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Hydrogels to engineer tumor microenvironments
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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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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

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0bm01943g

Published on 13 January 2021. Downloaded on 2/22/2026 10:44:09 AM.

Biomaterials Science

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 recapitulation of the tumor ECM that can influence drug resistance and
metastasis. For example, integrin-binding peptides (RGD) are typically used to mimic the adhesive domains found in ECM macromolecules such as
fibronectin and mediate cell attachment in the hydrogel matrix. (ii) Porosity and stiffness of the hydrogel can be fine-tuned to recapitulate biophysi-
cal properties of the tumor ECM which influence cell migration and invasion. (iii)) Many different stromal cell populations co-exist with cancer cells in
the TME. Hydrogel systems with tunable biochemical and biophysical properties may enable expansion of patient-derived stromal cells and mainten-
ance of phenotype. (iv) Protease-sensitive domains such as matrix metalloproteinase-degradable peptide sequences typically used to crosslink
polymer networks forming hydrogels enable dynamic cell-mediated matrix remodeling. (v) Hydrogels which enable stimuli-triggered changes in bio-
chemical and biophysical properties can enable the study of spatio-temporal changes that occur in tumors with progression.

This journal is © The Royal Society of Chemistry 2021 Biomater. Sci, 2021, 9, 2362-2383 | 2367


https://doi.org/10.1039/d0bm01943g

Published on 13 January 2021. Downloaded on 2/22/2026 10:44:09 AM.

Review

for diffusion and nutrient transfer to represent the ECM com-
position and mechanical properties of specific tissue
types.2°®2%? Hydrogels can be classified into natural, synthetic
or hybrid depending on the origin of the polymer used for
hydrogel fabrication. Recent developments in materials engin-
eering have resulted in the generation of hydrogels with
tunable biophysical, biochemical and biological properties
which recapitulate the in vivo tissue microenvironment with
fidelity.>'°

4.1 Types of hydrogels

Natural hydrogels are generally protein- or polysaccharide-
based materials derived from biological origins such as col-
lagen, fibrin, alginate, and basement membrane extract.>''">'®
Even up till today, they remain popular matrices for growing
cancer and stromal cells given their inherent bioactivity, bio-
compatibility and innately represent components of the in vivo
ECM. Indeed, many studies have demonstrated how basement
membrane extracts support organoid culture of a wide variety
of cancers*” 22 while collagen and fibrin gels are typically
used to culture CAFs,?*"?*> endothelial****** and immune
cells.”®® Hydrogels fabricated from basement membrane
extracts such as Matrigel® and Geltrex™ are one of the most
widely used natural hydrogels in tumor engineering and are
derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma
cells.?*® These matrices are mainly used to support epithelial
cell culture as they contain laminin-1, type IV collagen,
heparan sulfate proteoglycan, nidogen, and key growth
factors.>®” Many recent in vitro studies have shown that base-
ment membrane extract matrices support cell morphogenesis
and differentiation of cell lines, primary cells and tissue
explants.?*®*?> Collagen-based hydrogels are fabricated using
extracts of animal or human tissue, and are typically used in
the form of gels, sponge or hollow fiber tubings for 3D cell
culture.*®* A wide range of physical (UV or gamma irradiation)
and chemical (introduced by functional groups or activation of
carboxylic acid groups) crosslinking methods have been devel-
oped to modify the biocompatibility and biodegradability of
collagen gels.”** As a result of its protein-rich composition and
fibrous structure, collagen gels have been shown to promote
vascular morphogenesis®*®> and enable the study of immune
cell trafficking within the TME.?****® Fibrin is another type of
biologically-derived matrix that is formed following the
polymerization of fibrinogen alpha-chains with thrombin.**”
This creates a clot-like network with nano- and micro-scale fea-
tures and viscoelastic properties that mimic the in vivo ECM.>*®
Taken together, numerous studies have demonstrated the
utility of natural hydrogels to mimic the 3D tissue microenvi-
ronment for both tissue and tumor engineering.>'">'%217:23
However, these matrices present a few key limitations, includ-
ing a narrow range of mechanical properties as well as
changes in matrix properties, such as collagen gel contrac-
tion,>*® leading to short-term studies.”*® Lastly, there may be
limited reproducibility of experiments as a result of batch-to-
batch variations as well as undesired immunogenic response
as they are typically derived from animal tissues.>**~>*3

