
screening assays using 2D co-culture techniques as their in-
vivo environment is less complicated to reconstitute in-vitro
compared to solid tumors. Snijder and colleagues reported in
their first-of-its-kind trial that image-based high-throughput
ex-vivo screening on monolayer culture can guide treatment
decisions with better outcomes compared to standard-of-care
practice for multiple hematological malignancies [86]. Recently
they also reported an ex-vivo model for immunotherapy effi-
cacy prediction in multiple myeloma [87]. As reported in this
article, several studies used enzymatic or flow cytometry-based
end-point analysis to determine immunotherapy on ex-vivo
culture models, but these assays destruct cell morphology and
arrangement which makes the assays vulnerable to confound-
ing and reliability. Researchers also reported both phenotypic
and genotypic changes in monolayer culture over time which
makes it even less reliable for complex immune interaction
analysis required to determine immunotherapy efficacy
[88,89]. Li and colleagues reported the use of both monolayer
and 3D co-culture methods and multiple endpoint assays
including luciferase assay, cytokine assay, and flow cytometric
analysis of dissociated cells to determine the effect of tumor-
associated macrophage modulation [90].

Studies reported image-based 2D and 3D assays that can
yield a wide range of information including morphology, cell
death, cell population proportion, cell invasion, spatial inter-
action, immune cell activation, etc. which can complement
each other to predict immuno-oncology drug efficacy with
a much higher confidence. The key limitations of these assays
are background signals from light scattering and high image
acquisition time which is unsuitable for high-throughput
screening. Ou and colleagues, in their recent paper, reported
ECM-embedded confocal imaging-based ICB efficacy assess-
ment on patient-derived melanoma spheroids. Their assays
included cell type specific immunofluorescence staining to
identify cell population diversity, live-dead staining to deter-
mine immunotherapy effectiveness, and cell tracer markers to
detect immune infiltration rate on live cell imaging [45].

Undoubtedly, the in-vitro cell culture-based immuno-
oncology drug efficacy assessment has drawn the interest of
researchers leading to the development of a variety of models
and end-point assays. As useful as the models are, they are
often limited to specific cancer or assay types yielding a limited
number of information and requiring special considerations
often failing to be reproducible, reliable, and high throughput.
We are still in need of robust high-throughput assays that can
simultaneously solve these issues which also need to be clini-
cally validated through large-scale trials before it can be practi-
cally used for effective treatment decision making. So far, we
have observed that multiple in-vitro assays are needed to
complement each other to address complex immune interac-
tion-related information for immunotherapy efficacy assess-
ment in different cancers. Studies have reported the use of
multiple assays to demonstrate drug efficacy in either cell line
derived or patient-derived solid tumor organoids and a few of
them have collated their results with clinical outcomes as well
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[91-94]. However large-scale studies focusing on immunothera-
pies, especially clinically used or potential experimental ICBs are
still lacking. We think imaging-based ex-vivo efficacy models
are the way forward for personalized efficacy prediction of
immuno-oncology drugs to be used in clinical settings or iden-
tifying novel agents or combination options.
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