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SUMMARY

The tumor microenvironment (TME) is increasingly appreciated to play a decisive role in cancer development
and response to therapy in all solid tumors. Hypoxia, acidosis, high interstitial pressure, nutrient-poor con-
ditions, and high cellular heterogeneity of the TME arise from interactions between cancer cells and their
environment. These properties, in turn, play key roles in the aggressiveness and therapy resistance of the dis-
ease, through complex reciprocal interactions between the cancer cell genotype and phenotype, and the
physicochemical and cellular environment. Understanding this complexity requires the combination of so-
phisticated cancer models and high-resolution analysis tools. Models must allow both control and analysis
of cellular and acellular TME properties, and analyses must be able to capture the complexity at high depth
and spatial resolution. Here, we review the advantages and limitations of key models and methods in order to
guide further TME research and outline future challenges.

INTRODUCTION

The tumor microenvironment (TME) is a complex, heteroge-
neous, and spatiotemporally dynamic entity, comprising both
cellular and acellular components (Figure 1). Mechanistic insight
in the roles of the TME in cancer require in vivo and in vitro model
systems that faithfully reproduce patient TME conditions. The
need for such models is illustrated by the numerous failed clinical
trials of preclinically promising treatments and the well-docu-
mented problems with translating mouse model data to human
cancer.’

Key roles of the TME in multiple aspects of cancer have been
amply demonstrated. TME conditions determine the phenotypic
effects of driver mutations, such as KRAS mutations.? In patients
with colorectal cancer, TME conditions (decreased lymphatic
vessel density and reduced immune cytotoxicity) correlated
more closely with the risk of metastasis than did key driver
mutations or genomic instability®; in pancreatic cancer, tumor-
associated macrophages (TAMs) produce metabolites that
reduce gemcitabine chemotherapy efficacy,®* and the charac-
teristic acidosis and hypoxia within a solid tumor’s TME favor
cancer cell invasiveness and treatment resistance.”™”

Studies using patient tumor biopsies and surgically resected
tumor tissue have greatly increased the understanding of how
TME properties and biomarkers correlate with disease progres-
sion in various cancers.®® Systematic analyses of such speci-
mens can aid treatment decisions, and sequential biopsies
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before, during, and after treatment can provide insight into treat-
ment effects on the TME.">'" Importantly, it is increasingly
possible to identify cancer biomarkers and TME biomarkers in
liquid biopsies, allowing for less invasive sampling.'?

Collectively, this poses both challenges and opportunities: it is
challenging to include the TME in cancer models, but therapies
targeting the TME represent new and potentially game-changing
clinical possibilities. Exploiting this requires answers to two key
questions: what is the exact TME composition in different can-
cers and patients and what are the reciprocal links between
TME properties and disease phenotype in a given cancer
context?

Our ability to obtain these answers is limited mainly by tech-
nical challenges: patient samples provide correlative informa-
tion, and no existing models fully recapitulate the complexity of
patient tumor TMEs. Both cancer and stromal cells shape the
acellular TME, which in turn impacts all cells within it (Figure 1).
These complex reciprocal interactions are highly challenging to
dissect in in vivo tumors models, whereas simpler models poorly
reproduce the in vivo situation.

The aim of this review is to present the reader with a critical
guide to technical approaches that either are already established
techniques for studying the composition and impact of the TME
or that, in our view, have the potential to bring such studies
beyond the current state of the art. We place particular emphasis
on the importance of the physicochemical TME, which has
received relatively little attention compared to the cellular TME.
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Figure 1. Key stromal and physicochemical components of the TME
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Components of the TME favor, as well as restrict, tumor development through paracrine signaling and physical interactions. Growth factors, cytokines, and
metabolic waste products secreted by the cancer cells regulate recruitment and function of stromal cells; tumor-associated fibroblasts (TAMs) and stellate cells
deposit extracellular matrix; immune cells secrete cytokines and growth factors that suppress or favor tumor growth; and endothelial cells are stimulated by
vascular endothelial growth factors (VEGFs) secreted by cancer and stromal cells. Cancer cells entering the vasculature illustrate potentially metastatic cells
(black arrows). The top legend shows the stromal components illustrated in the image, and the bottom legend illustrates the 4 major physicochemical TME

gradients (gray high, white low). Created with BioRender.

We critically discuss advantages and limitations of these estab-
lished and emerging models and techniques, ending with recom-
mendations for future work.