2368 | Biomater. Sci, 2021, 9, 2362-2383

View Article Online

Biomaterials Science

To better control the bioactive signals presented to cul-
tured cells as well as reduce the variation in material pro-
perties of natural hydrogels, synthetic hydrogels such as
those based on poly(ethylene glycol) (PEG) are an attractive
alternative for tissue and tumor engineering.>****> PEG-based
hydrogels are highly hydrophilic, mechanically stable over
time, and permeable polymeric networks that facilitate the
diffusion of gas and nutrients.***>*® Importantly, these
hydrogels remain relatively inert with low protein adsorption,
hence a wide range of bioactive moieties (proteins, peptides
and drugs) or biopolymers (HA, collagen and fibrin) can be
conjugated to PEG to mimic the in vivo ECM with controlled
and tunable bioactivity.>*>*' By modulating the polymer
concentration or extent of crosslinking,>***>* synthetic hydro-
gels also enable tuning of physical properties such as
stiffness to match that of the tissue ECM of interest.>**>°
More recently, hybrid hydrogels which are composites of
natural and synthetic polymers have been developed. Hybrid
hydrogels merge the advantages of both polymer types in one
system, that is, the presence of ligands for cell adhesion and
filamentous nature of natural polymers and user-defined
control of synthetic polymers, to exhibit different biochemical
and physical properties.””” > As an example, HA-based
hydrogels have been shown to be highly tunable and condu-
cive for cancer cell culture.”®*%> HA is a non-sulfated glyco-
saminoglycan composed of repeating glucuronate disacchar-
ides and N-acetyl glucosamine®*® and is an integral part of
the in vivo tumor ECM and synovial fluid.*®* The different
functional groups (acid and hydroxyl groups) on the HA
backbone allow different crosslinking chemistries including
hydrazide modifications, non-covalent reactions, crosslinking
with polyfunctional epoxide, glutaraldehyde (GTA) and
carbodiimides.”®***> We have previously shown how HA can
be modified with integrin-binding peptides and MMP-degrad-
able domains to support mesenchymal cell attachment and
matrix remodeling to recapitulate the prostatic bone meta-
stasis TME.>®® In the next few sections, we will discuss how
hydrogels have been employed to model the tumor ECM and
recapitulate interactions between cancer cells and the tumor
ECM, vasculature, fibroblasts, and immune cells.

4.2 Hydrogels mimicking the extracellular matrix

Basement membrane extracts such as Matrigel® are widely
used as the gold standard matrix for organoid culture due to
its tissue ECM-like biochemical and biophysical properties.
Besides basement membrane extracts, hydrogels fabricated
from decellularized tissues were recently explored as an
alternative to provide more tissue-specific biochemical cues
for organoid culture.”*”**® Using decellularized mouse and
human mammary tissues as biomaterials to fabricate a self-
gelling hydrogel system that contains growth factors unique to
the mammary gland, Mollica and colleagues bioprinted
mammary normal epithelial and tumor organoids and demon-
strated that the tissue-specific ECM hydrogels were capable of
supporting organoid proliferation, comparable to the use of
rat tail collagen or basement membrane extracts. Furthermore,
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the authors showed that the mammary ECM-based hydrogels
elicited unique gene expression profiles in the cultured orga-
noids compared to those grown in basement membrane
extracts, likely due to differences in structure and growth
factor composition, highlighting the importance of incorporat-
ing tissue-specific biochemical cues to support organoid
culture.*® Taking a different approach, Broguiere and col-
leagues developed the first well-defined 3D matrix that allows
for long-term expansion of organoids comprising both pro-
genitor and differentiated cells. In seeking to develop a well-
defined hydrogel system alternative to hydrogels based on
basement membrane extracts, the authors not only identified
soft fibrin scaffolds as a suitable physical substitute, they also
found that the presence of naturally occurring adhesive Arg-
Gly-Asp (RGD) peptide sequences on the scaffold, as well as
laminin-111, are critical for robust organoid formation and
expansion. Functionally, no significant differences in drug
response were observed in pancreatic cancer organoids cul-
tured in basement membrane extracts, fibrin/basement mem-
brane extracts or the fibrin/laminin hydrogel, suggesting that
the fibrin/laminin hydrogel system may be amenable for the
culture of epithelial cancer organoids for drug screening
applications.?”®

While biologically-derived matrices provide innate cues,
these systems typically confer poor tunability in material pro-
perties and architecture as well as low reproducibility of experi-
mental results due to batch-to-batch variations.>'® As such,
synthetic biomaterials are actively being explored to fabricate
hydrogel systems for organoid culture. In a landmark study,
Gjorevski and colleagues used enzymatically crosslinked PEG
hydrogels to determine the critical ECM components that
dictate intestinal stem cell expansion and organoid formation.
Interestingly, the authors found that different stages of the
organoid formation process necessitated different cellular
microenvironments. For example, while a non-degradable and
stiff matrix that enabled fibronectin-mediated adhesion was
required for stem cell expansion, a soft matrix containing
laminin-111 was needed for organoid formation.>”* Although
the authors only showed the amenability of this system for the
culture of normal and cancerous colorectal organoids, the
modular nature of this system opens up the possibility of iden-
tifying and customizing unique organoid-supporting con-
ditions for different tissues using a tunable and minimalistic
platform. Indeed, in a subsequent study, these same PEG
hydrogels were shown to also support the culture of hepatic
progenitors and organoids, where integrin-mediated adhesion
was again shown to be critical for the expansion of liver pro-
genitors and organoid growth.>”> In another study to create a
well-defined substitute to the use of basement membrane
extracts for organoid culture, Bergenheim and colleagues used
QGel CN99 (a fully defined PEG-based hydrogel) to culture
human colonic organoids derived from biopsy tissue.
Organoids in QGel CN99 showed similar cell growth, differen-
tiation, organoid forming efficiency and gene expression pro-
files when compared to those grown in Matrigel® and could
be cultured for at least 6 passages.””® Rather than using fully
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synthetic hydrogels to recapitulate the in vivo ECM to support
organoid culture in vitro, Ng and colleagues leveraged enzy-
matically crosslinked hydrogels consisting of functionalized
natural biomaterials, gelatin-phenol and HA-phenol, that allow
for independent alterations in mechanical properties and gela-
tion rate. The authors found that gelatin-phenol hydrogels
better supported organoid survival of colorectal cancer patient-
derived xenograft cells as compared to HA-phenol or compo-
site hydrogels, suggesting the importance of integrin-mediated
adhesion for organoid survival. Additionally, the authors
identified hypoxia as an important factor for improving orga-
noid viability, and organoids cultured in gelatin-phenol hydro-
gels maintained the histological and mutational features of
the corresponding in vivo tumor.>’* Given the prevalence of
HA in the colorectal cancer TME*’>?*’® and that different mole-
cular weight HA can interact differently with HA receptors
such as CD44 and RHAMM, further work is necessary to deter-
mine if HA truly is dispensable for organoid formation and
survival.

