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Preclinical ex vivo models capable of probing patient-specific tumor-immune interactions are particularly
attractive candidates for interrogating mechanisms of resistance, developing predictors of response as well
as assessing next-generation immunotherapeutics. By maintaining features of a patient's own tumor
microenvironment, such patient-derived ex vivo models are poised to meaningfully contribute to the
functional assessment of individual tumors to provide a tailored approach to treatment. Among
Received 18th January 2025, contemporary ex vivo models, patient-derived organotypic tumor spheroids (PDOTS) have emerged as a
Accepted 2nd June 2025 promising microfluidic-based platform that is well positioned to become a useful tool for precision
medicine efforts. The advantages and limitations of PDOTS and related state-of-the-art patient-derived
tumor models, as well as ongoing challenges facing the clinical implementation of patient-derived ex vivo
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lymphocytes and other immune cells." Patients with select
tumor types exhibit high response rates to ICB, including
melanoma, non-small cell lung cancer (NSCLC), and renal
cell carcinoma (RCC).>® Combination ICB with ipilimumab
(CTLA-4) and nivolumab (PD-1) enhances response rates
compared to single-agent ipilimumab or nivolumab in
patients with metastatic melanoma with nearly half of
patients in the combination ICB group still alive 10 years
after starting treatment.” Despite the success of ICB in
melanoma and other cancers, therapeutic resistance (or lack
of sensitivity) remains a central challenge and is ultimately
fatal for patients without suitable alternative therapies.’

The clinical success of ICB for a discrete subset of patients
with advanced cancer has intensified efforts to develop
preclinical model systems to inform use of current ICB
therapies (targeting PD-1 and CTLA-4 immune checkpoints)
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and guide development of next-generation
immunotherapeutics, including bispecific T cell engagers,®’
chimeric antigen receptor (CAR)-T cells,® tumor-infiltrating
lymphocytes (TILs),”'° and therapeutic cancer vaccines,""'?
amongst others. Cancer immunotherapy researchers face
several challenges in their efforts to understand mechanisms
of response and resistance to ICB, including (i) the need for
preclinical models that translate to human immunity and (ii)
the need for strategies to effectively and efficiently assess
cancer immunotherapy combinations."® Furthermore, despite
hundreds of clinical trials examining ‘rational’ combination
strategies, these therapies remain “one size fits all” due to
the lack of robust biomarkers to guide clinical decision-
making or other biological insights to inform therapeutic
selection. While certain biomarkers of ICB sensitivity have
emerged including tumor mutational burden (TMB),
immunohistochemical PD-L1 expression, DNA mismatch
repair deficiency status, and microsatellite instability (MSI)
status,"* robust predictive biomarkers of ICB sensitivity (and
resistance) are still lacking. With the expanding number of
combination trials,"> and failure of promising combination
strategies in phase I clinical testing,'®'” there has been
renewed focus on the preclinical and early-phase clinical
development of combination strategies. With over 1000
cancer  immunotherapy  combination  trials  under
evaluation,”® novel approaches are needed to identify
mechanisms of response and resistance to ICB, identify and
validate predictive signatures/biomarkers, evaluate next-
generation therapies, and aid efforts to deprioritize
ineffective strategies earlier in development to pave the way
for more promising approaches.

Immune-competent murine tumor models remain the
gold standard for most tumor immunology studies and are
amenable to in vivo, ex vivo, and in vitro manipulation and
iterative experimentation.'® However, inbred murine tumor
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models lack the patient-to-patient heterogeneity observed in
human cancer and do not fully recapitulate all key features of
human tumor immunity."®*° With the emergence of ICB as a
key therapeutic modality for many cancer patients, there is
growing  appreciation of the  numerous
microenvironmental  factors capable of modulating
therapeutic response. Hence, there is growing recognition
that integration of patient-specific biological insights from
preclinical models capable of recapitulating clinical
responses in a laboratory setting would address major
challenges facing cancer immunology researchers, the
medical oncology community, and biopharma.

