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In recent years, hydrogel-based three-dimensional tumor models have become increasingly mainstream
for cancer research. Hydrogels enable recapitulation of biochemical and biophysical cues in the tumor
microenvironment (TME) for the culture of cancer and stromal cells. While there is increasing insight into
how cancer—stromal interactions support tumor progression and drug resistance, much remains to be
understood for the successful development of therapeutic targets that are capable of controlling tumors
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in patients. This review aims to first describe both acellular and cellular characteristics of the TME, focus-
ing on cancer cell interactions with the extracellular matrix, fibroblasts, endothelial cells and immune
cells. We will then discuss hydrogel systems that have been developed in the past four years to mimic
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1. Introduction

Despite advances in therapeutic strategies and diagnostic
capabilities in the last few decades, cancer is still the second
leading cause of death worldwide.' Treating cancer has always
been a major challenge due to the extensive heterogeneity,
complexity, and dynamism of the tumor microenvironment
(TME).> Within the TME of many cancers, there is a plethora
of different stromal cell populations and sub-populations®
which engage in heterotypic and homotypic crosstalk with
cancer cells and each other, collectively contributing to tumor
progression and drug resistance.””> These complex interactions
occur through different mechanisms, including paracrine sig-
naling® and physical contact.”

The recapitulation of patient tumors in vitro and in vivo as
tumor models enables mechanistic studies into cancer biology
as well as drug development and personalized drug testing.
These models range from simple two-dimensional (2D) mono-
layer cultures, to more in vivo-like three-dimensional (3D)
spheroid and organoid cultures, to complex tumor xenografts
and genetically-modified animal models.® Historically, cancer
cells have been cultured as immortalized cell lines on flat
tissue culture plastic due to the low cost, ease of handling and
robust reproducibility; however it is now well-recognized that
these cell lines generally do not maintain the inherent cancer
heterogeneity found in patient tumors due to clonal expansion
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these interactions in the TME and finally propose future directions in the field of in vitro tumor modeling.

and selection after prolonged passaging on plastic.’
Furthermore, given the limited capacity for manipulation, 2D
tumor models poorly recapitulate the tumor extracellular
matrix (ECM), spatial distribution of cells within the TME, as
well as the crosstalk between cancer and stromal cells. On the
other end of the spectrum, murine models have also been
widely used in cancer research since the late 1960s.'® With
their inherent complexity and recapitulation of the TME at
least in part, murine models enable the study of cancers in a
more physiologically and pathologically relevant context.
However, the use of animal models in preclinical research can
be very expensive, and there exists species-specific differences
in the TME between humans and animals. For example, there
are notable differences between human and mouse immune
systems such as the proportion of immune components (e.g.
toll-like receptors, leukocytes and antibody subsets).'" As such,
cross-species extrapolation of data obtained from murine
models may not be valid in certain circumstances.'?
Additionally, there could be genetic differences between
animals and humans such as the expression levels of drug-
metabolizing enzymes."” Accordingly, 3D in vitro tumor
models have been developed to serve as a bridge between
simple 2D tumor models and complex in vivo tumor models
and they have been shown to not only better recapitulate
cancer cell signaling in vivo,"* but also enable the recapitula-
tion of all-human cancer-stromal interactions in vitro.'®

In this review, we focus on highlighting various strategies
that have been developed in the past four years to reconstruct
the TME in vitro with cancer spheroids and organoids.
Specifically, we discuss recent developments that aim to reca-
pitulate cancer cell interactions with the ECM, vasculature,
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fibroblasts, and immune cells using engineered hydrogel
systems.