In recent years, there has been an increased interest in poly-
isocyanide-based hydrogels for 3D cell culture due its stress-
induced stiffening properties, collagen-like helical architecture
and thermosensitive properties which allow for facile recovery
of encapsulated cells.”’””*’° Zhang et al. developed a polyiso-
cyanide-based hydrogel decorated with the adhesive RGD
peptide to form mammary gland organoids. Not only did the
hydrogels enable mammary gland organoid formation, the
resulting organoids could be maintained for prolonged dur-
ations in vitro and retain their ability to branch. By varying the
density of RGD presented in the hydrogel, the authors found
that an increased engagement of integrins that bind to RGD
may result in downstream intracellular signaling that favors
differentiation into the basal cell lineage.*®® Although no
cancer organoids were cultured in this system, it would be
interesting to observe whether similar preferential selection of
basal cell progenitors also occurs in the presence of enhanced
integrin-mediated signaling via RGD, which may make this
system useful for studying the basal subtype of breast
cancer.”®! In another similar study, Ye and colleagues formed
human liver organoids using a polyisocyanopeptide hydrogel
with laminin-111. Unlike previous studies, RGD alone was not
sufficient to support organoid growth. Rather, the authors
found that laminin-111 was necessary to support organoid pro-
liferation and formation similar to Matrigel®.?®> The impor-
tance of laminin-111 on organoid growth was highlighted
again in a study by Brandenberg and colleagues, who engin-
eered PEG-based hydrogel microcavity arrays to improve the
heterogeneity of generated organoids. While organoids could
be grown in microcavity arrays with laminin-111 on the
surface, poor cell survival was observed in cultures with col-
lagen type IV alone. Importantly, this system enabled high
content phenotypic screening of 80 anti-cancer drugs in color-
ectal cancer organoids. However, it remains to be seen
whether the cultured organoids recapitulate the molecular fea-
tures and drug response of the original tumors from which
they were derived.>®?

Biomater. Sci,, 2021, 9, 2362-2383 | 2369


https://doi.org/10.1039/d0bm01943g

Published on 13 January 2021. Downloaded on 2/22/2026 10:44:09 AM.

Review

Taken together, in recent years, efforts have been made to
develop in vitro conditions to culture organoids by recapitulat-
ing certain aspects of the in vivo ECM. While most of these
studies have focused on colorectal cancer, it is expected that
this approach of modularly investigating the role of different
ECM components on organoid growth would be extrapolated
to other cancers. Lastly, rather than just focusing on cancer
cells, much more work needs to be placed on understanding
the effect of the tumor ECM on stromal cells, especially CAFs
and immune cells.

4.3 Mimicking physical properties of the TME

Increased tissue stiffness is characteristic of solid tumors and
is typically because of an increase in the amount of tumor
ECM. Increased matrix stiffness can enhance cell-ECM inter-
action and promote cancer cell invasiveness,*®** while support-
ing CAF differentiation.’®®> Engineered hydrogels with tunable
mechanical properties enable recapitulation of in vivo tissue
stiffness and elucidation of downstream effects on cellular
state in both cancer and stromal cells. Using PEG-diacrylate
hydrogels, Jabbari and colleagues showed that stiffness of the
cancer stem cell niche may be unique for different cancers as
the optimum hydrogel stiffness was found to be 5 kPa for
breast cancer cells, 25 kPa for gastrointestinal cancer cells and
50 kPa for osteosarcoma cells,”®® suggesting the need to custo-
mize matrix stiffness for tumor model development in a
tissue-specific manner. To develop a hydrogel system that
accommodates the culture of sensitive cells, Macdougall and
colleagues developed PEG-based hydrogels which made use of
nucleophilic thiol-yne chemistry to enable the formation of
hydrogels without the need for any external catalyst or free rad-
icals. These hydrogels can be tuned to exhibit a stiffness range
of 4-10 kPa and modified to present ECM components of
interest. While the authors did not demonstrate the effect of
stiffness, the gentle chemistry behind this hydrogel system
makes this system potentially very useful for culturing sensi-
tive cells such as some patient-derived primary cells.*®” Rather
than investigating the effect of stiffness in a static manner, in
recent years there has been an increased interest in developing
dynamic enzyme-mediated in situ stiffening hydrogels. In one
example, Tirella and colleagues reported the development of
PEG-based lysyl oxidase-responsive hydrogels with initial
stiffness range of 0.5-4 kPa which can be further tuned by 0.5
kPa using lysyl oxidase.”®® In another example, Liu and col-
leagues developed tyrosinase-mediated PEG-peptide hydrogels
with initial stiffnesses of 0.8, 1.8 and 2.8 kPa where tyrosinase
treatment increased hydrogel stiffness to 1.44 kPa, 2.34 kPa
and 3.08 kPa, respectively.”®® Taken together, these dynamic
hydrogels may enable the study of pathological tissue stiffen-
ing during tumorigenesis. However, in order to better mimic
tissue stiffening as observed in vivo, these hydrogel systems
may need to be modified to enable greater induced differences
in stiffness. Besides focusing on elucidating the effect of tissue
stiffness on cancer cells alone, it is also critical to understand
how increased tissue stiffness influences cancer-stromal inter-
actions given that cancer cells are only one part of the whole
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tumor which comprises stromal cells. Indeed, there is increas-
ing evidence to suggest a positive relationship between normal
tissue stiffening and cancer occurrence and progression.??*>!
In order to understand the relationship between ECM stiffness
and breast cancer cell-adipocyte interactions, Yue and col-
leagues modulated the extent of methacrylated-gelatin cross-
linking and showed that adipogenesis was influenced in a
stiffness-dependent manner in the presence of tumor spher-
oids. While cancer cells inhibited adipogenesis at high
stiffness levels within the range of breast cancer, the inhibition
effect was lower in low stiffness tissue constructs within the
range of normal breast tissue.”*> It would be interesting to
leverage this same approach to investigate whether stiffness
also influences the interaction of cancer cells with other
stromal cell types like mechano-sensitive macrophages.

