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As a reductionist approach, patient-derived in vitro tumor models are
inherently still too simplistic for personalized drug testing as they do not
capture many characteristics of the tumor microenvironment (TME), such as
tumor architecture and stromal heterogeneity. This is especially problematic
for assessing stromal-targeting drugs such as immunotherapies in which the
density and distribution of immune and other stromal cells determine drug
efficacy. On the other end, in vivo models are typically costly, low-throughput,
and time-consuming to establish. Ex vivo patient-derived tumor explant (PDE)
cultures involve the culture of resected tumor fragments that potentially
retain the intact TME of the original tumor. Although developed decades ago,
PDE cultures have not been widely adopted likely because of their
low-throughput and poor long-term viability. However, with growing
recognition of the importance of patient-specific TME in mediating drug
response, especially in the field of immune-oncology, there is an urgent need
to resurrect these holistic cultures. In this Review, the key limitations of
patient-derived tumor explant cultures are outlined and technologies that
have been developed or could be employed to address these limitations are
discussed. Engineered holistic tumor explant cultures may truly realize the
concept of personalized medicine for cancer patients.

1. Introduction approaches

resulted in

resulting in less than 50% of patients
responding to these non-targeted drug
regimens.?l  Accordingly, the concept
of ’precision cancer therapy’ emerged.
In this approach, patient-specific ge-
netic abnormalities are identified using
next-generation sequencing, and drugs
targeting these abnormalities, if avail-
able, are administered to the patient. For
instance, the overexpression of human epi-
dermal growth factor 2 (HER2) in about
20% of breast cancer patients has led to
development of trastuzumab-based anti-
HER2 therapy,’! where a 20% increase in
response rate relative to conventional ther-
apies was observed.! Improved clinical
outcome has similarly been observed in
the use of anti-epidermal growth factor re-
ceptor (EGFR),I anti-BRAF,[®! and anti-c-
KIT!"! therapies for lung, melanoma, and
gastrointestinal stromal cancers, respec-
tively. However, the interim assessment of
several ongoing precision oncology trials
(e.g. NCI-MATCH,) NCI-IMPACT/®
ALCHEMIST®!  SHIVA%  etc.) has
revealed that many of these targeted
surprisingly undesirable clinical

Despite advances in the development of novel cancer-targeting
approaches, effective drug combinations, accurate patient se-
lection, and rational application of other therapeutic modali-
ties, cancer is still a major burden of disease worldwide, ac-
counting for nearly 17% of deaths in 2020.!) A key limitation
of traditional chemotherapies is the 'one-size-fits-all’ paradigm,

outcomes, where there was generally lower-than-expected
progression-free survival (< 4 months).

The lack of widespread success of genomics-based approaches
in precision oncology has led to an increased appreciation for
the importance of non-genetic mechanisms in driving cancer
growth, progression, drug resistance, and survival.’»''] The
inherent spatiotemporally changing complexity of the tumor
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Figure 1. A) Existing tumor models used for preclinical drug testing and personalized therapy. B) Table summarizes the advantages and disadvantages

of different preclinical tumor models. Created with BioRender.

microenvironment (TME) architecture and composition, is not
taken into account in genomics-based (static) approaches.""12] Tt
is now clear that reciprocal interactions between cancer cells and
their stromal counterparts, such as cancer-associated fibroblasts
(CAFs),[’¥] mesenchymal stem cells (MSCs),[" endothelial
cells, 5! and various immune cell types,!®! can greatly influ-
ence tumor metabolism and chemosensitivity.['”! This complex
cancer-stromal ecosystem altering the tumor epigenetic state
has been correlated to the highly discrepant susceptibility to
drugs that is seen not only across different tumors but also in
subpopulations within the same tumor.[*®! In addition, other
TME factors such as inflammation,!'”! hypoxia,?! nutrient
supply,1?’] and extracellular matrix (ECM)!?!l can also affect the
cancer cell phenotype.

In contrast to static genomics-based approaches, functional
precision oncology allows the actual testing of drugs on living
cells and derivation of response readouts.!>*! The use of in vitro
tumor models as a preclinical model for functional precision on-
cology is not new; 2D monolayer cultures have been used for
decades and remain widely used for testing drug efficacy and
identifying novel cancer-targeting mechanisms (Figure 1).13>%2]
However, 2D tumor models poorly preserve the tumor archi-
tecture, stromal composition, and when passaged repeatedly on
tissue culture plastic, these cultures may also lose the origi-
nal heterogeneity in cancer cell composition.[?3! In recent years,
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the advent of patient-derived organoid (PDO) technologies has
revolutionized in vitro tumor modeling, where patient-derived
cancer cells can now be cultured and expanded with high suc-
cess rates while maintaining molecular and histological fea-
tures of the original tumor. Conventionally, PDOs are typically
generated by dissociating resected tumors or biopsies into sin-
gle cells, which would eventually form tumor organoids in the
presence of a specialized cocktail of cell culture supplements
and basement membrane matrix.[**! As these are largely can-
cer cell-only cultures, the TME can be partially restored through
the incorporation of desired stromal elements of interest.?’!
However, as a reductionist model, PDOs with exogeneously
incorporated stroma still poorly recapitulate the original com-
plex tumor architecture and stromal heterogeneity.**%¢] On the
other end, in vivo patient-derived xenografts (PDXs) that in-
volve transplantation and propagation of human tumor tissues
into immunocompromised murine hosts, can preserve tumor
heterogeneity and the surrounding stroma, except the interac-
tion of cancer and stromal cells with a patient-specific immune
system.l"!] Integration of either patient-derived immune cells
or human immune transgenes into murine hosts can poten-
tially overcome this problem,!!l but these humanized PDXs
are high in costs, the tumor takes a long time to engraft,
the tumor may not engraft, and there still exists incomplete
immune-compatibility.[2>?7]

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

In recent years, growing recognition that the assessment of
stromal-targeting therapeutic approaches, such as immunother-
apies, requires tumor models that retain the original architecture
and stromal cell distribution and composition, has led to revived
interest in patient-derived tumor explant (PDE) models.*>?*]
PDE cultures are established when resected tumors are cut into
smaller pieces and cultured ex vivo. The term 'PDE’ is loosely
defined and is often used interchangeably with patient-derived
tumor slices (if cut into fragments with uniform thickness), and
occasionally is referred to as organotypic cultures.?33] PDE cul-
tures are advantageous over reductionist in vitro models such as
those based on organoid cultures because: i) the tumor tissue is
cultured as it is with minimal mechanical/enzymatic destruction
of cell—cell and cell-ECM interactions, as is typically required for
the generation of PDO models through extensive tumor dissoci-
ation; ii) PDE cultures potentially retain the full composition of
original tumors, including the immune compartment; iii) PDE
cultures are amenable for rapid drug testing (there is no need
for an expansion step) and can provide readouts within a week
from tumor resection or biopsy. Indeed, the histoculture drug re-
sponse assay (HDRA) was developed shortly after the first suc-
cessful human tumor histoculture was reported by Hoffman’s
group in 1986.1"! Interestingly, despite exhibiting greater than
85% accuracy in predicting drug response in gastric, colon, and
lung malignancies, histocultures have not been widely adopted
for translational research.!?’] A likely reason for this may be re-
lated to some of the major limitations of tumor explant cultures,
including its short lifespan ex vivo (generally < 7 days) and these
cultures cannot be expanded. With these constraints, it is diffi-
cult to perform studies on treatment cycles, cancer progression,
or drug resistance, that typically require a longer period of time
(weeks to months)."]

To enable the culture of PDE, a number of different culture
approaches including free-floating, air-liquid interface (ALI), and
gelatin sponges have been employed and optimized over the last
few decades. Overall, these studies broadly demonstrate that PDE
can preserve tumor proliferation, histological features, and are
amenable for the evaluation of chemotherapeutics.!?**3!l How-
ever, the lifespan of these cultures is typically limited to a few days
and characterization of PDE viability is poor.*?) Specifically, it
is unclear from these studies whether the stromal and immune
compartments are preserved, in addition to the cancer cells resid-
ing in the explant. Besides poor long-term viability, other limita-
tions of existing PDE models include their low throughput due
to limited tissue availability, lack of sophisticated drug response
readouts, and lack of integration with the systemic circulation
and other tissues/organs that may impact drug response. In this
Review, we provide an overview of conventional approaches that
have been developed to establish PDE cultures, outline key limit-
ing factors that hinder clinical translation of the model, and dis-
cuss possible engineering strategies and technologies that can be
used to overcome some of these challenges.

2. Conventional Approaches for Maintaining PDE
Cultures

Historically, PDE cultures have been maintained either free-
floating without any underlying support, or cultured on top of
metal grids, gelatin sponges, or hydrophilic polytetrafluoroethy-
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lene (PTFE) cell culture inserts, to establish an ALI to overcome
diffusional limitations (Figure 2A). In this section, we describe
these conventional methods.

2.1. Gelatin Sponge-Based Cultures

The first tumor PDE studies were pioneered by Leighton et al.
Murine mammary adenocarcinoma fragments were maintained
on a collagen-coated cellulose sponge for up to 24 h.3*! Subse-
quently, Freeman et al. were the first to report successful ex vivo
culture of surgically resected human tumor fragments on col-
lagen hydrogels.’'3l Extended culture (> 100 days) of a broad
range of cancer types including colon, lung, and melanoma was
achieved. It should be noted that cells that escaped from the
tissue and migrated into the hydrogel, and subsequently grew
on the culture dish as monolayers, were also taken into consid-
eration as part of viability assessment of the tumor fragments.
This may have contributed to an over-estimation of the duration
these tumor tissues could actually be maintained ex vivo.?13] Be-
sides collagen hydrogels, gelatin sponges have also been used
for PDE culture. Gelatin sponges have proved useful for the
culture of PDE derived from breast,3 prostate,3°] head and
neck,®l and pancreatic ductal adenocarcinoma (PDAC) cancers
(Figure 2B,C).>™) Further applications of this model for preclin-
ical drug testing,[*”! biomarker discovery,[*® and interrogation of
tumor interactions with the surrounding microenvironment(*!
have also been reported.