Given the need to understand patient-specific factors
contributing to the heterogeneity of clinical response to ICB,
three-dimensional patient tumor avatars (3D-PTA) derived
from patient tumor tissue have emerged as promising model
systems in which to study tumor-immune dynamics in a
patient-specific manner.”"*>  Patient-derived  organoids
(PDOs), 3D constructs formed via culture and serial
passaging of patient-derived tumors, have been utilized in a
vast array of translational applications to date, including
testing the effectiveness of chemotherapy, radiotherapy and
small-molecule drugs, and correlating ex vivo therapeutic
responses to clinical responses.”* However, PDOs are
comprised of tumor cells and typically lack immune
components, which are lost during prolonged in vitro culture.
To enable the study of immunotherapies, PDOs have been
consequently “enhanced” or “reconstituted” by combining
the tumor-only constructs with peripheral or tumor-
infiltrated immune cells and have proven useful in studying
ICB as well as adoptive cellular therapies.”® More recently
“native” 3D-PTAs have emerged as models focused on
preserving the native architecture of the parent tumor,
thereby maintaining the tumor-immune interactions of the
original tumor, which are lost in reconstituted PDO models.
These native 3D-PTA models include patient-derived tumor
samples in air-liquid interface culture,> patient-derived
tumor fragments (PDTFs),>® and patient-derived organotypic
tumor spheroids (PDOTS) in 3D microfluidic culture.””
Evaluation of patient-derived samples that preserve the
composition and organization of  the
microenvironment (TME) may facilitate identification of
novel predictive and/or prognostic biomarkers, accelerate
identification of therapies to overcome ICB resistance, and
advance translational research efforts to ultimately guide
precision medicine efforts to tailor therapy decisions for
individual patients.”**°

By utilizing samples of a patient's tumor, such models can
capitalize on the native and unique features of an individual
tumor and can begin to realize the potential of functional
precision medicine, an emerging concept within cancer
treatment which aims to maximize therapy effectiveness and
minimize toxicity risk, by informing the use or discovery of
more personalized treatment regimens.*' Though progress
has been made in preclinical model development, creating
models that are both able to replicate the complexity of

tumor

tumor
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human tumor immunity and be used for these purposes
remains an unmet need.’* The approach to developing
models for immunotherapy differs from previously employed
methods to study tumor-targeted therapy, such as traditional
chemotherapy, as immunotherapy relies on interactions
among components of the TME, which in addition to tumor
cells includes immune cells, stromal cells, non-cellular
stromal components, and vasculature.*® The inclusion of the
human TME is critically important for probing
immunotherapy as this type of therapy is fundamentally
driven by interactions;  success of
immunotherapy has been linked not only to characteristics
of the tumor cells, but also to features of the immune
compartment.®®>  For  example, pathologic  insight
demonstrated that tumors containing a high degree of acute
inflammation often responded more favorably to ICB
compared to tumors featuring chronic inflammation.**
Immune interactions also play heavily into the emergence of
therapy resistance and features of immune cells such as their
cell states (e.g., dysfunctional/exhausted CD8" T cells) and the
evolution of tumor-immune composition over a treatment
course have been appreciated.®® Notably, the incorporation of
the human immune compartment has also been recognized
as important for the study of non-malignant native tissue
physiology and function, such as in studying autoimmunity,
with recent efforts establishing truer models of human
tissue, particularly for the gastrointestinal tract.***’

In this review, we will discuss contemporary ex vivo
patient-derived models and their utility in the context of
investigating immunotherapeutics. We will highlight models
that preserve key elements of the TME to faithfully
recapitulate immunotherapy response (and resistance) with
specific focus on PDOTS, a microfluidic-based “TME-on-a-
chip” platform that leverages patient-derived tumor tissue to
study tumor-immune dynamics and with which our group
has extensive experience. Introduced in 2017, PDOTS have
continued to show utility in preclinical evaluation of
standard-of-care ICB and next-generation
immunotherapeutics. PDOTS demonstrate advantages over
other state-of-the-art models as a versatile platform which
preserves the native structure and composition of the TME
while allowing for culture times that enable both media
profiling and dynamic visualization of tumor killing by
immune cells without growth factor support. Recent
accomplishments of PDOTS and similar platforms in aiding
translational discovery in cancer biology are also highlighted.