THE TME: COMPONENTS, NICHES, AND TARGETING

The cellular TME (Figure 1) varies widely with cancer tissue of
origin and tumor-intrinsic factors such as driver mutations. For
example, different triple-negative breast cancer subtypes exhibit
distinct TME profiles.'® Cancer-associated fibroblasts (CAFs) as
well as multiple classes of innate and adaptive immune cells,
which significantly impact disease aggressiveness, comprise
the majority of stromal cells in most tumors.'*'® Depending on
the tissue, cancer-associated endothelial cells, stellate cells,
and adipocytes are also important parts of the TME'*'® (Fig-
ure 1). Finally, many tumors contain mesenchymal stem cells
(MSCs), which are capable of differentiating into multiple stromal
cell types.'®"”

The acellular (physicochemical) TME results from the meta-
bolism, interactions, and secretome of the cells within it and
therefore varies with tumor type and spatiotemporally in a given
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tumor. The physicochemical TME features include extracellular
matrix (ECM) composition, architecture, and stiffness'®; nutri-
ents, metabolites such as glucose, lactate, and fatty acids,'®*°
cytokines, growth factors, and other bona fide signaling mole-
cules®'; exosomes??; varying levels of hypoxia, acidosis, and
reactive oxygen species (ROS); and fluid and solid pressure.'*
Substantial spatial and temporal TME heterogeneity has been
demonstrated in many cancer types.?* 2 Cancer cells, by virtue
of their genomic instability and phenotypic plasticity, can rapidly
adapt to, and exploit, local conditions. A well-studied example is
the metabolic symbiosis between cancer cells in hypoxic and
well-oxygenated tumor regions.”’ Furthermore,® antitumor im-
mune cells are inhibited in acidic and lactate-rich regions.*®
Given the extensive heterogeneity of the TME, its therapeutic
exploitation relies on a detailed understanding of the exact
TME conditions driving a given cancer cell behavior. For
instance, what are the specific combinations of acidosis and
hypoxia that drive aggressive behavior in a given cancer, and
when are conditions so toxic that even cancer cells cannot sur-
vive? How does this balance depend on other cellular and phys-
icochemical conditions? As an example, anti-angiogenic therapy



Cell Reports Methods

failed as a single agent, partly because of the resulting hypoxia-
exacerbated aggressiveness.*® Furthermore, degradation of the
desmoplastic (dense and fibrous) pancreatic cancer ECM can
either improve sensitivity to chemotherapeutic drugs or exa-
cerbate cancer development, depending on the precise
context.®'** A promising form of TME interference is immuno-
oncology approaches that restore anticancer immune response,
such as anti-PD-L1/PD or CTLA4 antibodies. However, their
success depends on the local TME conditions, such as hypoxia,
acidosis, and matrix stiffness.

In summary, the specific TME in a tumor niche can dictate the
phenotype of cells within it and play a key role in disease
outcome. However, exploiting the TME in anticancer treatment
requires that we understand the impact of specific TME condi-
tions and their combinations on cancer cell phenotype.

IN VIVO MODELS FOR STUDYING THE TME

Differences between rodents and humans in the importance of
specific TME components for cancer development at least in
part underlie the clinical failure of many anticancer drugs that
performed excellently in animal models.>* In this section, we
discuss the advantages and drawbacks of different animal
models in the context of studying the TME (Figure 2, top).