Yet, it is often observed that PDE exhibits rapid loss in tissue
integrity and viability (often < 6 days) when cultured on gelatin
sponges.?*#%] This is likely in part due to manual cutting of sam-
ples into fragments, which confers poor control over the result-
ing size and shape of the tumor fragments. This problem has
been resolved through the development of newer tissue slicing
technologies, such as tissue choppers, vibratomes (Vibratome),
and compresstomes.[*!) With these improved methods for tissue
processing, tumor samples can be precisely cut into slices with a
uniform thickness range of 30-1000 um.

2.2. Free-Floating Cultures

With precision-cut tissue slices, the simplest method to cul-
ture these slices is to completely submerge them in cell culture
medium without any underlying support.’!¢l Not surprisingly,
the integrity of these slices can only be maintained for a short
duration (< 48 h) due to inadequate oxygen supply. Since then,
rocking or rotating platforms!“?! have been used to extend the
lifespan of tissue slices by facilitating gas diffusion. Naipal et al.
reported that maintenance of proliferative cells in human breast
tumor slices was highly dependent on the use of rotational dy-
namic culture to increase nutrient exchange.[**] Another study by
Davies et al. found that tumor slices from breast and lung cancer
were better maintained within a rotary incubation unit as com-
pared to free-floating, as significantly less cell necrosis and lower
stress marker expression were observed.[*]

2.3. ALI Cultures

In seeking to improve the diffusion of oxygen into tumor tissue
slices, many groups have leveraged the use of metal (such as

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 2. A) Schematic of conventional PDE culture methods. Created with BioRender. B) Representative images that describe tumor tissue processing af-
ter resection. i) Following surgery, a core of tumor tissue is removed by a pathologist (tumor area demarcated by broken white line), ii) the tumor sample is
then dissected into 1 mm? fragments.[*!] Reproduced with permission.3'®l Copyright 2021, FEBS Press. C) Representative hematoxylin and eosin (H&E)
staining of PDEs from primary prostate and breast tumors, showing maintenance of gross morphology following 6 days in gelatin sponge-supported
culture. Arrows indicate examples of cancer cells and surrounding stroma.?'0! Reproduced with permission.3'l Copyright 2021, FEBS Press. D) Bar
graph summarizing the average viability of patient-derived colorectal cancer (CRC) slices (n = 26) in response to treatment with 5-FU and irinotecan,
selumetinib, and bosutinib or the combination of all four drugs. CRC slices were cultured on organotypic culture inserts and drug combinations were
added on days 1, 4, and 7. Viability of the tumor slices was assessed daily and viability score was obtained by normalizing the viability of slices at each
time point to that on day 0.[2%] E) Representative histological sections of CRC tumor slices, which were stained with H&E, and correspond to the data
shown in (D). Scale bar = 100 um.[28] Reproduced with permission.[28%] Copyright 2022, Springer Nature. F) Plot shows percentage of CD45* leukocytes
in pancreatic tumor slices over a period of 7 days in culture.[*] G) Bar charts showing % of CD3* (left) and CD8™ (right) tumor-infiltrating lymphocytes
(TILs) in liver tumor slices after anti-PD-L1 treatment. Increase in CD3* and CD8* T cells indicates enhanced anti-tumoral effect. * denotes p < 0.05.146]
Reproduced with permission.[*¢l Copyright 2019, Taylor & Francis Group.?'

titanium) grids!*) or porous membrane cell culture inserts!?6>#4]
to create an ALL Compared to free-floating cultures, the viability
of MCF-7 derived PDX slices was better maintained (within
48 h) when the slices were cultured on organotypic culture
inserts with atmospheric oxygen.[*l Using a similar approach,
Gavert et al. leveraged tumor slice cultures for testing drug
combinations in colorectal cancer (CRC) and showed that these
cultures could identify patient subgroups responsive to the drug
combinations, highlighting the possibility of using tumor slice
cultures for determining patient response to chemotherapeutic
drugs (Figure 2D,E).[?®) Amongst different ALI cultures, PTFE
cell culture inserts are most commonly employed due to its
simple set-up and ease of use.I*”] PTFE has a pore size of 0.4 ym,
exhibits mesh-like topography, and has a fibrous structure with
high permeability and porosity which allows transport of nutri-
ents across the whole (bottom) surface of tissue slices placed on
top. PTFE membranes have been used to establish PDE models
across a broad range of cancer types. For example, Sivakumar
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et al. showed that tumor slices from liver cancer retained vari-
ous immune subpopulations and were responsive to immune
modulators after 7 days in PTFE-based culture, highlighting the
potential of using tumor slices for studying tumor-immune in-
teractions and evaluation of immunotherapies (Figure 2F,G).[*]
Parker et al. demonstrated live tracking of cancer cells using viral
vectors on PTFE-cultured tumor slices for real time assessment
of cell behavior within an intact TME.[*’] To adhere tissue slices
onto the underlying PTFE membrane surface, tumor slices
have been cultured on laminin-*®) or collagen-1*®) coated PTFE
and improved slice preservation was observed. However, while
PTFE membranes are easy to use and enable the maintenance
of tumor slices for a few days in culture, this platform is still not
optimized in terms of biochemical and/or mechanical properties
as a tissue-supporting substrate. In the next section, we will
discuss how PTFE can potentially be replaced by bioengineered
scaffolds with tunable biophysical and/or biochemical cues, as
one of the strategies for enhanced preservation of PDE ex vivo.

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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3. Strategies to Overcome Limitations of PDE
Models

While significant bioengineering advances (biomaterials-based
scaffolds, bioreactors, microfluidic systems, etc.) have been made
to maintain and grow single cells and spheroids in vitro in the
field of tissue engineering, surprisingly little has been done to
improve the culture of tissue or tumor explants. In this section,
we outline key factors that limit PDE models — poor long-term
viability, low throughput, lack of sophisticated readouts for char-
acterization and drug response, and lack of integration with other
tissue/organ systems — and propose technologies that have been
or can be explored to overcome these challenges.

3.1. Limited PDE Viability

One of the key factors that limit the use of PDE models is poor
long-term viability ex vivo. There may be several potential con-
tributing factors to this problem, which we have identified and
will discuss in the following sections — hypoxia, failure to main-
tain the immune compartment, lack of tumor-matched matrix
for PDE culture, and poorly optimized PDE culture medium
composition.

3.1.1. Overcoming Hypoxia within PDE

The vascular system plays a critical role in ensuring large tissues
and organs receive sufficient oxygen and nutrients while permit-
ting waste exchange.[*"] Hypoxia arises when there is insufficient
oxygen delivered to tissues, a phenomenon that often leads to
necrosis within tumors in vivo. Following tumor excision, as the
resected tissues are cut off from the systematic circulation, this
can lead to hypoxic conditions within the PDE. Given that cells
at a distance of > 150 um from blood vessels in vivo likely expe-
rience hypoxia,*! and PDE is typically greater than 200 pm in
dimension, it is expected that hypoxia may occur within the tis-
sue. Indeed, Lee and colleagues reported the presence of hypoxic
cores in head and neck squamous cell carcinoma (HNSCC) PDE
cultures (Figure 3A,B).5% Similar findings were reported by Dor-
rigiv et al. for ovarian and prostate cancers.>!l As the level of hy-
poxia depends on location within the PDE fragment, this ex vivo
artifact may contribute to intra-tumoral differences in cell prolif-
eration and density, an undesired outcome of PDE culture.

How can hypoxia be circumvented in PDE cultures? The most
straightforward strategy to overcome hypoxia is to reduce PDE
thickness, given its inverse relationship to oxygen diffusivity
across the tissue. However, to generate PDE of thickness below
150 um would render sample handling extremely difficult.[*-2]
Although there is no optimal tissue thickness, most groups re-
porta range of 200-300 um for slice thickness. To further increase
diffusion of oxygen into PDE, several groups have proposed dy-
namic culture systems where biophysical forces are incorporated
into the culture system to enhance gas and nutrient transport.
The simplest way to achieve this is by orbital shaking. This dy-
namic approach follows the same protocol as the static ones, ex-
cept that samples are cultured on an orbital shaker. Hoogt et al.
conducted a systematic comparison of their in-house rotating cul-
ture system with conventional free-floating and insert-based ALI
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cultures to evaluate the effect of dynamic culture on non-small
cell lung carcinoma (NSCLC) PDE viability. The authors showed
that the rotating culture system contributed to long-term tissue
viability and integrity ex vivo.>3] A similar agitation-based ap-
proach developed by Abreu et al. allowed ovarian cancer PDE to
remain viable and preserved cell type integrity and histological
architecture for up to 30 days, a significant improvement over
the commonly reported 2-7 days (Figure 3C,D).’*] While rela-
tively simple to execute, orbital shakers provide poor control over
shear stress, which may make mechanistic studies on the effect
of shear stress on hypoxia and cell survival challenging.>>) More-
over, there is no active perfusion through the tissue.