tumor-immune

Il. Patient-derived organoids,
reconstituted organoids, and
xenografts

Patient-derived organoids

Early tumor models consisted of 2-dimensional monolayers
or 3-dimensional constructs composed of only tumor cells
which were largely derived from induced pluripotent stem

This journal is © The Royal Society of Chemistry 2025
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cells or human adult stem cells.***° Hence, the term
“organoid” when used in its purest sense refers to a
monotypic group of tumor cells, exclusive of other
components of the TME. These models replicated features of
tumor cells and generated valuable insight into tumor-
intrinsic factors of malignant growth and proliferation as
they enabled the genetic perturbation of tumor cells as well
as subsequent non-immune-based therapy testing.**> The
field of tumor organoids has since expanded to include PDOs
or alternatively patient-derived tumor organoids (PDTOs)
created from tumor biopsies which allowed for patient-
specific investigation of tumor biology and targeted-
therapies.*”** PDOs and PDTOs are typically formed via the
long term culture of patient-derived tumor biopsies which
result in the elimination of immune and stromal cells, and
consequently an enrichment in tumor cells. PDOs can be
cryopreserved and banked, permitting longer-term, iterative
experimentation of patient-derived samples in certain
contexts. PDOs have been successfully deployed for drug
sensitivity testing using traditional cancer therapies
including chemotherapy, radiotherapy, and small-molecule
drugs, and have been recently reviewed.”> For example,
correlation between chemotherapy or radiotherapy treatment
and patient responses to those treatments has been shown
using PDOs alone or alongside in vivo PDO-based orthotopic
mouse xenograft models.**"*® More recently, PDOs have been
offered as a platform for predicting the clinical efficacy of
standard-of-care chemotherapies as demonstrated in a small
cohort of treatment naive patients with metastatic colorectal
cancer (n = 56), though the diagnostic turn-around time of
the test was long, on the order of 7 or more weeks from
biopsy to readout.”” PDOs have been used to screen a cohort
of samples from patients with sarcoma, a histologically
heterogeneous tumor type, to correlate therapeutic sensitivity
and resistance to clinical outcomes across non-immune
based treatments using a mini-ring platform with a turn-
around time of about 1 week.*® A similar screening of small
molecule therapeutics was performed against neurofibroma,
a non-malignant tissue, using the mini-ring platform which
was shown to retain some myeloid and stromal cell
components of the original tumor.” However, much like
their parent stem-cell derived constructs, PDOs exclude
immune cells and other native components of the TME
which has limited the study of immunotherapy, particularly
for ICB.

Reconstituted patient-derived organoids

In the past decade, there has been heightened interest in the
development of ex vivo patient-derived models which have
recombined immune cells and tumor cells to better simulate
the TME.”® Reconstituted models,”* sometimes referred to as
enriched models,”” involve the deliberate reassembly of pre-
selected aspects of the TME via co-culture. Reconstituted
models can be created by using a standard PDO and directly
adding TME components, or by first dissociating a patient's
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tumor into single cells and recombining them with or
without the addition of exogenous components. In this
respect, though reconstituted models contain TME
components, they do not preserve the native arrangement or
proportions of tumor, immune, or stromal cells as featured
in the original tumor. Reconstituted models are diverse not
only in culture configuration but also in the types of immune
and stromal cells introduced.’>>* The inclusion of immune
cells had enabled the investigation of tumor-immune
interactions and immune-based therapeutics to study the
effects of adoptive cell therapies, probe novel drug candidates
for combination therapies, and nominate potentially useful
biomarkers of therapeutic response ex vivo.”>