2. 3D tumor models

Supported by a large number of studies'®"® demonstrating the
importance of the third dimension for cancer cell culture, the
recent paradigm shift from 2D monolayer to 3D cell culture for
improved recapitulation of patient tumor characteristics and
drug response has made 3D tumor models increasingly main-
stream. An ideal 3D tumor model should mimic the in vivo
tumor architecture, composition, and the molecular profile of
cancer cells.>® While 2D cultures are based on growing cells
adherent on rigid materials such as polystyrene and glass, 3D
cultures allow cells to interact with their environment in all
three dimensions and typically involve the formation of cellu-
lar aggregates.”’ In this section, we will briefly describe two
main categories of 3D tumor models - models based on spher-
oids and organoids.

2.1 Tumor spheroid models

Spheroids are typically defined as 3D homo-cellular or hetero-
cellular aggregates generated from immortalized cancer cell
lines. In the 1970s, Sutherland and colleagues first developed
multi-cellular spheroids to recapitulate the in vivo cancer phe-
notype and evaluate the response of spheroids to radiother-
apy.”* Broadly categorized into scaffold-based and scaffold-free
technologies, several methods have been developed to allow
cells to form 3D spheroids.”®> We direct the reader to several
excellent reviews on techniques that have been developed to
generate 3D spheroid cultures.>**® Spheroids are generally
preferred over 2D monolayer cultures as they better mimic
cell-cell and cell-matrix interactions in in vivo tumors. In
addition, as spheroids have a well-defined architecture com-
prising a hypoxic necrotic core surrounded by a layer of nor-
moxic and quiescent cells and an exterior layer of proliferating
cells due to established gradients in oxygen levels, nutrients,
and other signaling molecules, spheroids are thought to well-
represent avascular solid tumors.'® Accordingly, numerous
studies have demonstrated that 3D spheroid models better
recapitulate the in vivo cancer cell phenotype,*”*® such as the
molecular profile of cells undergoing epithelial-to-mesenchy-
mal transition and cancer stem cells,> as well as in vivo drug
response.’® As an example, Riedl and colleagues compared
differences in activation of the Akt-mTOR signaling pathway
between cancer cells cultured as 2D monolayers or as 3D
spheroids. Besides a significant decrease in Akt signaling in
3D spheroids, the authors also reported a reduction in phos-
phorylated S6K towards the spheroid core, closely resembling
tumor regions that surround the vasculature in vivo.'
Expectedly, when treated with Akt pathway inhibitors, 3D
spheroids also displayed stark differences in drug response.
While spheroid cultures possess numerous advantages over 2D
monolayer models, there are a few key limitations. In addition
to the poor amenability of spheroids for long-term culture,
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they also start to lose important genetic features, experience
hypoxia, and undergo necrosis over time.>”*' Moreover, spher-
oids are also less able to recapitulate cancer heterogeneity
compared to patient-derived organoid-based models.

2.2 Patient-derived tumor organoid models

Organoids were first reported by the Clevers group in 2007 *?
and are rapidly becoming the gold standard approach
to model both normal and cancerous tissues in vitro.
Organoids are 3D clusters of cells typically generated from
stem, progenitor and circulating tumor cells.*> When these
cells are grown in an appropriate matrix (most commonly
based on basement membrane extracts) in the presence of tissue-
specific morphogens and biochemical cues, specific signaling
pathways that control stem cell expansion and differentiation*
are activated. By providing specific environmental cues, orga-
noids spontaneously self-assemble and comprise differen-
tiated cell types that exhibit phenotypic and functional fea-
tures of tissue-specific cells in vivo. Compared to spheroid cul-
tures, organoids better recapitulate the structural and compo-
sitional complexity of tissues and organs. For example, gut
organoids are able to maintain apical-basal polarity, a charac-
teristic feature of cells in the intestinal epithelium,? as well as
recapitulate the spatial organization of heterogenous tissue-
specific cells.*® Accordingly, numerous studies have demon-
strated the feasibility of leveraging the organoid technology to
generate tissues for regenerative medicine. As an example, Nie
and colleagues generated liver organoids from induced pluri-
potent stem cells and showed that they exhibited hepatic func-
tions and enhanced the survival rate of mice with acute liver
failure.>” In a similar study, organoids developed from small
intestinal epithelial cells were able to recapitulate unique fea-
tures of the small intestine such as self-renewal, form villi and
differentiate into Paneth cells that only reside in the epithelia
of the small intestine.*® In addition, intestinal organoids may
provide new insights into novel polygenic signatures causing
disease.”