Mouse models

Since the 1980s, when cell line-derived xenograft (CDX) models
were first developed, mouse models of cancer have greatly
improved in complexity and ability to simulate human can-
cers.*** Subcutaneous CDX models remain a central tool in
preclinical drug development.*® However, there is a strikingly
low translation from CDX models to patients, with only 3%-5%
of developed anticancer drugs eventually approved by the US
Food and Drug Administration (FDA),®” in part reflecting that sub-
cutaneous injection models do not recapitulate the organ TME.**
Orthotopic tumor models, in which cancer cell lines are inocu-
lated in their organ of origin, allow for a better understanding of
how the organ TME impacts drug response and tumor progres-
sion but still lack the complexity of the patient tumor.*® Patient-
derived xenografts (PDXs) can better recapitulate the cellular
heterogeneity of patient tumors.*® They can be based on pa-
tient-derived organoids (PDOs; PDOs incorporating TME condi-
tions), biopsies, or surgical material directly transplanted, subcu-
taneously or orthotopically, into immunocompromised mice.*°
PDX models exhibit local TME heterogeneity, histological fea-
tures, gene expression profiles, and genetic alterations similar
to the tumor of origin*'**? and can predict patient prognosis, as
recently shown for pediatric sarcomas.*® They are, however,
not without limitations. To produce sufficient material, PDXs
are often serially passaged in mice, where human stroma can
be replaced by mouse stromal cells.** In addition, they are usu-
ally transplanted into immunocompromised mice, resulting in the
loss of information about immune cell-cancer cell interactions.*!
This lack of a crucial TME component can be overcome by es-
tablishing PDX models in humanized animals such as NOD-
SCID lIng*/* (NSG) mice.*® Several methods are available for
this. Mice can be supplemented with human peripheral blood
mononuclear cells (PBMCs), resulting in partial reconstitution
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of a human immune system dominated by CD3* T cells. Alterna-
tively, human CD34* hematopoietic stem cells can be adminis-
tered intravenously after myelo-ablative irradiation.*® This model
is slower than the PBMC-based model, but recapitulates a more
complex immune system, including human CD3" T cells, CD19*
B cells, and CD14" monocytes.*”*® Even more complex models
involve the co-transplantation of human fetal bone, liver, and
thymus and intravenous injection of CD34" hematopoietic
stem cells, resulting in a diverse human immune system of mac-
rophages, dendritic cells, and T and B cells.*®™>°

Syngeneic mouse models, generated by inoculating mouse
cancer cells subcutaneously or orthopically into immunocompe-
tent mice of the same genetic background, overcome some of
the disadvantages of CDX and PDX models.®’°? They do not
mimic the cellular heterogeneity of tumors but provide insight
into the roles of immune cells, useful, e.g., in evaluating the effi-
cacy of immunotherapy protocols. Chemically induced mouse
models are generated by treating immunocompetent mice with
carcinogenic compounds. These models have the advantage
of including the TME from the organ of origin®® and can be
combined with genetic manipulations.®* However, it can be chal-
lenging to monitor the presence and growth of tumors, and his-
tological subtypes can be very different from those in patients.
Finally, genetically engineered mouse models (GEMMs) are
generated by mutating or altering the expression of oncogenes
in germline cells of immunocompetent mice,*® resulting in spon-
taneous tumor formation, mimicking with varying accuracy hu-
man tumors arising from similar mutations.***> GEMM-allograft
models can be generated from spontaneous GEMM tumors by
re-transplantation into animals of the same genetic background,
allowing for larger cohorts while maintaining stromal-cancer cell
interactions. %"

Mouse models will, to varying degrees, reproduce aspects of
the physicochemical TME because the TME, as pointed out
above, is a consequence of the activity of the cells in the tumor.
It has been demonstrated that tumors contain acidic and hypox-
ic regions and that tumor interstitial fluid is often high in lactate
due to abundant fermentative glycolysis (the TME: components,
niches, and targeting).”*” However, the precise local physico-
chemical composition in tumor niches, and how this correlates
with the cellular heterogeneity of the tumor, remains under-
studied. Furthermore, evaluating the causality of a given element
of the physicochemical TME in in vivo models is challenging
because of the complexity of the interactions involved. For
instance, inhibiting single TME components, such as ECM re-or-
ganization,®® acidosis,”® or HIF signaling,®’ is not consistently
successful in reducing disease progression.®’:®? This, at least
in part, reflects a lack of insight into how reciprocal interactions
among TME properties and the cell types in tumors determine
the net outcome of such treatments.

Zebrafish models

Over 80% of disease-associated human genes are present in the
Danio rerio (zebrafish) genome, supporting its use as a human
disease model.®® Zebrafish embryos easily absorb compounds
directly from the water, making them valuable models for
high-throughput drug screenings.®* Furthermore, they are opti-
cally transparent, and the development of a transparent adult
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© In vivo model
© Genetic diversity and life history controllable
© Genetic knockouts can be made
©Q Highly complex cell-and biophysical environment

© Differences between animal models and humans limit clinical
relevance

© Physiochemical TME conditions are not controllable

© Difficult to ensure comparable sampling between individuals/
replicates

Animal models

- D

Complexity

Organoid- or spheroid-
based in vitro models

© Can be established from cells originating from patient tissue

© Retains many in vivo cell biology features, e.g. 3D cell-cell
contacts

© Possible to genetically manipulate
©© Amenable to multi-passage culture
©© Some phenotyping assays developed on cell lines are applicable