Reconstituted models have been used to study
interactions between tumor cells and a host of immune and
stromal cells including fibroblasts,”® macrophages,®”
dendritic cells,”® NK cells,> B cells,”® and T cells.* Among
tumor-related efforts, the incorporation of T cells has been
of particular interest. Reconstituted PDO models have been
used for activating and expanding tumor-reactive T cells as
well as investigating the effectiveness of TILs, engineered T
cells, and CAR-T cells.>***® For example, Dijkstra et al.
reported a protocol to expand tumor-reactive T cells using
PDOs co-cultured with peripheral blood mononuclear cells
(PBMCs) and demonstrated that the expanded tumor-
reactive T cells could exhibit tumor killing against matched
organoids.>* More recently, PDOs from patients with
recurrent glioblastoma were generated over the span of 2-3
weeks and were used as a target scaffold to demonstrate
tumor cell death and tumor antigen reduction upon
treatment with CAR-T cells targeting epidermal growth
factor receptor (EGFR) and interleukin-13 receptor subunit
2. These experiments were performed alongside an
ongoing phase 1 clinical trial and hence ex vivo cytokine
data were able to be compared with patient CSF data at
matched timepoints. The authors showed that trends in
markers of T cell activation (TNF-a,, IFN-y, IL-2) from both
the PDO model and from patient CSF were similar across
matching time-points, supporting the potential use of this
model for preclinical purposes. Reconstituted approaches
have also been used in “organoid-on-a-chip” models to
study non-tumor related therapeutic consequences such as
“off-tumor, on-target” effects of immunotherapies.®®

In addition to adoptive cell therapies, reconstituted
models have also enabled the study of ICB. PDOs from
mismatch-repair proficient (pMMR) early stage colon cancers
resistant to neoadjuvant ICB (n = 6) were co-cultured with
both patient-matched PBMCs after neoadjuvant ICB and anti-
PD-1 antibodies and showed that the absence of T cell
responses ex vivo correlated with clinical non-response. An
ex vivo T cell response was identified in 2 of 5 mismatch-
repair deficient (AIMMR) clinical responders and in 1 of 1
PMMR tumor with partial response.®”” Furthermore, in
another study, melanoma samples reconstituted with
immune cells from patient-matched lymph nodes or PBMCs
and exposed to ICB demonstrated that ex vivo tumor killing
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correlated with positive clinical response in 6 of 7 patients in
a small cohort.®®

In addition to standard co-culture techniques,
microfluidic-based approaches have been used in the
development of reconstituted models with the aim of
generating effective preclinical platforms for therapeutic
testing. Microfluidic devices previously have been used to
study many aspects of cancer biology such as tumor growth,
metastasis, angiogenesis, and drug screening.®® Furthermore,
microfluidic devices have gained significant clinical attention
with one liquid biopsy-based platform FDA approved for
predicting prognosis in patients with metastatic cancer, and
several others in development.”® Microfluidic culture enabled
the careful positioning of PDOs which when exposed to NK
cells with and without a trispecific killer cell engager (TriKE)
demonstrated that the addition of TriKE enhanced tumor
killing and caused upregulation of chemokines associated
with NK cell migration.”" In another example, Ding et al.
employed droplet emulsion microfluidics to create micro-
organospheres (MOSs) which encapsulate a mixture of largely
single-cell components derived from digested patient tumor
biopsies into Matrigel spheres (diameter 250-450 um) which
can be further cultured and used for testing.”> As the
patient's tumor is nearly completely digested into single cell
components, native architecture between tumor, immune,
and stromal components is lost in processing. Sensitivity of
MOSs derived from patients with metastatic colorectal cancer
to oxaliplatin (chemotherapy) correlated with clinical
observations in 4 of 4 patients whose MOSs were sensitive to
oxaliplatin and 3 of 4 patients whose MOSs were resistant.
Drug sensitivity data from MOS testing was available
relatively quickly within 14 days of initial patient biopsy.
Furthermore, the platform was extended to investigate
immunotherapy and demonstrated tumor Kkilling via
apoptosis assays in MOSs exposed to ICB, bispecific
antibodies, PBMCs exposed to anti-PD-1 antibodies, and
more recently CAR-T cell therapy.”>”*