In contrast, perfusion bioreactors equipped with a flow-
through chamber and dynamic pump system permit a high de-
gree of control over fluid flow rate. In a report by Manfredonia
et al., compared to colorectal PDE embedded between two col-
lagen type I discs, tissues embedded in collagen discs and con-
nected to a perfusion device retained > 75% (versus 31% in the
static control) of the original PDE weight 3 days post-culture
(Figure 3E).5% Using a similar setup, Huo et al. demonstrated
successful maintenance of neuroblastoma PDE ex vivo for up
to 10 days.’’] Recently, advances in microfluidic technologies
have enabled the integration of perfusion bioreactors and mi-
crofluidics; these micro-bioreactors are advantageous over tradi-
tional bulky bioreactors due to its microscale geometry, which al-
lows for a more physiologically relevant environment for gas and
waste exchange.l®! The first tumor PDE in a micro-bioreactor
was pioneered by Folch’s group (Figure 3F).1*] In their approach,
perfusion-based microfluidic channels were designed to inte-
grate with 96-microwell plates to allow for high throughput and
multiplexed screening of a large number of drugs (up to 80)
on a single glioblastoma (GBM) slice (Figure 3F). By compar-
ing calcein-AM staining of the samples cultured on PTFE to that
on polyethylene terephthalate (PET)/ polycarbonate (PC) porous
membranes, the authors found that PTFE outperformed PET and
PC in maintaining viability of the tumor slices in a 3-day pe-
riod. However, although the applied drugs (i.e., staurosporine,
temozolomide) were designed to affect a distinct section of the
tumor slice, it is unclear whether the drugs generate off-target
effects on areas near the designated working area in the tissue,
thereby possibly leading to skewed data interpretation. Interest-
ingly, by refining the diameter of tumor slices to micrometer
scale (about 400 um) and exploiting the gas-permeable property
of polydimethylsiloxane (PDMS), Astolfi et al. noted that perfu-
sion is not actually necessary for PDMS-based microfluidic de-
vices to retain the viability of tumor slices in an 8-day culture
period.[® Using a simple microfluidic setup, the authors devised
a histoculture strategy that can enable rapid drug testing on an
one-drug-per-slice format (Figure 3G).

Rather than using perfusion to increase the diffusion of oxy-
gen into PDE, it is also possible to overcome hypoxia by incorpo-
rating oxygen-releasing molecules into the culture system. Oxy-
gen sources that have been investigated include metal peroxides
(e.g., calcium peroxide, magnesium peroxide), liquid peroxides
(e.g., hydrogen peroxide), and fluorinated compounds (e.g., per-
fluorocarbon). Direct addition of these oxygenated agents often
results in burst release of oxygen into the culture medium, which
is cytotoxic. This problem has been resolved through the use of
advanced drug delivery technologies, which encapsulate oxygen

© 2023 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. A) H&E staining of tumor explants in an insert-based 3D culture. Necrotic zone is clearly seen in the zoom-in inset image. Scale bar =
100 pum. B) Representative images show the hypoxic cells identified with LOX-1 staining (red) after 5 days of being cultured free-floating or with cell
culture inserts. The non-viable area was stained with Pl (red) and the live tissue areas were stained with calcein-AM (green). Scale bar = 100 um. Re-
produced with permission.[>% Copyright 2020, Springer Nature. C) Schematic representation of the agitation culturing strategy employed for ovarian
cancer (OvC) PDE culture. D) Resazurin reduction capacity of the OvC-PDE on days 10, 20, and 30 relative to day 0. Data are presented as mean + SD
(n > 7). Reproduced with permission.[>*] Copyright 2020, Springer Nature. E) Schematic representation of perfusion-based PDE culture. Freshly re-
sected CRC fragments (2 X 2 x 2 mm) were placed between two collagen type | discs within a ring-shaped holder, restrained by two grids on the top
and bottom. The holder was then inserted in the bioreactor chamber and subjected to continuous alternate perfusion. n = 3 per bioreactor. Reproduced
with permission.[>¢] Copyright 2019, Wiley-VCH GmbH. F) Schematic of cross-sectional view of the device (left) and action principle of sequential drug de-
livery to tumor tissue slices (right). The flow of the device is driven by a syringe pump through a common outlet: one syringe pump controls the flow across
all 80 fluidic streams. After delivering the first set of drugs, the porous membrane can be rotated 90 degrees to deliver a second set of drugs. Reproduced
with permission.[*] Copyright 2014, Royal Society of Chemistry. G) Top view (left) and side view (right) of a microfluidic device. Tumor explants are de-
signed to flow into and get trapped by sedimentation trap for drug testing. Dimensions in mm. Reproduced with permission.[®%] Copyright 2016, Royal So-
ciety of Chemistry. H) A fluorescence micrograph shows the complete vascular network across the entire well of a 96-well plate. Scale bar = 800 pm.
1) Interaction of Mu89 (melanoma) explants with vascular networks. Mu89 expressed strong level of tenascin-C (grey). Scale bar = 100 um. J) Growth

curves for Mu89 and BT474 (breast cancer) in 10-day culture. Reproduced with permission.l®4] Copyright 2016, Oxford Academic.[50:54:56:59,60.64]

sources into either organic (e.g., alginate)®! or inorganic (e.g.,
Bi, Se;)[%?] biomaterials that enable sustained or on-demand gas
release. To date, a wide range of oxygen-releasing biomaterials
have been developed and applied in bone regeneration, cardiac is-
chemic therapy, tumor treatment, and wound healing.[®] To the
best of our knowledge, oxygen-releasing biomaterials have not
been used for PDE culture to date. Engineering an advanced ma-
terial that can control the release of oxygen and is compatible with
PDE cultures may potentially overcome this problem of hypoxia
in PDE cultures.

Lastly, given the importance of the vasculature for providing
oxygen to tumors in vivo, another possible solution to overcome
hypoxia in PDE cultures is to induce vascularization ex vivo. De
novo synthesis of functional blood vessels can be achieved by co-
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culturing vascular endothelial cells and smooth muscle cells in
a matrix comprising ECM components and growth factors.[%]
Such artificial vascular beds were first used for tissue regener-
ation and wound healing but recent studies have also demon-
strated the use of these set-ups for maintaining PDE cultures.
PDE can be placed on top of vascular beds to recapitulate in-
teractions between tumor and blood vessels. As an example,
melanoma and breast cancer PDEs cultured on a scaffold con-
taining lumenized vascular structures were shown to survive and
proliferate ex vivo for up to 10 days (Figure 3H-J).1°*"] To mimic
the 3D interaction of tumors with the in vivo vasculature, vascu-
lar constructs can be fabricated in a complex integrated system
based on either microfluidic or 3D printing technologies. This
will be discussed in greater detail in Section 3.4.
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3.1.2. Preservation of Immune Landscape in PDE

Poor consideration for what constitutes preservation of PDE vi-
ability is another contributing factor to the limited long-term vi-
ability of PDE cultures. The maintenance of PDE viability does
not only include preserving global viability of the explant. Many
different cell types and subtypes make up the TME, including
cells within the immune compartment. Preserving cells within
the immune compartment is especially important were PDE cul-
tures used for evaluating immunotherapies. A recent study by
the Thommen group highlighted the problem of immune cell ef-
flux from PDE cultures, which justified the need to embed the
tumor fragments within a 3D matrix.l®! However, most studies
to date do not deeply characterize whether PDE preserves im-
mune cell types and subtypes, such as T/B cells, mast cells, mono-
cytes/macrophages, NK cells, neutrophils, amongst others.l'l In
a handful of studies, in-depth profiling of the immune landscape
in PDE has been performed. By using gelatin sponges to sup-
port ex vivo slice culture of primary HNSCC, Dohmen et al. ob-
served that T cells and macrophages were preserved during 7
days of culture, although significant changes in the proportion
of subpopulations occurred.**! In another study, Jiang et al. es-
tablished a PDE culture system that allowed slices derived from
PDAC to freely float on collagen-coated inserts; this approach
yielded stable preservation of T cell- and macrophage-specific
markers over 6 days.[®! In a recent study, Voabil et al. took a
step further, where PDEs were shown to not only preserve the
composition of immune cells, but also retained cell function
(secretion of chemokines and cytokines) at the end of a 2-day
culture period.[?®2] Notably, this PDE model, where tumor frag-
ments were embedded in collagen-Matrigel, was reported to be
compatible with a number of cancer types including skin, lung,
breast, ovarian, and renal cancers, and was shown to be predic-
tive of immune checkpoint inhibitor (ICI) response in patients.
This landmark study has set the stage for PDE as a platform to
test ICIs; however, it remains to be seen whether longer term
drug exposure is required for the evaluation of ICI therapy or
other drug classes, which would require culture of these PDE be-
yond just 48 h. Besides this handful of studies that have char-
acterized whether PDE preserves the immune compartment, fu-
ture studies reporting the development or use of PDE cultures
should incorporate advanced characterization, such as multiplex
immunofluorescence (mIF), multiplex immunohistochemistry
(mIHC), flow cytometry, genomic and proteomic profiling into
their experimental workflow, to determine how long these PDE
cultures can preserve the immune TME.

To preserve PDE cultures longer in vitro for the evalu-
ation of immunotherapies, microfabrication techniques have
recently been leveraged to achieve this. For example, Aref
et al. reported an extended culture (up to 9 days) of patient-
derived organotypic tumor spheroids (PDOTS) for probing pro-
grammed cell death protein 1 (PD-1) blockade sensitivity, using
microfluidic chips made of cyclic olefin polymer (COP).l®”] COP
was used instead of commonly used PDMS as absorption of drug
molecules onto PDMS may potentially occur, which can affect
drug response.[®®! In another study, Moore et al. designed a COP-
based microfluidic chip that allowed culture of up to 12 tumor
explants per chip and real-time tracking of TILs interaction with
the tumor explants in the presence of ICI treatment.[®] These
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advances in microfluidic systems are expected to greatly support
both the preservation as well as recapitulation of the immune
landscape in PDE cultures.] In addition to preserving or re-
capitulating the original tumor immune landscape, it remains
unclear whether PDE models permit interrogation of tumor re-
sponse to systemic immunity, given the growing research in-
terest in chimeric antigen receptor (CAR) T-cell therapy. As the
vasculature is a prerequisite for such studies, using advanced
microfluidics technologies to restore tumor—blood vessel inter-
actions may be a promising means to recapitulate the tumor-
immune interface. This topic will be further discussed in Sec-
tion 3.4.