Besides serving as potential novel sources for cell therapy
that could pave the way for the next wave in regenerative medi-
cine, organoids have also been established for a plethora of
different cancer types®® for modeling of interactions between
tumor and its milieu, drug development, and personalized
drug testing.’”*! To simulate the pathophysiological develop-
ment of colorectal cancers, the CRISPR-Cas9 genome editing
system has been used on organoid models to establish known
genetic mutations found in patient tumors.**** Targeting the
most commonly mutated genes in colorectal cancer (tumor
suppressor genes APC, SMAD4 and TP53, and oncogene KRAS),
organoids harboring mutations displayed chromosomal
instability, aneuploidy, and displayed invasive behavior when
implanted in vivo.** By modeling the genetic aberrations that
lead to malignancy, organoid models enable an increased
understanding of genetic changes that occur during tumori-
genesis and the development of improved targeted therapies.

In a series of recent studies,*”*® the Clevers group has also
demonstrated the feasibility of establishing tumor organoids
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not by engineering mutations into stem cells, but directly from
resected patient-derived tumor tissues or biopsies. To date, an
immense collection of patient-derived tumor organoids for
long-term cultures have been generated and biobanked,
including cancers of the lung,*” breast,*® gastrointestinal
tissues,* and pancreas.’® As these tumor organoid models
reflect the molecular profile and inherent heterogeneity in
cancer cells found in the corresponding patient,® these orga-
noids present tremendous opportunities for drug development
and personalized drug testing. In a landmark study by
Vlachogiannis and colleagues, the authors established gastro-
intestinal organoid cultures, treated them with drugs used in
patients, and obtained 93% specificity and 88% positive pre-
dictive values, suggesting that these models may be very useful
for personalized drug testing.’® Other groups were able to
leverage patient-derived prostate cancer organoids to model
rare neurocrine prostate cancer as well as generate prostate epi-
thelial cells without any genetic manipulation.>*> Although
tumor organoid models recapitulate the molecular features
and drug response of patient tumors, it is well-known that
existing models are limited by the lack of stromal components
that make up the TME, such as the vasculature, cancer-associ-
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ated fibroblasts (CAFs) and immune cells, which collectively
influence cancer cell behavior and drug response.>*>* As such,
current organoid models are poorly suited for evaluating drugs
that rely on the stromal compartment to be effective, such as
anti-angiogenic drugs and immune checkpoint inhibitors.**>*°
Therefore, there is an urgent need to develop more complex
organoid-based models which incorporate stromal components
and better mimic cancer-stromal interactions.

3. The tumor microenvironment

The TME (Fig. 1) comprises cancer cells and the surrounding
stroma. Within the tumor stroma, there are cellular com-
ponents®® such as fibroblasts, endothelial cells and immune
cells, as well as non-cellular components. The latter includes
the extracellular matrix and soluble signaling molecules.”” In
solid tumors, the microenvironment has several distinct pro-
minent characteristics. For example, the regions surrounding
the tumor are hypoxic, have higher interstitial fluid pressure
due to leaky blood vessels, and undergo ECM remodeling.’®>°
In this section, we will describe features and known cancer—
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Fig.1 Components of the tumor microenvironment (TME). The extracellular matrix (ECM) is a 3D dynamic network comprising various macro-
molecules which provide both structural support and soluble cues (growth factors) to cancer cells. As a result of an imbalance in ECM deposition
and degradation, the ECM undergoes remodeling where excessive deposition typically contributes to increased tissue stiffness, leading to tumor
progression. Tumor-associated angiogenesis generates dysfunctional and leaky blood vessels. These vessels poorly supply oxygen and nutrients to
cells in the TME, creating regions of hypoxia. Leaky blood vessels also contribute to cancer cell metastasis. Cancer-associated fibroblasts are a
highly heterogeneous stromal cell population in the TME and contribute to ECM remodeling, epithelial-to-mesenchymal transition and drug resis-
tance. Immune cells such as tumor-infiltrating lymphocytes and tumor-associated macrophages comprise different subtypes that have pro-tumoral
or anti-tumoral properties. Immune-targeting approaches in cancer typically involve re-activation of T-cells and manipulation of macrophage
polarization.
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stromal interactions in the TME to highlight the importance of
recapitulating these interactions in in vitro tumor models.