Patient-derived xenografts

Patient-derived xenografts (PDX) are in vivo models where
explanted patient tumors are implanted into immune-
deficient mice with the ultimate goal of evaluating drug
sensitivity in a living organism. PDXs (like PDOs) tend to lose
immune/stromal cells over time and are best suited to
examine tumor-intrinsic drug targets. To facilitate in vivo
testing of cancer immunotherapeutics specific for human
immune and/or tumor targets, “humanized” mice have been
developed that incorporate a human-like immune system,
within limitations.”*”> Notably, these models have been used
in a number of immunotherapy applications including
investigating ICB,”*”® and autologous CAR-T cells’® across a
spectrum of tumor types. Though patient-derived in vivo
models have been useful in studying cancer therapies, they
suffer significant drawbacks, including limited engraftment
rates, time and labor-intensive processing, and high cost of
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maintenance.®*®* To enable potential clinical utility, models
that incorporate the TME ideally should utilize available
processing techniques, be implementable on a reasonable
timeframe, and scalable. For these reasons, we focus our
discussion on ex vivo patient-derived platforms which have
the potential to be employed as effective preclinical assays
for immunotherapy in the context of precision oncology.

[1l. Patient-derived native tumor
models

Immune-reconstituted PDO models enable the evaluation of
cancer immunotherapeutics, but lack the native organization,
structure, and/or composition of the original tumor.
However, a select number of models have utilized direct
ex vivo culture of patient-derived tumors while preserving the
native architecture and composition of the TME.>*"*”:%% These
“native” models (or avatars) rely on minimally processing
surgically-resected patient biopsy samples to achieve tumor
samples that can be used for immunotherapy testing,
cytokine profiling, and therapeutic candidate selection.®
Typically, gross surgically-resected tumors are mechanically
minced, sectioned, or otherwise dissociated to preserve cell-
cell and cell-stromal configurations and/or composition
ex vivo. Notably, the term “tumoroid” which was first coined
as a surrogate for a PDO,”* has also more recently been
applied to describe a patient-tumor model that preserves
features of the native TME, which emphasizes the importance
of understanding the details of each model when reviewing
the literature.®* Native models vary in their execution and aid
in the study of tumor samples across a range of sizes,
configurations, and culture conditions. These features not
only dictate the length of time in which the tumor and/or
immune components of a sample are viable but also inform
the analysis techniques that can be used. These models have
been shown to maintain immune cell subpopulations over
reasonable time frames, depending on the platform and
expected analysis, which is a critical consideration for
capturing tumor-immune dynamics. Notably, native models
have already begun to demonstrate preclinical utility as
avatars composed of tumor fragments have proven useful in
correlating ICB responses in small cohorts of patients across
solid tumors.>*%

Air-liquid interface model

The model described by Li et al. and employed by Neal et al.,
known as the air-liquid interface (ALI) model, utilized a
“double dish” configuration to culture and test patient-
derived tumor samples.”>***® In this configuration, the
minced tumor was resuspended in type I collagen hydrogel
which was dispensed atop a preformed collagen layer within
an inner dish. The base of the inner dish was composed of a
polytetrafluoroethylene membrane. The inner dish was
placed within a larger outer dish which held media and
contacted the polytetrafluoroethylene membrane. The top

This journal is © The Royal Society of Chemistry 2025
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collagen-tumor layer was exposed to humidified air, while the
bottom collagen layer was exposed to media (air-liquid).>>**
Tumor particle sizes in this model were several hundred
micrometers after mincing while the total volume of the
cultured particles was generally less than 1 mm?®. The authors
showed that the minced tumor contained a representative
cohort of immune cells, including CD8" and CD4" T cells, B
cells, macrophages, NK cells, and NK T cells, and further
highlighted that the T cell receptor repertoire of the TILs
were representative of the larger tumor.