On another note, it should be highlighted that changes to the
status of tissue inflammation may occur during tumor process-
ing ex vivo. A handful of studies have already characterized the
effect of chopping or slicing tissues (as part of tissue processing
prior to ex vivo culture). These studies collectively demon-
strate that chopping or slicing activates several inflammation-
associated pathways,!*67% artificially inducing acute inflamma-
tion in PDE cultures. Yet, this source of inflammation and its
possible effect on PDE viability has been largely disregarded
in PDE research. Given the known role of acute inflammation
in cancer cell proliferation and progression, it is reasonable to
assume that existing PDE models may not truly recapitulate the
baseline immune landscape of the original tumor. It would be of
interest to explore mechanical manipulation of resected/biopsied
tumors in a minimally destructive manner to reduce this
inflammation-related artifact.”! It would also be interesting to
explore whether certain anti-inflammatory drugs or biomaterials
(e.g., hyaluronic acid, chitosan, fibrin)[”?! can be used to mitigate
the artificial inflammatory response post-tissue processing.

3.1.3. Lack of Optimized PDE-Supporting Matrix

Another potential contributing factor to poor long-term PDE
viability is the lack of optimized matrix support for PDE cul-
ture. A burgeoning number of studies in biomaterials highlight
how cell phenotypes can be manipulated by modifying biochem-
ical or physical properties of the culture matrix.[”*! Yet, care-
fully designed biomaterials-based scaffolds are rarely used to sup-
port PDE cultures, as PTFE insert-based ALI and free-floating
(scaffold-less) cultures are conventionally used. While gelatin
sponges have been used to support PDE cultures, there has been
no significant increase in survival time compared to insert-based
cell culture systems.[31035.74]

While the effect of matrix support on PDE ex vivo cultures
remains poorly elucidated, a few studies have compared the
effect of different supports on tissue viability and proliferation.
For instance, when cultured on a PTFE membrane cell culture
insert, prostate tumor slices were found to be more viable com-
pared to those suspended freely, as observed by the presence of
fewer condensed apoptotic nuclei and vacuolated structures.[*/]
This study highlighted the importance of providing an under-
lying support to PDE cultures. In another study, it was found
that PTFE membranes outperformed PET and PC for retaining
the viability of brain slices over a period of 3 days (Figure
4A).5%1 Another study reported successful retention of major
immune (T cells, macrophages) and stromal components (CAF,
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Figure 4. A) Representative confocal microscopic images show the viability of E18 mouse brain slices cultured on a) PET porous membrane and b)
PTFE porous membrane under the same culture conditions. Live cells were stained with calcein-AM (green) and dead cells were stained with EthD-1
(red). Reproduced with permission.>®l Copyright 2014, Royal Society of Chemistry. B) Representative images of 3D-printed collagen scaffolds loaded
with cryopreserved patient-derived melanoma explants (PDME) at 7, 14, and 21 days. The graphs indicate proliferation of the 2D-culture and 3D-printed
collagen scaffold culture at the indicated time points. Red circles show cryopreserved PDME and its satellite. Values represent the mean + SD of
triplicate experiments. Significant difference from 2D-culture is indicated as ** (p < 0.01) and *** (p < 0.001). Reproduced with permission.[”] Copy-
right 2021, MDPI. C) Representative SEM images of non-woven fabrics prepared from the PET fiber with diameters of 2.0 pm (top), 42.0 um (down). PET
with larger diameter and pore size between fibers is conducive for cell proliferation and spreading. Reproduced with permission.[”8] Copyright 2004, Tay-
lor & Francis Group. D) Schematic illustration of the vitamin B2-crosslinked human derived ECM matrix (hdECM). The inset image shows the difference
in physical appearance between non-crosslinked and crosslinked matrix. Reproduced with permission.[?° Copyright 2016, Elsevier. E) Metabolic activity
of PC-3 tumor organoids normalized to that at day 0 in the hydrogel after 7 days of culture. Significant differences (p < 0.05) compared to control
are indicated (*). Inset image shows the SEM image of the PC-3 tumor organoid released from the hydrogel after 14-day culture. Reproduced with

permission.!1%2] Copyright 2016, Elsevier.[3%:75.78:90,102]

myofibroblasts) in PDAC slices after 6 days, by using collagen-
coated PTFE membranes.[®! This could be due to the mechanical
anchorage of the slice through the collagen layer, or through
recapitulation of tissue~ECM interactions. This finding was
corroborated by Jeong et al.,, where there was a significant
improvement in viability of patient-derived melanoma explants
when these explants were cultured on a 3D-printed collagen ma-
trix as compared to the control without collagen (Figure 4B).[7%!
Adding other ECM components, such as fibronectin and
laminin-derived short peptides into the matrix, was also found
to be beneficial for maintaining precision-cut lung slices, where
viability of the slices was extended from 7 to 21 days./”®]

Given the importance of the ECM in mediating cell survival,
PDE cultures may benefit from the use of optimized scaffolds
with cancer-specific biochemical and/or biophysical properties to
support the tissues ex vivo. However, this has not been investi-
gated. In the following subsections, we briefly summarize recent
findings on how biophysical properties of the ECM, such as the
porous architecture, matrix stiffness, and cell adhesivity, can in-
fluence cell and organoid survival and phenotype. These exam-
ples may then serve as a starting point for optimizing matrices
for PDE culture.

Optimizing Porous Geometry of Matrix: Scaffold porosity can
play an important role in mediating cell viability and prolifera-

Adv. Healthcare Mater. 2023, 12, 2202279 2202279 (8 of 21)

tion. As larger pore size and higher porosity enable greater fluid
diffusivity, nutrient and gas exchange, as well as waste removal,
can be improved.”’”] When mesenchymal stem cells (MSCs)
were cultured on a PET fibrous scaffold, it was observed that
proliferation rate increased with fiber diameter and pore size
(Figure 4C).l”%] Likewise, another study reported enhanced pro-
liferation when human foreskin fibroblasts were cultured on 3D
silk fibroin scaffolds with larger pore size and higher porosity.””!
From these studies, it appears that the optimum porosity and
pore size is likely material- and cell type- dependent, as the range
of reported optimal pore size (8-700 um) is very large.’% A
systemic examination of pore size and porosity is thus necessary
to determine the optimal scaffold porosity to support PDE
culture. It should be noted that increased scaffold or hydrogel
porosity is typically accompanied by a reduction in structural
stability in accordance to the power-law relationship./8! There-
fore, a fine balance between porosity and mechanical strength
is necessary. Conventional techniques, such as salt leaching,
gas forming, phase separation, and freeze-drying are commonly
used to produce porous scaffolds.®2] While these techniques are
simple to set-up, they generally suffer from poor control over the
scaffold architecture and thus lack batch-to-batch consistency.!®?!
Rapid prototyping fabrication techniques (e.g., 3D printing)
offer improved control over scaffold geometry and mechanical
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properties with high reproducibility.¥2#] For more information
regarding the fabrication and application of porous/porosity
gradient scaffolds, the reader is recommended to refer to other
excellent reviews.®!]

In the context of PDE culture, which has unique requirements
distinct from the culture of cells, porosity may have to be tuned to
enable optimized diffusion of nutrients, waste, and oxygen, while
maintaining sufficient mechanical support. Additionally, it would
be important to consider the pore size; large pore sizes may en-
courage migration of cells out of the PDE to form tumor aggre-
gates within the pores, as has been observed for PDE cultures on
collagen hydrogels.’'3l In a similar vein, it may be important to
consider the type of biomaterial used to fabricate the porous scaf-
fold to limit the migration of cells out of the PDE itself (such as
through controlling cell adhesivity). This may cause evacuation’
of the explant and corresponding loss of tissue architecture and
composition.

Optimizing Matrix Stiffness: It is well-known that cells re-
spond to ECM stiffness, in vitro or in vivo. Modulation of matrix
stiffness can influence cell differentiation, proliferation, and
stemness.[®] Numerous studies have leveraged advances in
biomaterials engineering to fabricate scaffolds and hydrogels
with varying stiffnesses to elucidate the effect of this mechanical
property on the cellular phenotype.l®] Yet, this strategy has
not been employed in PDE culture, where PDE, regardless
of tissue origin, is grown on the same matrix such as PTFE
membrane inserts. Here, we will highlight a few studies which
have shown how matrix stiffness can modulate cell/organoid
growth. By extrapolating these findings from cells and organoids
to PDE cultures, it would be interesting to investigate if cancer-
type matched stiffness in material properties would similarly
enhance the viability of PDE cultures.