3.1 Tumor extracellular matrix

The tumor ECM acts as a complex and dynamic scaffold con-
sisting of a wide variety of macromolecules, including proteo-
glycans and fibrous proteins,®*®* adhesion molecules®*** and
stromal cells,®® which collectively modulates cancer cell phe-
notype and drug response®® through provision of structural
support and ligands to cell surface receptors. Unlike normal
tissues where there is a tightly regulated balance between
ECM deposition and degradation, this fine balance is dis-
rupted in tumors, where the ECM is constantly being remo-
deled by both cancer and stromal cells.”” ECM dysregulation
is commonly seen in fibrotic tissues and cancer, manifested
as abnormal ECM deposition and increased tissue
stiffness.®®®® While ECM remodeling contributes to normal
tissue homeostasis, cancer cells exploit this to form tumor
niches and metastasize.””’" In many cancers, the tumor ECM
is highly enriched in certain subsets of collagens, fibronectin,
hyaluronan (HA), tenascin, proteoglycans such as perlecan,
and others.>®>”>”* The increased deposition of these ECM
components has been shown to support cancer progression
and drug resistance by altering cell-cell adhesions, cell-ECM
interactions and cell polarity.”*”7® For example, in the pres-
ence of persistent tissue inflammation, stromal fibroblasts are
activated to become myofibroblasts, which become highly syn-
thetic and produce large amounts of collagen type I and other
ECM components, resulting in desmoplasia.”” Collagen type I,
an abundant ECM component in many cancers, has been
shown to promote epithelial-to-mesenchymal transition
through activation of ILK and subsequently NF-kB-dependent
inactivation of GSK-3p.”® The presence of a dense collagen
ECM network has also been shown to inhibit cytotoxic CD8"
T-cell migration into tumors,”® while tumor ECM high in HA
facilitates cancer cell invasion and metastasis.’* It has also
been shown that the latter is able to shield cancer cells from
immunosurveillance as well as hinder the accessibility of anti-
bodies, making cancer cells resistant to monoclonal antibody-
derived therapy.®! Additionally, fibronectin has been shown to
contribute to poor drug treatment response via cell adhesion-
mediated drug resistance®” as well as contribute to the for-
mation of pre-metastatic niches.®* Lastly, the dysregulated
degradation of the tumor ECM via matrix metalloproteinases
(MMP) and other proteases not only disrupts the function of
the ECM as a structural support to maintain cell polarity,®**>
uncontrolled ECM degradation also activates latent secreted
growth factors that can support cancer cell survival and

invasion.®®%”

3.2 Physical properties

As cancer progresses, physical properties of the tumor stroma
also evolve in concert with tumor growth and metastasis.
Physical properties such as stiffness of the ECM and oxygen
levels have an impact on cancer cell signaling pathways,®®
cancer heterogeneity,®>°° ECM remodeling,’ the formation of
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vascular networks,”” as well as the phenotypic state of fibro-
blasts®®> and immune cells.”»®> In breast and colorectal
tumors, mechanical stiffness of the tumor itself is often
higher than the surrounding normal tissues.”®” Gradual stiff-
ening of tumor tissues is highly correlated with cancer pro-
gression and is caused by the excessive deposition and restruc-
turing of the ECM network. During the early stages of cancer,
cancer cells secrete growth factors that inhibit MMPs and
reduce ECM degradation resulting in increased tissue
stiffness.”” Additionally, growth factors such as transforming
growth factor-p (TGF-B) secreted by cancer cells into the
TME induces the activation of fibroblasts to CAFs.”®*®° In
turn, CAFs produces lysyl oxidase which promotes collagen
crosslinking®>'%° and loss of Caveolin-1 causes structural dis-
organization of the ECM'%" which drives tissue stiffening.