The ALI model enabled the long term growth of patient-
derived tumor components for weeks to months, though this
often required media supplementation with cytokines and
growth factors. Though long term culture was technically
feasible, not all tumor compartments could be sustained over
this period of time, as the authors showed that the viability
of CD3" T cells decreased by 80% by day 7 of culture, despite
optimization, though the T cell population could be
incrementally restored with the addition of the T cell growth
factor, interleukin-2 (IL-2). Thus, tumor-immune interactions
were best studied at earlier time points (~1 week). The
cultured tumor samples were suitable for standard
immunohistochemical and immunofluorescence analysis, as
well as flow cytometry and RNA sequencing for T cell
profiling after dissociation to single cells. Using this model,
the authors showed that addition of nivolumab (anti-PD-1) to
ALI cultured tumors increased T cell activation with
upregulation of IFNG, PRF1, or GZMB in 6 of 20 patient
samples across three immunotherapy-sensitive tumor types
(i.e., NSCLC, clear cell RCC, and melanoma). The model also
enabled bulk cytotoxicity analysis to be performed after ICB
by staining the cells for apoptotic factors and determining
the relative changes of cell subtypes compared to a control.
Using this method, the authors demonstrated evidence of
tumor Kkilling in 2 of 10 patient-derived samples in a second
cohort. The ALI culture method has been employed in a
variety of other contexts such as modeling tumorigenesis in
the context of tumor-stromal interactions,*® TIL migration,®”
and studying the effect of personalized immunotherapy
selection.®®

Patient-derived tumor fragments

In contrast to the ALI model, the platform described by
Voabil et al. utilized larger pieces of minced patient-derived
tumor “fragments” on the order of 1-2 mm® which were
directly embedded into an extracellular matrix (ECM).”® In
their setup, each patient-derived tumor fragment (PDTF) was
placed on top of a preformed matrix layer in a 96-well plate
over which a liquid collagen/Matrigel mixture was added and
allowed to solidify before introducing media. Owing to the
size of the tumor fragments, culture times were limited to a
period of 3 days due to a reported decline in cell viability
after this time point.** Using this model, the authors
identified a cytokine signature (driven largely by CXCL1,
IFNy, and CXCL10) associated with ICB sensitivity by
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examining cytokine profiles in conditioned media following
PD-1 blockade compared to control PDTFs in a cohort of 37
patient-derived tumors. Importantly, the ex vivo PDTF
cytokine signature correlated with clinical response in 12 of
12 patients who subsequently received ICB. A validation
cohort of 26 patient tumor samples confirmed these findings,
highlighting the potential of this native tumor platform in
developing predictive biomarkers of clinical response. Flow
cytometry was used to categorize non-responsive tumors into
several subgroups based on their relative abundance of
immune cells and the authors paired this information with
digital imaging and immunohistochemistry of tumor slices
to further characterize tumors as immune-excluded or -rich.
They paired this bulk spatial analysis with available clinical
data to show that 6 of the 7 immune-excluded tumor samples
did not show immune reactivation after ICB. In a follow-up
study, the PDTF platform was used to show that a CD8-
targeted IL-2 fusion molecule could revive a dysfunctional T
cell pool after ICB within the tumor, demonstrating the
model's utility in testing new therapies and contributing to
fundamental biological insight.”® Of note, other models
using larger pieces of patient-derived tumors have been
proposed as preclinical models correlating patient responses
to chemotherapy; however, they have not yet been translated
into clinical use.”"~%*

Tumor slice cultures

PDTFs retain key tumor-infiltrating immune and stromal
elements, but are generated from different regions of the
tumor. Organotypic tumor slice cultures (i.e., precision-cut
tumor slices) use larger pieces of tumor to maintain a high
degree of native tumor architecture and preserve intrinsic
tumor-immune interactions with the goal of capturing
changes in the spatial organization of key features of tumor
immunity.”*°® Tumor slices typically have lateral dimensions
on the order of millimeters and thicknesses of approximately
250-500 pm and are cultured in a variety of ways including
free-floating, matrix-embedded, or membrane-supported
configurations.”® They have also been employed in
microfluidic systems in an effort to move toward high-
throughput analysis.”””® These models have extended the
analysis of traditional pathologic immunohistochemistry
owing to their advantage to perform functional and spatial
analysis of patient-specific cellular components when
introduced to immunotherapy. For example, Seo et al
utilized slices of pancreatic adenocarcinoma culture