Apart from stiffness as an important biophysical parameter,
the physical structure of the ECM also plays an important role
in cancer progression. It is well-established that cancer cells
metastasize to distant sites using the circulatory system, lym-
phatic system or through the peritoneal cavity.”***** During
this migration and invasion process, cancer cells travel
through different tissue ECM by squeezing through micro-
pores larger than 3 pm or by inducing protease-mediated
matrix degradation which is dependent on the stiffness and
architecture of the ECM.>*>"*%7 In recent years, much effort has
been made to elucidate the effect of matrix stiffness using
hydrogels on cancer cell invasiveness.”**>° However, very
little attention has been paid on the role of micro-structure
and pore features to better mimic the physical parameters gov-
erning cancer cell invasion. In a recent study, Liu and col-
leagues designed collagen- and alginate-based hydrogels with
defined micro-structure, tunable mechanical stiffness and per-
meability. By varying the degree of calcium-mediated cross-
linking, stiffness of the collagen-alginate hydrogels could be
varied between 1.2 kPa and 10 kPa. Additionally, with increase
in the degree of calcium-mediated crosslinking, pore geometry
changed from round to flat. Using the collagen-alginate hydro-
gel formulation with the largest pore micro-structure (median
pore size of 95 pm by volume and 93% in porosity), the
authors then demonstrated how these hybrid hydrogels with
large pore size better supported mammary fibroblast
migration as compared to standard collagen gels and that
these fibroblasts led the way for cancer cell invasion.**" This
study suggests the importance of supporting both protease-
independent motility as well as protease-dependent matrix
degradation in hydrogel systems for the study of both cancer
and stromal cell migration. The authors then introduced poly-
hedral oligomeric silsesquioxanes (POSS) nano-molecules into
the collagen-alginate hydrogel to induce different gelling
mechanisms and showed the feasibility of decoupling matrix
stiffness from pore architecture. Cultured mammary fibro-
blasts remodeled the collagen network differently depending
on the matrix micro-structure. Interestingly, the remodeled col-
lagen matrix was thicker and aligned perpendicular to spher-
oids, and facilitated the invasion of cancer cells.**> Collectively,
these studies underscore the importance of the hydrogel
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micro-structure in mediating fibroblast-initiated cancer cell
migration and invasion. In another interesting study, Wisdom
and colleagues asked if cells could still migrate through a pro-
tease-independent manner if the ECM pore size were too
small. By designing interpenetrating network hydrogels com-
prising reconstituted basement and alginate that exhibit
different degrees of plasticity while having the same stiffness
and ligand density, the authors demonstrated that in hydro-
gels with high plasticity, cancer cells extend invadopodia pro-
trusions to mechanically pry open micro-scale channels and
migrate through them.?** Again, this study highlights another
important biophysical aspect of the ECM - plasticity - that
engineered hydrogels could be designed with to recapitulate in
in vitro tumor models.