Reciprocally, remodeling of the tumor ECM and alterations
in tissue stiffness affect signaling pathways within cancer and
stromal cells. Higher tissue stiffness is reported to enhance
cancer cell proliferation’®>'** and induce phosphatidylinosi-
tide 3-kinase activity, promoting cancer cell migration and
metastasis.'® The transcription factor YAP/TAZ, a central
mediator of the Hippo pathway and sensor of mechanotrans-
duction, is activated by high tissue stiffness and mediates
cancer cells to adopt a stem cell-like state, as well as direct
normal fibroblasts to adopt and maintain the CAF pheno-
type.'°® Enhanced matrix stiffness also induces CAFs to secrete
activin A, activating TGF-p/activin A signaling, and promotes a
more invasive and pro-metastatic phenotype in colorectal
cancer.'”” Besides fibroblasts, stiffening of the tumor stroma
also influences immune cells such as macrophages.
Macrophages that were cultured on more rigid substrates dis-
played enhanced migratory behavior and increased production
of inflammatory cytokines (e.g. nitric oxide, tumor necrosis
factor-a).'°® Lastly, tissue stiffness has also been shown to
affect drug delivery, where dense ECM decreases the ability of
drugs to diffuse through, reducing the access of chemothera-
peutics to the tumor core.'%

3.3 Tumor-vasculature interactions

When tumor masses increase in size beyond 1-2 mm?, the sur-
rounding blood vessels are typically unable to supply sufficient
oxygen and nutrients to support the intensive metabolic
demands of the tumor.''®''" To overcome this, the tumor
adopts an angiogenic phenotype and promotes the formation
of additional blood vessels in the tumor region, contributing
to tumor growth and malignancy.''? Characterized by its hier-
archical disorganization, aberrant structure and reduced blood
flow, the resulting tumor-initiated blood vessels that form are
typically structurally and functionally different from the
normal vascular network.''*''* Structurally, tumor blood
vessels do not have a uniform diameter, exhibit irregular
branching and bulge at certain regions."**'"> Due to the aber-
rant arrangement and inconsistent vessel shape, blood in
tumor vessels faces greater resistance, flows through different
paths in an uneven manner and may not perfuse all open
blood vessels."'®'"” Consequently, these poorly functional
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tumor blood vessels result in poorly perfused tumors and
hypoxic regions within the TME."*® Tumor angiogenesis can
occur through different mechanisms. While new vascular out-
growth can form from pre-existing ones (sprouting angio-
genesis), pre-existing blood vessels can also undergo structural
remodeling and split into two finer branches of blood vessels
(intussusceptive angiogenesis)."'> In these angiogenic pro-
cesses, various pro-angiogenic factors such as the vascular
endothelial growth factor (VEGF), fibroblast growth factor
(FGF) and platelet-derived growth factor (PDGF) modulate the
development of blood vessels."'® For example, in sprouting
angiogenesis, VEGF play a pivotal role in the activation of
endothelial cells and induce sprout formation and extension
which contributes to vascular formation.**°