© Stem cell-based organoids lack stromal cells and vasculature

© Can generate a highly controllable, dynamic environment to
reconstruct chosen TME conditions

© Can recapitulate major physiological TME features, e.g. ECM,
sheer stress, interstitial flow, gradients

—  © Enables coupling/de-coupling of TME factors for sequential
investigations

©O Conventional devices are commercially avaiable but more
complex devices require special expertise and equipment

© Only partially recapitulates TME complexity and heterogeneity

Microfluidics-based
in vitro models

2D human cancer
cell lines

© Easily perturbed on many levels (genetics, environment
co-culture, drugs): causality is easy to establish

©O Can be subjected to highly controlled TME treatments, but in
vivo tissue complexity is not recapitulated

© Immortalized cell lines often poorly representative of in vivo
traits

>
Y.

Controllability

Figure 2. Overview of biological TME models at various levels of complexity
The figure illustrates the main models discussed in the text in order of complexity (top to bottom) and controllability (bottom to top) and summarizes key ad-
vantages and limitations of each model. See the main text for details. Created with BioRender and Adobe lllustrator.

or cell-type-specific drivers labeling nearly all components of
the cellular TME for live imaging.®® Zebrafish models generally

zebrafish®>°° facilitates imaging, e.g., in metastasis studies.®’
Xenograft models can be generated by transplanting human

(or mouse) cancer cells or tumors into zebrafish in the embryo
or larvae stage, due to the absence of a fully developed immune
system.®® Genetic engineering of zebrafish embryos is less
expensive and time consuming than in mice, and a large number
of transgenic lines are available, expressing human oncogenes
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recapitulate well histological and genetic features of human tu-
mors, including TME components.53 On the other hand, zebra-
fish lack several cancer-relevant human organs (e.g., breast,
prostate, lungs), and their immune system is less complex than
that of mammals.®*"°
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Models in fruit flies and other non-vertebrates
Strikingly, 90% of the human cancer driver genes in The Cancer
Genome Atlas (TCGA) have orthologs in Drosophila mela-
nogaster, the common fruit fly.”" Importantly, while Drosophila
lack an adaptive immune system, they have a well-developed
innate immune system enabling studies of immune cell-cancer
cell interactions. Drosophila models have been widely used to
study cancer genetics and have been successfully applied to
study interactions between tumor cells and their TME, as
well as with more distant organs and systemic physiology.’”
For instance, Drosophila carrying GFP-labeled malignant
RasV12scrib™'~ eye imaginal disc tumors were used to show
how cancer cells obtain nutrients by inducing autophagy in the
surrounding TME and distant tissues.”® Recently, similar findings
were reported in a Drosophila intestinal tumor model.”* The
RasV12scrib~'~ eye imaginal disc model has also been used to
interrogate interactions between tumors and the Drosophila
phagocytes.”® Finally, both fruit flies and other non-vertebrate
model organisms have been used to study cancer cell motility
driven by microenvironmental cues.”®

In summary, in vivo models of widely varying complexity can
provide valuable information about the cellular and acellular
TMEs and their impact on cancer development. However, for
dissecting causal interactions between TME elements, these
models are not ideally suited because of the difficulty in control-
ling TME conditions in vivo.

IN VITRO MODELS INCORPORATING TME CONDITIONS

Numerous cancer studies, including otherwise sophisticated ap-
proaches such as complex CRISPR screens, are still carried out
on cell lines in two-dimensional (2D) culture in plastic dishes,
completely ignoring the TME. Not surprisingly, and consistent
with the ability of 3D cancer cell spheroids to recapitulate
many TME properties,”””® CRISPR screens carried out in 3D
spheroids are superior to 2D screens in identifying cancer-rele-
vant targets.”®%°

2D in vitro models (Figure 2, bottom) employing controlled
changes in the one or more elements of the physicochemical
(hypoxia, pH, ECM) or cellular (endothelial cells, immune cells, fi-
broblasts) TME conditions do, however, have the advantage of
enabling tight control of such parameters and have contributed
important information on, e.g., genetic cancer drivers.

Today, incorporation of TME conditions in in vitro cancer
models is increasingly enabled by the development of advanced
hydrogels,®’ tumor-derived ECMs,®"®?> and other biomaterials
for complex cell culture and novel techniques such as microflui-
dics (microfluidics-based methods for mimicking and analyzing
the TME). In the following, we focus on how TME conditions
can be included in organoid-based cancer models (Figure 2,
second row from top).