4.4 Recapitulating the cancer-vasculature interaction

Leveraging on previous work that showed how starPEG-
heparin hydrogels can support the co-culture of liver cancer
cells with human umbilical endothelial vein endothelial cells
(HUVECs),>** Brey and colleagues developed a complex co-
culture system comprising breast or prostate cancer cells,
HUVECs and mesenchymal stromal cells. This hydrogel system
is decorated with RGD to enable integrin-mediated cell attach-
ment, crosslinked with MMP-sensitive domains to enable cell-
mediated matrix remodeling, and contains heparin which pro-
angiogenic growth factors have an affinity to and can be deli-
vered to encapsulated cells. The resulting co-cultures estab-
lished using the starPEG-heparin hydrogels exhibited more
ordered development of tumor angiogenesis and vascular
recruitment where tumors proliferated while in contact with
HUVECs as compared to Matrigel®. Furthermore, treating the
tri-culture with angiogenesis inhibitors led to a decrease in
tumor angiogenesis.’®® Taubenberger and colleagues further
modified the above PEG-heparin hydrogels by using collagen
type I- and laminin-111-derived peptides to provide additional
biochemical cues for the culture of breast (MCF-7) and pros-
tate (PC-3, LNCaP) cancer cells. Besides enhancing the growth
of PC-3 prostate cancer cells, the collagen type I- and laminin-
111-derived peptides also increased cancer-HUVEC inter-
actions over hydrogels with RGD.?>*® Using a photo-polymeriz-
able methacrylamide-functionalized gelatin hydrogel system,
Ngo and colleagues developed a model of the perivascular
niche in glioblastoma. Given the importance of HA in the glio-
blastoma TME, the authors first investigated the effect of
matrix-immobilized HA on endothelial network formation and
found that HA reduced the complexity of endothelial cell net-
works comprising HUVECs and fibroblasts. Interestingly, in
the absence of glioblastoma cells, endothelial cell networks
could persist over two weeks in culture; however in the pres-
ence of glioblastoma cells, network regression occurred over
time, potentially mimicking vessel co-option and regression
observed in the in vivo glioblastoma TME.**” In a follow-up
study, the authors used RNA-sequencing to elucidate temporal
transcriptomic changes that accompany the development and
dissolution of endothelial cell networks in the presence of glio-
blastoma cells and showed that the co-culture of glioblastoma
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cells with endothelial cell network indeed recapitulated vessel
co-option and regression in vivo.*°® Taking a microfluidics-
based approach to engineer organotypic models of glioblas-
toma, Cui and colleagues showed using an integrin (of;)-
specific collagen hydrogel that perivascular macrophage-endo-
thelial interactions mediate in vitro proangiogenic activity
through integrin (o,f;) receptors and Src-PI3K-YAP signaling.
Importantly, the authors demonstrated the potential of inhi-
biting both a,f; integrin and TGFp-R1 for blocking tumor vas-
cularization in the glioblastoma TME as the dual inhibition
arrested pro-angiogenic endothelial-macrophage interactions
in the in vitro model.** Lastly, in seeking to spatially control
the location of cancer cells with respect to the vasculature,
Roudsari and colleagues engineered a PEG-based two-layer
hydrogel with cancer and vasculature layers. Interestingly,
large invasive cancer clusters were mainly located at the inter-
face region with the adjacent vasculature, supporting the
importance of vascular cells in tumor progression.>'°