Basement membrane extracts (BME) are widely used in tu-
mor organoid cultures and would be a logical choice of bio-
material to start with for PDE culture. Indeed, as a commer-
cially available BME, Matrigel was used to culture PDE from dif-
ferent cancer types, and when combined with collagen, mitigated
immune cell loss from PDE cultures.[?82] However, the PDE cul-
tures were maintained for only 2 days. While used in many re-
search groups, Matrigel itself may incite a non-specific immune
response, exhibits batch-to-batch variation, and has poor tun-
ability in mechanical properties.[#”] Another potential source of
biologically-derived biomaterial is decellularized ECM (dECM),
which has been investigated for maintaining organoids. In a
study by Varinelli et al., peritoneal cavity-derived dECM was used
for in vitro culture of tumoroids of peritoneal metastases.® In
this study, it was found that tumoroid growth was favored on the
stiffer matrix obtained from the neoplastic peritoneum over that
from the normal peritoneum, suggesting the importance of us-
ing tumor-matched matrix stiffness for PDE culture. While in
vivo-like, the process of decellularization leads to changes in the
native stiffness of the ECM due to collagen denaturation.®] One
approach to overcome this is to tune dECM stiffness by altering
the dECM concentration used for hydrogel fabrication. However,
this can modulate stiffness only to a limited extent as increase
in material concentration concomitantly leads to higher viscos-
ity and difficulty in forming usable hydrogels.®] Another ap-
proach to modify dECM stiffness is by crosslinking. Jang et al. im-
proved dECM stiffness by using vitamin B2 as a crosslinker (Fig-
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ure 4D).[%] Beyond basement membrane extracts and dECM, col-
lagen, and hyaluronan (HA)-based biomaterials and their deriva-
tives are also commonly used to explore the effect of stiffness on
cells in vitro and may be useful for PDE culture.®!]

Besides native ECM-derived biomaterials, synthetic polymers
have also exhibited broad applications in in vitro tumor cul-
ture due to their defined chemical structure, reproducibility, and
tunable mechanical properties.®?! Although synthetic biomate-
rials are typically not cytotoxic, their lack of bioactivity hampers
cell recognition and survival.[*?! Hybridization of synthetic poly-
mers with natural biomaterials is thus often employed to fur-
ther improve their biocompatibility.®?] For example, gelatin and
polyethylene glycol (PEG) can be mixed to form cell-supporting
matrix with tunable mechanical properties.”! Jiang et al. and
Pedron et al. exploited hybrid materials, building on the advan-
tages of the inherent bioactivity of gelatin methacryloyl (GelMA)
and tunable elasticity of PEG, for establishing osteosarcoma and
glioblastoma models, respectively.[**! As synthetic polymers gen-
erally lack integrin-binding domains, short peptides such as RGD
that are derived from ECM proteins, can be incorporated into the
hydrogel formulation to provide biochemical cues.l”?! To tune the
stiffness of synthetic polymers, it can be achieved by crosslink-
ing with either natural biomaterials like gelatin, or with chemical
crosslinkers. The stiffness of PEG hydrogels can be controlled by
light,[®®] or click reaction between norbornene and thiol ends of
the polymeric chain,[®! or by the concentration of matrix metal-
loproteinase (MMP)-sensitive peptides.[?’]

In sum, given the known influence of matrix stiffness on can-
cer cells,[3%4%] the effect of this parameter on PDE viability and
preservation urgently needs to be investigated.

Optimizing Matrix Adhesivity: Integrin-mediated cell adhe-
sion is crucial for cells to sense and respond to mechanical stim-
uli in the surrounding matrix. Particularly after tumor resection
and tissue processing, cells in the explant may experience anoikis
in the absence of an underlying support. In designing a suitable
matrix for PDE culture, matrix adhesivity may be an important
parameter to adhere and mechanically anchor the explant. In fact,
collagen has been used to ’glue’ down tumor slices onto PTFE
membrane inserts.[®%] Rather than using whole ECM proteins,
an alternative may be to leverage ECM-derived peptides to sys-
tematically investigate the effect of different ECM components on
maintaining PDE viability and composition. For example, non-
adhesive synthetic polymers can be modified with fibronectin-
derived peptides to enable integrin-mediated cell adhesion;
RGD-modified PEG hydrogels have been shown to support
growth of breast cancer,®”! melanoma,!'®! and glioblastoma.['!]
Aside from RGD, peptides derived from laminin, such as IKVAV
and YIGSR, and from collagen, such as GFOGER, have been
used to facilitate cell adhesion onto non-adhesive matrices. In
the case of aggressive prostate cancer, the presence of GFOGER
in PEG hydrogels led to the highest growth rate of cultured
cancer cells compared to RGD- and IKVAV- modified hydrogels
(Figure 4E).['2] However, not all adhesion-promoting peptides
are beneficial for tumor growth. While IKVAV and GFOGER
promote tumor proliferation, it is often observed that YIGSR is
associated with tumor-inhibitory effects.[!®] Together, the idea
of adhering PDE onto or to the surrounding matrix has not been
explored and is currently part of ongoing work in our laboratory.
Besides the type of ECM component, it might also be worth
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considering the concentration and spatial distribution of the
ECM moiety presented; while it may be desired to adhere the
explant down, matrix adhesivity may also encourage undesired
migration of cells out from the explant, thereby leading to loss
of tissue composition.

3.1.4. Lack of Standardized PDE Culture Media

The purpose of cell culture media is to provide essential nutrients
and growth factors, maintain proper pH, and regulate osmotic
pressure within the cultured cells and tissues. For most reported
PDE cultures, cell culture media formulations that are well es-
tablished for 2D monolayer and organoid cultures have been ex-
trapolated for use in PDE cultures.[*?] While a systemic compari-
son of different cell culture media formulations in the context of
PDE culture is necessary to determine the optimized formulation
that can maintain PDEs ex vivo, a growing body of evidence sug-
gests that the addition of tissue-specific supplements improves
the longevity of explants ex vivo. For instance, the use of intestine-
specific cell culture medium containing epithelial growth factor
(EGF), Noggin, and R-spondin, significantly enhanced tissue vi-
ability and better retained the architecture of intestinal slices.[***)
In a similar vein, using HNSCC-specific medium that was mod-
ified from basal DMEM to Ham’s F12 by the addition of in-
sulin and EGF, Lee et al. successfully retained the viability of
HNSCC-derived PDE cultures for 10 days, longer than the 2-6
days reported for HNSCC cultured in basal medium in the ab-
sence of additional supplements.l’?! Elevated insulin level has
been linked to tumorigenesis and increased cancer growth,!1%!
and EGF is known to promote cancer proliferation and also
inhibit apoptosis in a number of different cancers, including
NSCLC, HNSCC, CRC, breast cancer, and glioblastoma.l'%! In-
deed, the presence of EGF and insulin was found to account
for the improved lifespan of breast PDE as compared to those
cultured in basal medium.[**] Gastrin and fibroblast growth fac-
tor 10 (FGF10) have been shown to promote the growth of gas-
trointestinal tumor organoids.'””! Given the known role of these
supplements, they are likely to similarly support gastrointesti-
nal PDE culture. Lastly, the provision of antioxidants, such as
disphenyl diselenide instead of N-acetylcysteine or pycnogenol,
was shown to provide additional growth support to PDAC tumor
slices.[1%8]

In addition to adding defined growth factors or supplements,
it has been reported that human serum is advantageous over
commonly used fetal bovine serum (FBS) for supporting PDE
culture.l'8] Specifically, in the CANScript platform, the use of
autologous serum with tumor-matched ECM resulted in en-
hanced preservation of PDE as compared to the controls.['*]
Due to the inherent heterogeneity in the soluble environment
of different cancer types, it would be extremely challenging to
establish a standardized recipe for PDE culture. While the ap-
proach of leveraging organoid cell culture media formulations
for PDE cultures is logical and could potentially work,[11°] less
could be more. The addition of exogeneous soluble factors to
PDE cultures with intact stromal composition may mask certain
cell—cell interactions and create culture artifacts. Hence, caution
should be taken when formulating cell culture media for PDE
cultures.
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3.2. Use of Simplistic Readouts for PDE Characterization and
Drug Response

The power of PDE lies in its potential ability to preserve can-
cer and stromal heterogeneity. By heterogeneity, this refers to
the presence of subpopulations that may arise from genetic or
non-genetic causes. For example, different tumoral niches that
make up the tumor architecture may contribute to heterogene-
ity in cancer and stromal cell states. However, to date, the ma-
jority of reports have mostly leveraged simple histological anal-
ysis of PDE morphology, global viability readouts, and typically
only use a few markers to characterize explant viability and com-
position over time in culture. Although recent reports have be-
gun to more deeply characterize the complex ecosystem that ex-
ists within tumors to elucidate compositional changes in PDE
during culture, these still lack the necessary resolution to reveal
changes in subpopulation proportions. This is especially impor-
tant if these models were to be used to assess the effect of im-
munotherapies. In this section, we will discuss how single-cell
technologies can be leveraged to deeply interrogate and charac-
terize PDE cultures.