Besides serving as a conduit to deliver nutrients and
oxygen, the tumor vasculature interacts with other com-
ponents of the TME to create a milieu that supports tumor
development. For example, the tumor vasculature mediates
the immune landscape of tumors by modulating the
migration and activation of immune cells.**"'** Endothelial
cells that line blood vessels are known to express E-selectin
and P-selectin which enable the adhesion of leukocytes.'*?
These cell adhesion molecules enable trafficking of leuko-
cytes from the circulating blood flow, facilitating trans-endo-
thelial migration and recruitment of immune cells to the
tumor site."*! Dysfunctional vasculature has been shown to
impede immune cell infiltration, thereby contributing to
immunotherapy resistance in cancer patients."** On the
other hand, immune cells also secrete soluble factors that
support angiogenesis and vascular remodeling.'*® For
instance, in a hypoxic TME, tumor-associated macrophages
(TAMs) undergo metabolic changes to exhibit angiogenic
characteristics such as the secretion of pro-angiogenic
factors, VEGF, epidermal growth factor (EGF) and FGF-2.'>°
These pro-angiogenic factors promote vascular endothelial
cell proliferation, induce angiogenic sprouts, lumen for-
mation and vascular maturation.'*® Given the importance of
the tumor vasculature in supporting cancer growth and devel-
opment, anti-angiogenic drugs are now part of standard-of-
care treatments for several cancers.>” More recently, combi-
natorial therapeutic strategies based on vascular normaliza-
tion has been proposed (such as those aimed at inhibiting
Angiopoietin-2 to regain vascular function and enhance the
efficacy of immunotherapy.'?573°

3.4. Tumor-fibroblast interactions

Tumors are often described as ‘wounds that never heal’**" and
numerous studies have shown that fibroblasts play a critical
role in regulating this process."*>"** Generally referred to as
cancer-associated fibroblasts (CAFs), these stromal cells can
make up the majority of the TME in some cancers and are
associated with poor prognosis.’”'**"*” During normal
wound healing, quiescent inactivated fibroblasts differentiate
into highly contractile myofibroblasts expressing alpha-
smooth muscle actin (a-SMA) to regulate ECM remodeling."*®
By modulating Wnt/p-catenin signaling, fibroblasts promote
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normal tissue renewal, regeneration and homeostasis.'*
However, prolonged activation of Wnt signaling can increase
the production of stress molecules such as heat shock factor 1
and upregulate pro-inflammatory cytokines (TNF-a and
CXCL12) which contribute to tumor progression.'**!*!
Moreover, systemic autocrine signaling of these factors can
convert normal myofibroblasts to CAFs during tumor
progression.*?

Besides contributing to dysfunctional ECM regulation,'*?
CAFs have also been shown to support epithelial-to-mesenchy-
mal transition,’** the adoption of cancer stem cell
phenotype'*>**® and enhance cancer cell survival during drug
treatment.'**'*718 Additionally, CAFs are also able to recruit
immuno-suppressive cells such as M2 macrophages into the
tumor stroma to create an immune-suppressive TME."*>**° For
example, Zhang and colleagues'®" showed that in colorectal
cancer, CAFs are able to polarize monocytes into immune-sup-
pressive M2 macrophages by secreting interleukin (IL)-2/
CXCL2, thereby inhibiting natural killer (NK) cell-mediated
cancer cell killing. More recently, CAFs were found to recruit
programmed cell death protein 1 (PD-1)-expressing TAMs that
contribute to immune suppression.'**'>® Accordingly, emer-
ging immunotherapies now focus on targeting the CAF-
immune cell crosstalk."*®