4.5 Recapitulating the cancer-fibroblast interaction

CAFs are a critical component of the TME with wide-ranging
functions, including ECM remodeling, reciprocal interactions
with cancer cells to influence cell survival, invasiveness and
drug resistance, as well as immunosuppressive effects on other
stromal cells such as infiltrating leukocytes.*'! Yet, much
remains to be understood about this highly heterogeneous
stromal cell population. While normal fibroblasts and some
CAF subpopulations can inhibit cancer growth and invasive-
ness, CAFs generally have the opposite effect of supporting
tumor progression in the TME.*"> Given that CAF state and
associated properties may be a function of environmental
cues, it is important to elucidate how changes in the context
influence CAF behavior so that cancer-CAF interactions can be
accurately recapitulated. To mimic the breast cancer stromal
niche, Cao et al. developed a mechanically-tunable collagen
and alginate interpenetrating network hydrogel (collagen-algi-
nate-IPN) by modulating the crosslinking of either or both
polymers. Interestingly, in the softer hydrogel with only col-
lagen crosslinked, CAFs adopted a spread morphology with
activated mechanosensitive YAP and increased expression of
a-SMA and fibroblast activation protein as compared to the
stiffer matrix with both collagen and alginate crosslinked. As a
result of this phenotypic shift, CAFs in the softer matrix also
exhibited changes in secretory factors which increased cancer
invasiveness over those in the stiffer matrix, suggesting the
importance of understanding how matrix mechanical pro-
perties influence CAF state both in vivo and in vitro.>'® On the
contrary, using orthogonally crosslinked PEG-peptide thiol-
norbornene hydrogels susceptible to tyrosinase-mediated
in situ gel stiffening, Liu and colleagues showed that stiffened
matrices enhanced the expression of a-SMA in pancreatic stel-
late cells, precursors to pancreatic CAFs.”®® These opposing
findings highlight the need to carefully dissect and under-
stand the biochemical and mechanical cues that influence
CAF activation and phenotypes.
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To study cancer-CAF interactions, different systems have
been developed including spheroids,®**  microfluidic
systems,®"> hydrogel plugs comprising collagen,®'® stacked
paper-based co-cultures®’” and bioprinted models.*'® Seeking
to elucidate the effect of stromal fibroblast paracrine signaling
on cancer cell invasiveness, McLane and colleagues engineered
a model of tumor in situ by coating tumor spheroids with base-
ment membrane and further encapsulating the spheroids
within a collagen type I matrix of in vivo stiffness with or
without fibroblasts. Using PEG-based polymers to crosslink
collagen type I, the authors found that while increased stromal
stiffness increased cancer invasiveness in the absence of fibro-
blasts, this effect was diminished when fibroblasts were incor-
porated. Mechanistically, it was found that stiffness-activated
fibroblasts inhibited cancer invasiveness through osteoprote-
gerin-mediated paracrine signaling.>'® While these two studies
appear to suggest that increased stiffness promotes the tumor-
restraining CAF phenotype, much more work needs to be done
to deeply characterize the molecular profile and functions of
CAFs under study as these results are contrary to what we
understand of the relationship between CAF biology and
matrix mechanics.*®> Stack paper-based co-culture systems
enable easy retrieval of co-cultured cells for downstream ana-
lysis and spatially mapping the location of both cancer and
CAFs.*'7%?% In these models, cells are encapsulated in hydrogel
matrices such as collagen, and infiltrated into thin cellulose
scaffold layers which are then stacked or rolled. Akin to a roll
of paper, the McGuigan group developed the tumor roll for
analysis of cellular environment and response (TRACER)
model*"” and showed how the platform could be used to estab-
lish robust co-cultures of head and neck cancer cells with
CAFs.**' By using non-adhesive agarose as a barrier between
the cancer and CAFs to prevent cell-cell contact, the TRACER
system can be modified to enable the study of paracrine inter-
actions only. Using this model, CAFs were found to increase
the invasiveness of the cancer cells through paracrine signal-
ing. In a subsequent study, the authors also developed another
system, gels for live analysis of compartmentalized environ-
ments (GLANnCE), that enables easy imaging and characteriz-
ation of spatio-temporal interactions that occur at the tumor-
stroma interface.>** In another approach to model the cancer-
CAF interface, Truong and colleagues developed a microfluidic
platform that can spatially organize hydrogel matrices with
different ECM and cell compositions and enable the study
of cancer invasion in real-time at the single-cell level.*"
While these engineered platforms greatly enable the improved
characterization and manipulation of cancer—CAF interactions,
rather than relying on collagen or basement membrane extract
gels, further efforts need to be placed on integrating bio-
chemically and mechanically tunable hydrogel systems into
these engineered platforms to investigate how different matrix
properties influence cancer and CAF behavior. Lastly, given
our increasing understanding of CAF heterogeneity and their
sensitivity to environmental context, it would be critical to
deeply characterize the phenotype of CAFs used in these
studies.
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Leading the front on CAF heterogeneity, the Tuveson group
recently demonstrated the existence of two CAF subpopu-
lations using co-culture models comprising pancreatic cancer
organoids with pancreatic stellate cells in Matrigel®. Of
notable mention, as reported in this study (and our own
study®>?), the integration of CAFs into organoid-based models
requires significant optimization, as several factors present in
organoid media, including Noggin, B27 and TGF-p inhibitor,
can significantly inhibit fibroblast growth.*** Leveraging this
developed co-culture model, the authors showed that two dis-
tinct CAF subpopulations exist, including a myofibroblastic-
type adjacent to the cancer organoids, and a more inflamma-
tory-type further away. These spatially segregated different CAF
subpopulations were validated in many other subsequent
studies and highlight the importance of the tumor architecture
in tumor modeling. Accordingly, 3D bioprinting may be a very
useful tool to recreate the tumor architecture. Using sodium
alginate-gelatin hydrogels, Mondal and colleagues demon-
strated the feasibility of printing non-small cell lung cancer
patient-derived xenograft cells together with lung CAFs.*'®
While the authors demonstrated printability of the biomaterial
and that cell viability was supported in the 3D bioprinted co-
culture, subsequent studies are needed to deeply characterize
the cancer—-CAF crosstalk as well as create spatial architecture
in the model. Lastly, efforts are also been made to investigate
the effect of CAFs on other stromal cell types in the TME. For
example, Koch and colleagues used starPEG-heparin hydrogels
to generate tri-cultures comprising mammary epithelial, endo-
thelial and fibroblast cells to investigate the effect of CAFs on
endothelial network formation. As compared to normal fibro-
blasts, CAFs induced the formation of denser endothelial cell
networks which had increased number of vessels and branch-
ing points.>*> While further work could have been done to
profile the molecular changes that occur in the cultured cells
to validate these findings, this study highlights the importance
of recapitulating stromal-stromal interactions especially with
CAFs, which have nodal interactions in the TME.

4.6 Recapitulating tumor-immune interactions

TAMs are inherently highly plastic in nature, adopting
different states in response to ECM composition, stiffness and
topology, cellular interactions, amongst other environmental
cues.**® As a result of education within the TME, monocytes
polarize into TAMs that typically are M2-like and have a pro-
tumoral role in advanced cancers, supporting cancer growth
and invasiveness, angiogenesis and immunosuppression.*?”-**%
To understand the effect of integrin engagement on macro-
phage polarization, Cha and colleagues used gelatin methacry-
loyl (GelMA) and PEG-diacrylate hydrogels encapsulating
human monocytic cells and showed that while the bioactive
GelMA hydrogel changed cell shape, the bioinert PEG-diacry-
late hydrogel did not. Accordingly, in the presence of IL-4,
GelMA induced the generation of M2-like macrophages in con-
trast to PEG-diacrylate hydrogels, which induced M1-like
macrophages. Mechanistically, differences in integrin
expression were observed in macrophages cultured in the two
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hydrogel systems; specifically, GeIMA hydrogels induced M2-
like macrophage polarization through integrin o,f; attach-
ment, potentially via STAT6 activation.’®® In a more recent
study, Court and colleagues made use of 3D collagen type I
hydrogels and showed that the hydrogel differentially modu-
lated human macrophage polarization as compared to 2D
culture.*®® Collectively, these studies highlight the tight inter-
play between matrix cues and macrophage phenotype, mandat-
ing careful attention to how macrophages are cultured in vitro
for tumor modeling. In this regard, tunable hydrogel systems
enable investigations into how biochemical and mechanical
cues in the TME influence macrophage polarization and its
interactions with cancer and stromal cells.