3.2.1. Single Cell Technologies for Characterizing PDE Composition

Sequencing an entire transcriptome at the single-cell level, also
known as single cell-RNA sequencing (scRNAseq), can be lever-
aged to perform deep characterization of PDE cultures and com-
plement existing characterization methods. With scRNAseq, it
is now possible to study how intra-tumoral heterogeneity trans-
lates into tumor-specific drug responses across multiple patients
ex vivo. In a study where glioblastoma PDE was maintained
using PTFE membrane inserts, scRNAseq led to discovery of
cell type-specific responses to panobinostat, a histone deacety-
lase (HDAC) inhibitor. Specifically, panobinostat was found to
selectively suppress the growth of a small subpopulation of can-
cer cells which overexpressed TOP2A and MK167. By compar-
ing the PDE model to glioma spheres (GS), a commonly used
glioblastoma 3D model, LeBlanc et al. found that PDE embed-
ded into Matrigel was better at retaining heterogeneity of the
tumors.['"] In contrast to GS which tended to converge to one or
two transcriptional state(s), Matrigel-based PDE fully retained the
six states found in tumors.!"! This finding highlights the superi-
ority of PDE models over conventional reductionist models based
on 3D spheres or organoids. In a similar vein, scRNAseq en-
abled stratification of different subclasses of EGFR-mutated lung
adenocarcinoma.l''?] These distinct subtypes are differentiated
by genetic features related to hypoxia, glycolysis, cell metabolism,
cell cycle, and antigen presentation (Figure 5A).[12]

Besides scRNAseq, single-cell analysis can also be achieved
using CO-Detection by indEXing (CODEX), a highly multiplexed
microscopy that permits spatially resolved identification of single
cells. This imaging-enabled multiplexed characterization at the
single cell level led to discovery of the heterogenous response
of immune cells to anti-CD47 and anti-PD-1.12%¢ The spatial
reorganization of immune cells at the tumor core, not periphery,
was observed for the first time with ICI treatment. However,
while CODEX provides spatial information, this method does
not support subclustering of cells (e.g., macrophages) as well as
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Figure 5. A) UMAP plots of 14,456 malignant cells display 8 subclasses with distinct expression signatures including hypoxia/glycolysis, oxidative phos-
phorylation, translation, cell cycle, antigen presentation, and proliferation. Reproduced with permission.['12] Copyright 2021, Springer Nature. B) Repre-
sentative images of hepatocellular carcinoma and colon cancer imaged with CODEX, highlighting seven markers — CD3, CD20, CD31, CD56, CD68, Ki-
67, and cytokeratin — that are colored according to the bottom panel. Scale bar = 200 um. Reproduced with permission.l"#! Copyright 2021, Springer Na-
ture. (C) Schematic of the key steps in the CODEX imaging technology to achieve multiplexing IF on one sample. In brief, FFPE tissue samples are stained
with the antibody panel followed by a multicycle reaction, that is iteratively imaging up to three antibodies and a nuclear stain per cycle, chemical strip-
ping, hybridizing, and re-imaging for all antibodies in the panel. After that, raw images are computationally processed, and data analysis is performed.
Reproduced with permission.["14] Copyright 2021, Springer Nature. D) A representative image that shows a monolayer of HEK293T cells with selective
subpopulations stained with various dyes using SPACECAT technology. 5-color encoding is achieved by sequential addition of 3 photoactivatable probes
(calcein NVOC, PA-JF549, PA-JF646) and leveraging different photoactivation thresholds (10 s for calcein NVOC, 0.5 s for PA-JF549 and PA-JF646). Scale
bar = 100 um. Green: uncaged calcein NVOC; yellow: uncaged PA-JF646, red: uncaged PA-JF549. Multiplexed encoding scheme repeated two times.
Reproduced with permission.[''8] Copyright 2021, Springer Nature. E) Workflow of multiplexed imaging by CyTOF mass cytometry. Reproduced with
permission.l126] Copyright 2014, Springer Nature.[112114.118,126]

scRNAseq . In sum, the incorporation of scRNAseq technologies
to deeply characterize complex PDE cultures will greatly accel-
erate the use of PDE cultures for drug testing. For example, by
elucidating how long PDE cultures can maintain various cancer
and immune cell subpopulations ex vivo, this information can
be used to determine the ideal duration for evaluating ICIs. The
use of cell-cell communication algorithms, such as NicheNet
and CellPhoneDB, when characterizing these PDE cultures may
also shed light on the crosstalk that occurs in tumors following
drug perturbation.['3] This would be highly useful especially for
stromal-targeting therapeutics.

3.2.2. Spatial Technologies for Characterizing Cell-Cell Interactions

The unique ability of PDE to capture the original human TME
ex vivo potentially provides an opportunity to understand how
location within the TME and cell—cell interactions affect can-
cer progression and drug response. Yet, integration of spatial
technologies, such as spatial transcriptomics or multiplex im-
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munofluorescence (mIF) , with PDE cultures is still rare.
One potential technology that could be leveraged is CODEX,
as described above,[?® which enables simultaneous staining
of up to 60 markers in situ and deep investigation into the
spatial relationship between single cells (Figure 5B,C).'14]
In another approach, a dual-panel mIF imaging system was
developed to enable colocalization of PD-L1 expression on
cancer cells, macrophages, and T cells in tumor slices of various
cancer types.'’] Interestingly, using mIF to spatially profile
immune markers, it was found that Nivolumab increased the
distance between effector T cells and regulatory T cells in
melanoma PDE.['! In other methods, matrix-assisted laser
desorption/ionization mass spectrometry (MALDI MS) is able to
map small molecules in intact tissue samples, such as peptides
and drugs, thereby providing opportunities for researchers to
study drug trafficking within the tumor tissue.''®! However,
similar to CODEX, this technology is not compatible with live
tissues. As these methods generally required fixed tissues, only
a snapshot of cellular processes can be obtained from the PDE
cultures.
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On this note, the majority of studies leveraging PDE cultures
make use of destructive end-point readouts, such as immuno-
histochemistry (IHC)/immunofluorescence (IF), and global via-
bility or gene expression analyses, which provide minimal spa-
tiotemporal information. The use of spatiotemporal technolo-
gies for the characterization of PDE cultures is currently under-
explored; the use of which may enable the derivation of highly
valuable information from these complex cultures. As an ex-
ample, separate labeling of different cell types with non-toxic
and photostable quantum dots (QD) tethered with different fluo-
rophores has been used to study the spatiotemporal organization
dynamics of PDOs.['"7] In another interesting development, live
staining of a user-defined area within live cell cultures, which
is enabled by spatially photo-activatable color encoded cell ad-
dress tags, also known as SPACECAT, when integrated with cell-
sorting techniques (i.e., FACS), is able to dissect complex spatial
heterogeneity with up to 6 distinct regions within tissues (Fig-
ure 5D).1""8] The authors validated this technology in a mouse-
derived lung adenocarcinoma model, and found that cell clus-
ters at the periphery of the tumor differed significantly in the
abundance of myeloid cells as compared to the tumor core. Spe-
cific cell types can also be live-imaged by tagging them with tar-
geted probes. For instance, Kantelhardt et al. reported a EGFR-
targeted probe to specifically distinguish glioma cells from nor-
mal cells in brain tissues.l'"! Vital staining of T and B cells in
lymph node tissues has also been achieved.'?’] Although live
tracking of multiple cell types within PDE cultures remains chal-
lenging, advances in spatiotemporal technologies and cell label-
ing may eventually allow for dynamic studies, unlocking much
more information from these cultures which may be limited in
availability.

3.3. Low Throughput Nature of PDE

Another key limitation of PDEs is the limited amount of tumor
tissue available for processing into samples for drug testing. The
amount of tissue that is available depends on the cancer type,
treatment algorithm employed, and degree of necrosis. In in-
stances where only biopsies are available, this problem is com-
pounded. In most instances, as the amount of tissue is limited,
drug testing can only be carried out in a low throughput man-
ner. Here, we describe several technologies that can potentially
enhance the throughput of PDE models.

3.3.1. Generate More PDE Slices/Fragments

Increasing the number of slices/tumor fragments obtained from
the resected or biopsied tumor tissue is the most straightfor-
ward approach to increase the throughput of PDE cultures. This
can potentially be achieved by increasing the number of samples
generated per slice, or reducing the thickness of each slice. In
an interesting approach, Horowitz et al. demonstrated the use
of tissue choppers to create hundreds of ’cuboids’ from a tis-
sue slice,['?!] thereby greatly increasing the throughput of slice
cultures. However, it is likely that in cancer types where there
is high intra-tumoral heterogeneity in tumor composition, these
"cuboids’ may have to be combined together to recapitulate the
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variation in tumor composition within the same tumor. Rather
than increase the number of samples by microdissection, it is
also possible to increase the number of samples per tumor by de-
creasing slice thickness. While vibrating microtomes are widely
used for tumor slicing, it is generally difficult to generate slices
below 150 ym due to technical constraints and handling diffi-
culties. As an alternative, laser microtomes that approach tissue
in a non-contact manner can enable precise cutting of fresh tis-
sues, with thicknesses ranging from 5 to 100 um.!'?2] Laser micro-
tomes employ picosecond/femtosecond lasers which emit light
in the near-infrared range,['?] cutting tissues by inducing impul-
sive heat deposition at a ultra-fine spot (few pm) within the sam-
ple without causing collateral damage to peripheral tissues. Suc-
cessful preparation of connective tissue slices with a thickness of
30 um by laser cutting has been reported by Kunert-Keil et al.l”!al
In another study, Menne et al. used femtosecond laser micro-
tomes to generate 10-20 um porcine cornea, lung, and cartilage
slices.I”’] Tissue slices that were prepared by laser microtome
for histological staining have also been reported.'**] Although
laser slicing has not been used for PDE research, we envision this
technology will gain increasing traction and greatly accelerate the
bench-to-bedside translation of PDE by increasing the through-
put for drug testing.