General properties of organoid-based tumor models

Organoids are 3D multicellular structures comprising both differ-
entiated cells and stem cells, which can divide indefinitely and
genetically resemble their tissue of origin.®** Since their first
description in 2009,%° stem cell-derived organoids have been
generated from a wide range of tissues from model animals

¢ CellP’ress

OPEN ACCESS

and humans and have gained particular attention in cancer
research. Depending on the culture conditions, tumor organoids
may comprise only epithelial cells or stromal cells and ECM com-
ponents.””:%3%> The various approaches and their advantages
and limitations are discussed in the following section, using
PDOs as the example.

PDOs incorporating TME conditions

Organoids generated from patient tumor tissue (PDOs) are
widely used and can be obtained from publicly available repos-
itories.®® Today, PDOs can be generated even from diagnostic
fine-needle biopsies,87 allowing, in principle, in vitro screening
of tumor drug response during the short time window from diag-
nosis until treatment must be initiated.

A clear advantage of PDOs over traditional cell cultures is their
closer resemblance to the patient tumor. Mouse orthotopic
PDXs generated from PDOs can be used for in vivo validation
of drug response, and organoids can again be cultured from
the xenograft tumors (mouse models). Using bladder cancer
PDOs, such organoid models were shown to maintain a high de-
gree of heterogeneity and clonal evolution in culture and mimic
the chemotherapy response of both patient tumors and PDX
mouse models.®®

A potential limitation of cancer organoid models is that de-
pending on the culture approach, they may or may not reflect
the cellular TME. In submerged Matrigel cultures of organoids,
where only epithelial cells are maintained, stromal TME compo-
nents can be introduced by co-culture with multipotent progen-
itor cells®® or individual stromal components. For example,
vascularization can, to some extent, be introduced by co-culture
with vascular organoids (forming so-called assembloids), termi-
nally differentiated endothelial cells, or multipotent progeni-
tors.’° To study tumor cell-immune cell interactions, different
classes of immune cells can be isolated based on human
PBMCs from the same patients and co-cultured with their orga-
noids, as in a recent study of PDOs from patients with gastric
cancer.’’ Variations of this include shaking cultures of Matri-
gel-embedded organoids, in which patient glioma-derived
PDOs were shown to recapitulate both tumor-like stem cell dis-
tribution and tumor physicochemical conditions such as hypoxia
gradients.®? Alternatively, culturing PDOs using the so-called air-
liquid interface (ALI) method enables preservation of endoge-
nous stromal components. For example, the ALI method was
shown to preserve both CAF and T cell function in PDOs derived
from melanomas, lung cancer, and renal cancer,”® and cytotox-
icity assays of co-cultures of rectal cancer PDOs with patient-
matched tumor-infiltrating lymphocytes predicted the response
to neoadjuvant chemoradiotherapy and anti-PD-1 antibodies.**
Recent work combined patient-derived cancer cells, CAFs,
and immune cells in Matrigel ECM to patient-matched organo-
typic co-cultures, which retained key features of patient tumors
better than the cancer cells alone.”® Similarly, single-cell
sequencing of patient-derived glioblastoma (GBM) models
showed that patient tumor similarity was strongly enhanced by
combination with human embryonic stem cell-derived cerebral
organoids.®®

In summary, PDO models are superior to cell culture models in
mimicking human tumor traits. However, also in such models,
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care must be taken to retain and/or reconstruct cellular and acel-
lular components of the TME.

MICROFLUIDICS-BASED METHODS FOR MIMICKING
AND ANALYZING THE TME

Microfluidics-based methods are powerful tools for TME
modeling in vitro (Figure 2, third image). They are characterized
by sub-mm dimensions enabling laminar flow, which makes it
possible to (1) expose cells to temporal variations of chemical
conditions with minimal mixing; (2) control fluid flow-induced
shear stress at length scales ranging from um to mm to recapit-
ulate the flow conditions in blood and lymph vessel and intersti-
tium; (8) remove accumulation of waste products; and (4) estab-
lish chemical gradients perpendicular to the flow by balancing
flow velocity and diffusion coefficients.”” In recent years, the
“entry barrier” for non-specialists to use microfluidics devices
has been lowered by the availability of commercial platforms
for less specialized applications (e.g., Mimetas, Ibidi, Elveflow,
Dolomite) and on-demand microfluidic chip fabrication services.
However, because of the complexity of the TME, most studies of
this topic remain dependent on homemade devices with dedi-
cated designs.®®'%°