Besides matrix cues, cell-cell proximity can also influence
macrophage polarization. Tevis and colleagues compared two
cancer-TAM spheroid models using collagen hydrogels, where
macrophages were incorporated either through diffuse encap-
sulation within the cancer spheroid-containing collagen hydro-
gel or within the cancer spheroid itself forming a heterospher-
oid. In the former, the diffuse encapsulation of TAMs in the
surrounding collagen hydrogel mimics TAMs in the stroma
while in the latter model, the direct cell-cell contact between
TAMs and cancer cells in the heterospheroid mimics TAMs in
the tumor core. Interestingly, oxygen consumption and pro-
duction of EGF was greater in the heterospheroid configuration
compared to the model where TAMs were diffusely encapsu-
lated. By measuring IL-10, it was found that the heterospher-
oid configuration enhanced the polarization of macrophages
towards a M2-like state, highlighting the importance of close
cancer-macrophage proximity on generation of TAMs.*?!
Leveraging this finding, Huang developed a hydrogel system
which enables facile recovery of encapsulated cells. In this
system, hydrogels are fabricated from inducing host-guest
interactions between aromatic groups on gelatin and modified
photocrosslinkable p-cyclodextrins, and this crosslinking can
be disrupted using another guest monomer that competes for
p-cyclodextrins. In seeking to understand the behavior of
reprogrammed TAMs, endometrial cancer-macrophage hetero-
spheroids were encapsulated in the hydrogel and following the
application of interferon-y, the authors showed that there was
a reduction in pro-angiogenic VEGF, cancer cell migration and
tumor growth when compared to M2-like macrophages co-cul-
tured with cancer cells.**?

Within the TME, the macrophage-CAF crosstalk contributes
to tumor progression. For example, it was recently shown that
the complement component C3 is specifically expressed by the
‘immune’ CAF subpopulation and the resulting cleaved
product (C3a) recruits C3aR+ macrophages, creating an immu-
nosuppressive TME.*** To understand the macrophage-fibro-
blast crosstalk in prostatic bone metastasis, Costa and col-
leagues developed a perlecan-modified collagen type I and HA-
based hydrogel that supported the tri-culture of prostate
cancer cells, macrophages and stromal fibroblasts. Perlecan
was used to sequester and present Wnt3a in the engineered
model. Using this tri-culture, M2-like macrophages were found
to increase levels of SULF1 and HSPG?2 in fibroblasts, and that
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another example, Rebelo and colleagues developed an algi-
nate-based tri-culture of lung cancer cells, CAFs and mono-
cytes and demonstrated that the model creates an immuno-
suppressive and invasive environment that activated mono-
cytes towards TAMs. It should be noted that the TAM-like phe-
notype was observed only when all three cell types were in the
tri-culture. The authors also demonstrated that the M2-like
phenotype could be modulated through the CSF1R inhibitor
BLZ945, resulting in a decrease in the M2-like macrophages.**”
Lastly, to elucidate the role of macrophages in the glioblas-
toma TME, Tang and colleagues used a 3D bioprinting system
to develop a complex tetra-culture of glioblastoma stem cells,
macrophages, astrocytes, and neural stem cells, in a hydrogel
comprising GelMA and glycidyl methacrylate-HA (GMHA)
hydrogels. In doing so, the model represented aspects of the
normal brain, immune components, stromal components, and
important biochemical cues from the extracellular matrix
(HA). The authors found that the tetra-culture better recapitu-
lated transcriptomic signatures found in glioblastoma tissues
as compared to standard sphere cultures, and that macro-
phages upregulated immune activation signatures, exhibited
increased M2 polarization, and promoted glioblastoma stem
cell invasion.’®® As one of the most complex models estab-
lished, this 3D bioprinted model enables recapitulation and
interrogation of cellular crosstalk in the TME to identify novel
functional dependencies and therapeutic targets.