3.3.2. Use of Multiplexed Assays on PDE Cultures

Besides generating more samples per tumor, the throughput of
PDE models can potentially be improved by using multiplexed as-
says for sample characterization and drug testing. Conventional
IHC typically only allows for the labeling of a single marker per
tissue section. To extract more information per sample, multi-
plexing technologies can be used, such as cyclic immunofluo-
rescence (IF), tyramide-based mIHC/mIF, and epitope-targeted
mass spectrometry. CODEX, as described above, is a newly devel-
oped cyclic IF technology that allows up to 60 markers to be de-
tected in one tissue section.[?8?] Lim et al. reported an automated
staining protocol that incorporated tyramide signaling amplifica-
tion (TSA) into IF technology, allowing simultaneous detection
of 7 markers in human tissue sections.'*] In another study, in-
tegrating IHC with cytometry by time of flight (CyTOF) mass cy-
tometry led to simultaneous imaging of 32 proteins in a tissue
sample (Figure 5E).['! Using human breast cancer samples as
a proxy, Giesen et al. demonstrated the capability of this technol-
ogy to stratify the subpopulations of tumor tissues and interro-
gate tumor heterogeneity and complex cell-cell interactions.[!*¢]
For more information on recent developments in multiplex tech-
nologies, the reader can refer to other excellent reviews.1?7]
Tumor-on-a-chip microfluidic platforms may also greatly im-
prove the throughput of PDE cultures by enabling the screen-
ing of multiple drugs on a single explant sample. Such a drug
screening platform was first reported by Chang et al. for drug de-
livery to patient-derived brain slices.l*”! The devised microfluidic
chip was reported to have 80 parallel open channels, allowing the
simultaneous administration of different drug combinations to
distinct parts of the same tissue. This smart microfluidic device
was later adopted by Horowitz et al. with modifications for drug
screening of human glioblastoma and colorectal tumor slices.[18]
By changing the base material from PDMS to PMMA, the newer
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device enabled greater cost-effectiveness, precision, and higher-
throughput (up to 40 drugs per device) for drug testing. However,
it remains to be seen whether this approach would be feasible
in cases where there is high intra-tumoral heterogeneity in tu-
mor composition. Alternatively, it would be interesting to have
a microfluidic system that allows testing of a set of drug combi-
nations or drugs with a gradient of concentrations on the same
tissue in a sequential manner. Although it has not been explored
in tumor slices, recent advancements in microfluidics technology
have proved it possible in the setting of single cells. For instance,
Sun et al. developed a microfluidic chip platform with triangle-
like laminar diffusion channels, allowing the sequential adminis-
tration of different combinations of two drugs, paclitaxel, and cis-
platin, to lung cancer cells.'®! Another study by Eduati et al. re-
ported a plug-based microfluidic system, which can also achieve
sequential drug treatment by controlling braille valves (as plugs)
to rapidly switch between 16 microchannels that contain various
types of drug solutions.!'3%! Other salient microfluidic designs for
combinatorial drug treatments on single cells have been summa-
rized elsewhere.['*!) These landmark studies may serve as a good
reference to guide future exploration of high-throughput and se-
quential drug testing on tumor slices.

3.3.3. Use of Non-Destructive Assays on PDE Cultures

Current approaches to characterize PDE samples often require
samples to be destroyed for downstream processing. As a re-
sult, multiple replicates are required, especially if characteriza-
tion is performed at multiple time-points. Assays that are non-
invasive to PDE tissues and permit multiplexed readouts on
the same sample are thus valuable to enhance the throughput
of the model. Most often, to measure tissue viability, MTT or
luminescence-based ATP detection (e.g., CellTiter-Glo 3D) assays
are used, where samples are destroyed by solubilization agents
or mechanical means to generate readouts. Xing et al. developed
a label-free metabolic assay that can enable live monitoring of
cell viability in tumor slices for up to 7 days. In this approach, a
caspase-3 reporter sensor C3 that expresses the CFP-Asp-Glu-Val-
Asp (DEVD)-YFP protein was first introduced to the cancer cells
followed by implantation into nude mice to form tumoroids.!'3?!
To make use of this approach for PDE cultures, further devel-
opment is needed to ensure targeted delivery of the reporter to
cancer cells within the tissue explant. In addition to genetic tag-
ging, metabolic assays based on resazurin salts can potentially be
used to measure PDE viability in a non-destructive manner.[1*3]
It should be noted that while long-term incubation of tissue sam-
ples with resazurin salts can potentially allow for live monitoring
of cell viability, it is unclear how long-term exposure can affect
the cell/tissue phenotype.l'3*l To avoid this, time-lapse measure-
ment of tumor viability should be performed, where resazurin
salts are added only at designated time points and removed after
the readout is acquired.!'3*] Alternatively, recent developments in
viability assays including RealTime-Glo MT Cell Viability Assay
and CellTox Green Cytotoxicity Assay allow for time-lapse anal-
ysis of cell viability for up to 3 days.!'*5] However, it is unclear
whether these reagents are suitable for longer-term (> 3 days)
monitoring of cell viability. Lastly, to overcome the need for fixa-
tion to process samples for histology, live-tracking of cancer cells
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in human tumor tissues, as described above, can be achieved by
using cancer-specific probes.['"] Live-tracking of T and B cells
has also been achieved by using anti-B220/CD45R and mitogenic
anti-CD3 antibodies.['?"] However, it remains challenging to de-
velop technologies enabling live and targeted tracking of other
stromal cell types, including CAFs and endothelial cells. In seek-
ing to elucidate the role of endothelial-to-mesenchymal transi-
tion (EndMT) in liver fibrosis development, a fluorescent reporter
construct (EndMT-Rep) that specifically binds to endothelial cells
was recently developed by Whiteford et al. to enable live-tracking
of EndMT.['*¢) In their approach, although HUVEC cells under-
going EndMT had significantly higher fluorescent signals, wild-
type HUVEC cells were also tagged by EndMT-Rep. This may
provide a useful future direction to engineer a pan-endothelial
cell tracking system for studies involving PDE culture.

3.4. PDE as an Isolated System

Tumors grow in the context of an existing tissue or organ, con-
nected to other tissues and organs in the body through the sys-
temic circulation. One of the key limitations of current PDE cul-
tures is the lack of integration of the explant with the circu-
latory system. The vasculature within tumors supports tumor
growth, without which, necrosis is typically observed in vivo.['’]
This is likely one of the most important contributing factors to
poor long-term PDE viability ex vivo. Additionally, tumors are
linked to lymph tissue, where bidirectional immune cell traffick-
ing occurs.[1*8] In this section, we highlight potential strategies
that can be undertaken to recreate the extra-tumoral microenvi-
ronment.

3.4.1. Promote PDE Vascularization

Vascularization of PDE not only enables perfusion to overcome
hypoxia, but may also enable recapitulation of the intricate
crosstalk between tumor and vascular endothelial cells. One way
to achieve this is by engineering a co-culture system that allows
tumor explants to be grown on vascular beds comprising en-
dothelial cells as well as smooth muscle cells (SMCs). As an ex-
ample, Bazou and Munn developed a pre-vascularized culture
system for ex vivo maintenance of PDE derived from human
melanoma and breast cancer xenografts.[*®] With the support
of lumenized vascular structures, the PDE cultures not only re-
tained their morphology but also increased in size by 40% over
a 10-day duration. To confirm these findings with patient sam-
ples, the authors used the same set-up on patient-derived pan-
creatic (PANC-1) PDE.[%*3] By comparing the pancreatic signature
gene expression (cytokeratin-19, a-SMA, PDGFRa) in the PANC-
1 explants after 10-days of ex vivo culture to that of freshly re-
sected counterparts, the authors found that their model was able
to not only maintain the viability of the explants, but also tumor-
specific characteristics at the transcript level. Furthermore, pre-
liminary drug testing performed on the explants identified that
this vascular bed-supported tumor explant model better mim-
icked chemosensitivity of the original tumor in vivo, as compared
to explants cultured in the absence of a vascular bed. In con-
trast, lack of vascular support led to significant dispersion of cells
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Figure 6. A) A 3D-printed cell-laden matrix containing pluronic-based vascular bioink (cyan) which is on top of the layers of fibrin 3D glioblastoma
(GB)-stroma bioink (white). Reproduced with permission.[™'] Copyright 2021, American Association for the Advancement of Science (AAAS). B) Tiled
Z-stack confocal microscopic image of the 3D-printed vascularized GB model. Blood vessels are lined with iRFP-labeled hPericytes (cyan) together with
mCherry-labeled HUVEC (red) and surrounded by azurite-labeled PD-GB4 (GB, in blue), GFP-labeled hAstro (astrocytes, in green), and non-labeled hMG
(microglia). The dashed box represents a coronal cross-sectional plane of the vessel.['411 C) Schematic of vascularized cancer on a microchip model. Re-
produced with permission.l2] Copyright 2020, Elsevier. D) Representative immunofluorescence image of a tumor spheroid with the vasculature. Scale
bar =200 um. Reproduced with permission.[42] Copyright 2020, Elsevier. E) Max-projection image of A549 (lung) tumor spheroid in a vascularized model.
Tumor was fixed at day 7 and stained for EpCAM (green) and Collagen 11 (grey). Reproduced with permission.[™4] Copyright 2020, Wiley-VCH GmbH. F)
Caspase 3/7 expression in skov3 (ovarian) and A549 (lung) tumor spheroids after 72 h treatment with paclitaxel (Tax) at various concentrations. Measure-
ments were performed at day 10 in culture. Data were obtained from triplicate experiments. Mean + SEM is shown. Significant difference from control is
indicated as *(p < 0.05), **(p < 0.01). ***(p < 0.001), and ****(p < 0.0001). Reproduced with permission.!'# Copyright 2020, Wiley-VCH GmbH. G)
Schematic of the device operation for ex vivo co-culture of tumor and lymph node tissues. a) The flow path for recirculating fluid flow. b) Top view and
c) side view of the co-culture microchip device. Tissue slices are placed on the track-etched membrane and fluid passes through the tissue slices when

circulating in the device. Reproduced with permission.[] Copyright 2019, Royal Society of Chemistry.[141,142,144,147]

and disintegration of the tumor core, making the tissues poorly
amenable for drug evaluation.