3.5 Tumor-immune interactions

It is now widely recognized that the crosstalk amongst cancer
cells, different stromal cell populations and immune cells con-
tribute to tumor growth and progression.'****'%> Cancer cells
are able to subvert the innate anti-tumor immune mechanisms
and exploit immune cells to support cancer growth.'>¢ '
Since the 19 century, it was hypothesized that cancer devel-
ops due to chronic inflammation**® and it is now well-estab-
lished that tumor-associated inflammation contributes to
cancer progression.'®”'®" Studies have shown that immune
cells such as TAMs are able to infiltrate into the TME and
mediate the production of a range of chemo-attractants and
cytokines to modulate the progression of cancer.'>®'* Broadly
categorized into M1-like and M2-like macrophages, TAMs are
known to exhibit considerable plasticity in state depending on
the cellular environment'®*'®* and undergo polarization as
tumor progresses. Functionally, pro-inflammatory molecules
like IL-6 produced by TAMs'® and stromal cells*®®*°® are able
to trigger the JAK/STAT3 signaling pathway in cancer cells
through a feed-forward autocrine fashion, thereby promoting
tumor progression and metastasis.'®>'”® However, IL-6 is also
able to recruit cytotoxic T cells (CD8") into the TME."”" As
such, TAMs are deemed a double-edge sword in cancer and
the increasing number of studies looking to elucidate TAM
heterogeneity may shed light into this potentially targetable
stromal cell population.'”*'”?

Another important subset of tumor-associated immune
cells are the tumor infiltrating lymphocytes (TILs). These cells
include CD4" T helper cells and CD8" cytotoxic T cells that are
critical components of the adaptive immune response and
play an important role in tumor progression. However, due to
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the presence of dysregulated suppressive signals in some
TME, T cells often become terminally exhausted.'*®'’* With
the goal of mitigating T cell anergy, immune checkpoint
inhibitors were developed and are now widely investigated
and wused as standard-of-care treatment for some
cancers."”>'”® PD-1 on myeloid-derived cells and cytotoxic T
lymphocyte associated protein-4 (CTLA-4) bind to pro-
grammed death-ligand 1 (PD-L1) and CD86 respectively, to
dampen immune response. Intriguingly, cancer cells are able
to express the ligands PD-L1 and/or CD86 to mount an anti-
inflammatory response in the TME."””'”® By introducing neu-
tralizing antibodies against these immune checkpoints, the
immune checkpoint ligands are unable to bind to their recep-
tors, thereby eliciting an immune response.'’>'®® As other
stromal cell types can also influence the recruitment of
immune cells to the tumor'>*'®" and express these immune
checkpoint molecules,'®* understanding the cancer-stromal-
immune axis in the TME is now of paramount importance to
develop strategies to overcome resistance to immune check-
point blockade.'®?

In sum, the complex bi-directional communication between
cancer cells and the TME plays a significant role in influencing
mechano-biological signaling pathways, collectively contribut-
ing to tumor development’®'®® and treatment.'®>'®’
Therefore, it is critical to reconstruct models that are able to
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recapitulate such intricate relationships between various com-
ponents of the tumor, 815

4. Hydrogel systems to model cancer
interactions with the TME

With the growing consensus that elements of the TME need
to be incorporated into in vitro tumor models, some investi-
gators have adopted the approach of generating simple,
scaffold-less heterospheroids comprising cancer and stromal
cells,"*?® while some have also leveraged the use of bioma-
terials to model cancer-TME interactions."®”>°® The use of
scaffolds, including hydrogels, enables the recapitulation of
certain biophysical and biochemical aspects of the tumor
ECM to support cancer and stromal cell culture. We direct the
reader to several excellent review articles on the use of
scaffolds for tumor engineering,””' %" and focus specifically
on describing the use of hydrogels to model the TME in vitro
(Fig. 2) in this section of the review. Hydrogels are highly
hydrophilic networks of polymers cross-linked either by physi-
cal or chemical means, ideal for mimicking the ECM of
tissues and organs. Depending on the polymer chemistry,
they can be manipulated or engineered to have a range of bio-
chemical and biophysical properties with adequate porosity

Hydrogel-based Model of Tumor Microenvironment
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Fig. 2 Hydrogel-based model of the tumor microenvironment (TME). An ideal model should consider the incorporation of (i) ECM motifs present in
the tumor ECM, (ii) tumor-matched porosity and stiffness, (iii) various stromal components, (iv) protease-sensitive domains and (v) enable spatio-
temporal changes that occur with tumor progression. (i) ECM motifs enable 