In the past decade, the introduction of T-cell targeting
immunomodulators blocking the immune checkpoints
CTLA-4 and PD-1 or PD-L1 has revived the use of immunother-
apy to treat cancer patients.>*® While some patients can
respond remarkably well to immune checkpoint blockade, it is
still challenging to predict whether an individual patient
would be sensitive to immunotherapy.**” In vitro models that
simulate T cell-mediated tumor recognition on an individual
patient level may be very useful for predicting the efficacy of
immune checkpoint blockage or understanding underlying
mechanisms of resistance. In a landmark study, Dijkstra and
colleagues co-cultured peripheral blood lymphocytes with
matched cancer organoids and showed that the co-culture
yielded tumor-reactive T-cells.>*® Of notable mention, as the
co-culture system involved the use of animal-derived basement
membrane extracts, the authors reported that the material can
induce CD4" T cell reactivity that is not directed against tumor
antigens. To circumvent the reactivity of basement membrane
extracts, protocols now call for a scaffold-less approach by iso-
lating organoids prior to co-culture with peripheral blood lym-
phocytes.*® This finding highlights the need for synthetic
matrices that would not elicit undesired T cell reactivity, and
more broadly, an increased understanding of matrix cues that
may alter T cell behavior such as proliferation and activation.
As an example, Pérez Del Rio and colleagues engineered PEG
hydrogels covalently linked with low molecular weight heparin
to present the cytokine CCL21, mimicking the lymph nodes to
support T cell expansion.>*° In another example, Kim and col-
leagues investigated different hydrogel systems - collagen,
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fibrin and collagen-fibrin - to support lymphoid stromal
network formation and T-cell interaction. While fibrin gel-
encapsulated stromal cells enabled T-cell penetration due to
stromal remodeling that created voids for T-cell migration,
T-cell migration was not observed for the other two gel
systems.>*! This study highlights again, the importance of con-
sidering matrix properties, in this case, mesh size, that can
support T-cell motility. T-cell motility would be particularly
important in generating complex immune contextures to study
T-cell migration within the TME.

In sum, recapitulating cancer-immune interactions in vitro
is particularly challenging as immune cells, being innate
environmental sensors, exhibit phenotypes and functions that
can be modulated by biochemical and biophysical cues.*** As
such, increased attention needs to be placed on deeply charac-
terizing these cells when cultured in hydrogel conditions
which attempt to recapitulate the TME.

5. Hydrogels for next generation
tumor modeling

In recent years, with cancer organoid models becoming the
in vitro gold standard for mechanistic studies and drug screen-
ing, the use of naturally-derived matrices such as Matrigel® is
becoming increasing popular. While a handful of studies have
explored the development and characterization of alternative
hydrogel systems which enable the identification of critical
acellular cues (ECM and matrix stiffness) that support orga-
noid culture, only very few models have considered the incor-
poration of cellular TME components and the tumor architec-
ture. Given the increasing recognition that targeting the TME
may be necessary to successfully control tumors in patients
such as in the case of immune checkpoint inhibitors, there is
clearly a need to build complex tumor models in vitro that
accurately recapitulates the network of relevant TME inter-
actions. For this, several challenges exist. First, how should
patient-derived stromal cells be cultured in vitro while preser-
ving function and heterogeneity®***? Studies suggest that some
stromal cell types, such as macrophages and CAFs, may be par-
ticularly contextual in which phenotype changes with the
environment.’”® Hence, there is an urgent need to develop
hydrogels that are not only conducive for maintaining cancer
organoids, but also different stromal cell types of interest. As
described, very few studies have begun to investigate how the
stromal cell phenotype changes with dimensionality, bio-
chemical and biophysical cues. Apart from maintenance,
efforts also need to be placed on designing hydrogels that
support stromal cell expansion, such as in the case of T-cells,
if these stromal cells were to be eventually used to build the
final tumor model. Instead of just focusing on RGD to rep-
resent an adhesive domain found in many ECM proteins,
investigations should also focus on leveraging hydrogels to
probe the role of other ECM components*** in the TME, such
as the different splice variants of fibronectin, tenascin and pro-
teoglycans, for culturing stromal (and cancer) cells.
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Additionally, besides stiffness as a biophysical cue, recent
studies demonstrating the effect of stress-relaxation®*® and
stress-stiffening®® on cell spreading and differentiation
suggests that these parameters should also be investigated in
carefully designed hydrogel systems for stromal cell culture.

The micro- and macro-architecture of tumors have thus far
been largely overlooked in in vitro tumor models. Using live-
imaging of tumor slices, it was previously shown that T-cell
migration in tumors is affected by the density and orientation
of the stromal ECM.**® While T-cells were actively motile in
loose fibronectin and collagen regions, the reverse was observed
for dense matrix areas. Importantly, T-cells preferentially
migrated along aligned ECM fibers in perivascular regions or
around tumor nests which prevented T-cells from reaching the
cancer cells. As most studies on T-cell migration use fibrous col-
lagen gels, hydrogel systems which enable the presentation of
fibrous micro-architectures may be very valuable for the recon-
struction of the immune contexture in the TME for the study of
T-cell migration. Lastly, recent advances in spatial analysis of
the TME at the single-cell level**”**® have delineated the localiz-
ation patterns of different stromal cell types with respect to
cancer, highlighting the importance of recapitulating the archi-
tecture or spatial distribution of cells in tumor models.**’ For
example, Ji and colleagues showed that in squamous cell carci-
nomas, while fibroblasts and macrophages accumulate at the
tumor-stroma interface, CD8" T-cells and neutrophils were
largely excluded from the tumor.**” Hydrogel systems which
enable spatial patterning and positioning of cells may be useful
to reconstruct the tumor architecture.>*°

In sum, in vitro tumor modeling is on the rapid uphill
climb with the advent of organoid technologies. Hydrogels are
a versatile tool for recapitulating cellular and acellular com-
ponents of the TME. With further efforts in enabling the incor-
poration of heterogeneous stromal cell populations as well as
tumor architecture, hydrogel-based tumor models may be a
very valuable tool for drug development and personalized
medicine.
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