Vascular constructs can also be fabricated using 3D bioprint-
ing technologies. In this case, endothelial cells and/or stromal
cells (SMCs, pericytes) are suspended in hydrogels consisting
of alginate, HA, chitosan, fibrin, PEG, or gelatin, or a combi-
nation of two biomaterials or more.['**] This cell-gel mixture is
then printed by extrusion-based, inkjet-based, or laser-assisted
bioprinters, and undergoes physical or chemical crosslinking
to form the designated shape/pattern.*"l Sacrificial hydrogels
can be added to the printing formulation to allow special vas-
cular conduits to form within the base hydrogel. In one exam-
ple, Neufeld and Satchi-Fainaro leveraged 3D printing to enable
complex tubular blood vessels to form adjacent to the glioblas-
toma (GB) core (Figure 6A,B).1"*!] The 3D-printed blood vessels
were constructed by embedding endothelial cells (HUVECs) in
the sacrificial hydrogel comprising Pluronic F127 and thrombin
(Th). In contrast to the 2D monolayer cultures, this 3D vascular-
ized microenvironment better retained GB markers and reflected
inter-patient heterogeneity in drug response. In another exam-
ple, a single organoid was cultured in a microchannel where both
sides of the inner wall comprised compact HUVEC layers (Fig-
ure 6C,D).'*?] Instead of a single organoid, this set-up could po-
tentially be extrapolated for the culture of single PDE fragments.
However, there is absence of an integrated vasculature in this
system.
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To integrate the existing vasculature within the PDE to the
surrounding engineered vascular system, it is possible to vascu-
larize the tissue itself using microfluidic systems.[*3] Microflu-
idic platforms outperform conventional tissue models by creat-
ing highly controllable environments to incorporate and moni-
tor complex cell—cell and cell-environment interactions. For ex-
ample, by encapsulating tumor spheroids and endothelial cells
within a fibrin hydrogel placed within a microfluidic device, vas-
cularization of the spheroid from all directions can be achieved
(Figure 6E)."* Importantly, compared to the mono-cultures, en-
hanced resistance to paclitaxel was observed in the co-culture
setting (Figure 6F).['**] Microfluidic systems with incorporated
self-assembled vascular networks were also recently reported by
Boussommier-Calleja et al. and Song et al.}*] Their approaches
likewise involved injecting hydrogel solutions containing en-
dothelial cells into the microfluidic device to allow spontaneous
formation of complex vascular structures. With this setup, tumor
infiltration and cancer-killing effects of immune cells (i.e., mono-
cytes and NK cells) were investigated.

In sum, the incorporation of perfused blood vessels to artifi-
cially support PDE ex vivo is an attractive idea, particularly if do-
ing so can also enable the preservation of the original vascular
system within the PDE itself. However, there are key consider-
ations to be made, including the life-span of these engineered
vascular systems, the cell source for constructing these blood ves-
sels in vitro (are conventionally used HUVECs appropriate?), and
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lastly, the complexity of setting up such artificial vascular systems
has to be balanced against throughput.

3.4.2. Leverage Lab-on-Chip Technologies for Integration of PDE
with Other Tissues

In seeking to test ICIs such as anti-CTLA-4 using PDE cultures,
besides vessels or engineered conduits that allow T-cell migra-
tion into the tumor explant, it would be necessary to have lymph
nodes associated with the tumor tissue connected to the speci-
men. Lymph nodes play an important role in T-cell priming and
the mechanism-of-action of CTLA-4 blockade.['**] The tumor-
associated lymph nodes may provide newly primed and peripher-
ally expanded effector T-cells to the tumor tissue, thus contribut-
ing to the immune landscape of the tumor. In an attempt to in-
clude lymph tissue, Shim and Pompano leveraged an in-house
modular microfluidic system to co-culture live murine lymph
node tissue with tumor slices (Figure 6G).[**’ The tumor slices
were kept alive on a porous membrane support (pore size 2 pm)
for at least 24 h in the microfluidic chamber with medium re-
circulated in the device and passed through the samples. Inter-
estingly, immune suppression was observed when lymph node
slices were co-cultured with the tumor tissue but not healthy tis-
sues, suggesting the ability of this microfluidic system to reca-
pitulate communication between lymph node and tumor. While
challenging, where both tumor and lymph nodes can be resected
from the patient, PDEs can be established for both tissue types to
set up a microfluidics-based co-culture system enabling the eval-
uation of ICIs such as CTLA-4 inhibitors. Beyond lymph tissue,
given the advances in microfluidic systems and the ability to link
multiple tissues or organs by vascular flow, it would be interest-
ing to link PDE to other tissues and organs, such as the liver to
recapitulate drug metabolism in vivo, or to other potential organ
sites to mimic and understand metastasis.

4. Future Perspectives

The advent of single-cell and spatial technologies in recent years
has created paradigm shifts in our understanding of tumor archi-
tecture and heterogeneity in the tumor stromal compartment. It
is now clear that the composition of tumors is far more complex
than was previously understood, where stromal cells (CAFs, im-
mune cells, endothelial cells, etc.) within the same tumor exist
in different states and potentially are spatially and functionally
distinct."*¥ In taking the reductionist approach to model after
such cancer types, several challenges loom ahead. For example,
how do we go about isolating, maintaining, and/or expanding
these different stromal cell states in vitro? How do we place these
different cell types and subtypes in a patient-specific, in vivo-like
spatial arrangement that maintains their state while recapitulat-
ing their crosstalk in vivo? How do we recapitulate heterogene-
ity in ECM type and orientation within the same tumor? These
are important considerations as they have been implicated in re-
sponse to therapy, especially ICIs, where the immune contexture,
that s, the spatial distribution and density of immune cells, is cor-
related to drug response. With these bottlenecks to be addressed,
there is a recent revival in interest in holistic PDE cultures, espe-
cially for evaluating immunotherapies.*»?%2>%] The notion that
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PDE cultures can potentially preserve the original tumor in its
entirety is becoming highly attractive again for personalized drug
testing, and recent studies already suggest that PDE cultures can
be predictive of drug response in cancer patients.[1128>.10] Yet,
the majority of reported PDE cultures still rely on culture systems
developed decades ago.

In this Review, we highlight some of the key parameters that
limit this model, and proposed strategies to potentially over-
come these limitations. Some of these limitations can well be
addressed by bioengineers, who already have the expertise ex-
trapolated from the fields of biomaterials and tissue engineer-
ing, as well as engineered microfluidic systems. Optimization
of the underlying support to maintain PDE cultures in terms of
mechanical and/or biochemical properties may contribute to en-
hanced viability of these cultures for longer durations ex vivo.
However, in using scaffolds to support PDE culture, it is im-
portant to consider potential cell efflux into the supporting ma-
trix, and avoid overestimation of tissue viability. The incorpora-
tion of perfusion, whether by fluid flow or by engineered vas-
culature systems, can potentially overcome the problem of hy-
poxia, thereby prolonging the viability of PDE cultures ex vivo.
Microfluidic systems in the form of organs-on-a-chip may en-
able integration of these tumor explants with other tissues and
organs of interest, improving recapitulation of drug response and
drug metabolism. To overcome the inherent low throughput na-
ture of PDE cultures, multiplexed assays should be integrated
into the PDE workflow, so that much more information can
be extracted from these limited cultures. Global assays typically
used to characterize PDE cultures, such as bulk RNA sequenc-
ing, may not provide enough depth of resolution to adequately
derive meaningful information from these highly complex cul-
tures. The integration of single-cell technologies equipped with
bioinformatics-based algorithms (for discerning cell-cell commu-
nication networks) with PDE will likely contribute to huge ad-
vances in our mechanistic understanding of how the TME af-
fects drug response and vice versa. Complementary to single-
cell technologies, machine learning approaches may also pro-
vide additional tools for assessing drug efficacy using PDE cul-
tures. Deep learning-based extraction of immune cell features,
such as morphology, motility, and position, with algorithms de-
rived from prior training using past (pre)clinical data, has proved
effective for the identification of ICI combinations.['*] Recently,
Ao et al. devised a high-throughput microfluidic platform with
T cell infiltration tracking ability, acquired through clinical data-
driven deep learning method, for the evaluation of novel anti-
PD1-based drug combinations.> This opens up a new path
in using machine learning coupled with advanced microfluidic
systems to perform rapid drug screening. An overview of typi-
cally used algorithms for the evaluation of cancer-immune cell
interactions can be found in a recent review by Parlato et al.[%]
Regarding clinical implementation, attention should be given to
how ex vivo drug response data can be translated into physiolog-
ically relevant dosages in patients. Machine-learning platforms,
such as quadratic phenotypic optimization platform (QPOP) and
CURATE.AI, recently developed AI platforms for optimization
of combination therapy, can potentially be used with PDE cul-
tures to improve the clinical-decision making process on person-
alized drug dosage for each patient.>! Lastly, it is envisioned
that biobanks of drug response derived from PDE cultures that
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are deeply characterized for genomic and transcriptomic profiles
as well as corresponding clinical response data, may present an
unprecedented opportunity for predicting drug response in fu-
ture cohorts of patients, especially for stromal-targeting drugs
such as ICIs. Unlike organoid-based biobanks which are cancer
cell-centric, PDE biobanks offer the opportunity to rapidly and
accurately carry out ICI-based combination therapy trials ex vivo,
rather than in actual clinical trials in patients.

In sum, interdisciplinary collaboration across oncology, mate-
rials science, microfluidic engineering, single-cell and imaging
technologies, as well as tight collaboration with clinical collabo-
rators, is indispensable for resurrecting PDE cultures. There is
no better time to bring back PDE cultures to truly make person-
alized drug testing a reality, and we already have some of the en-
gineering solutions and technologies in place to overcome key
bottlenecks limiting their translation into the clinic.
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