Microfluidic mimicking of the physicochemical TME
Tumor interstitial fluid flow has laminar characteristics,'®' which
are mimicked in most microfluidic studies of cancer cells.'%?~'°°
Two main device designs are used: tumor cells are either seeded
in a channel flanked by two flow channels delivering growth me-
dium, with interstitial flow generated by offsetting the pressure in
the channels, "% or the cell-seeding channel is also used to
deliver the growth medium.%>%%1% A few studies have com-
bined blood, lymph, and interstitial flow, based on a design using
a cell-seeding channel flanked by two channels to generate
interstitial flow, one of which is used as a “blood vessel” and
the other as a “lymph vessel.” %1% The pressures in the three
channels are adjusted to mimic typical values of pressure and
flow velocities in the blood flow, lymph flow, and interstitial
flow in vivo (Figure 3A).

Mechanical stress is a fundamental feature of the TME and
plays a crucial role in tumor progression and cancer treat-
ment."""""? Such stress can originate from the pressure of the
liquid, referred to as the interstitial fluid pressure (IFP) and may
include hydrostatic and osmotic pressure, and/or ECM deforma-
tion or other solid mechanical forces, in which case it is also
referred to as solid stress.”'®"'* In microfluidic models, liquid
pressure is easily adjusted by, for example, adjusting liquid
height in the medium reservoirs leading to a hydrostatic pres-
sure 02104108115 (Figre 3G). Osmotic pressure, stemming in
large part from the attraction of cations to negatively charged
glycosaminoglycans in the ECM,"'® can be mimicked by
applying medium with altered ionic strength''®""” (Figure 3H).
IFP can be emulated alone by imposing pressure onto the fluid
in the absence of flow (Figure 3G); however, to the best of our
knowledge, existing studies (e.g., Lee et al.'"®) have only
mimicked IFP combined with interstitial flow (Figure 3A). Solid
stress can be imposed independently of flow conditions in mi-
crofluidic devices made of flexible material and/or including
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moving parts'®® (Figures 3B and 3C) and can be combined

with fluid pressure as, e.g., in a study on lung function,’'® but
is equally relevant for TME studies.

In contrast to essentially all other models, microfluidics can be
used to accurately and reproducibly mimic and analyze the
spatiotemporally heterogeneous chemical environments in the
TME by generating concentration gradients that are either
imposed on cells or arise from tumor cell metabolism inside the
device. Key such gradients include pH,"'%""® oxygen,' %2012
growth factors,' ' nutrients, ' '° and cytokines.'?*"'%* The chemical
composition of the medium can be modulated temporally so that
the same cells are sequentially exposed to different conditions
(Figure 3E).""%'2" Alternatively, cells are exposed to different
chemical environments simultaneously in parallel on the same mi-
crofluidic device.'** Most interestingly, microfluidics allows the
creation of a chemical gradient over a cell culture, thus reproduc-
ing chemical gradients on the length scale of a tumor of interest
(~100 pm to mm)." 9123

Microfluidic mimicking of the cellular TME

In recent years, microfluidics has been used to mimic aspects of
the cellular TME of a wide variety of cancer types, stromal cells,
matrices, and flow conditions.'?° 28 Because of the rapid ad-
vances in, and potential of, combining PDOs with microfluidics,
this will be our focus in the following. As described in the section
in vitro models incorporating TME conditions, PDOs can faith-
fully mimic many aspects of patient tumors; however, they are
generally low throughput, and most PDO culture methods repro-
duce only in a limited way the complex TME. To address such
limitations, recent work has integrated PDOs with microfluidics,
ranging from relatively simple growth of organoids in droplet mi-
crofluidics'?® to organ-on-chip technologies.**'*' To design an
organ-on-chip system, key features of the target organ, such as
cell types, structural organization, and physicochemical micro-
environments, are reproduced. The devices often contain multi-
ple, individual microchambers to grow multiple cell types while
controlling the environment in a cell-type-specific manner. The
devices are produced using microfabrication techniques such
as soft lithography.'®? By integrating PDOs with organ-on-a-
chip engineering, TME-relevant microenvironments can be
generated."®"'*® Examples include a culture system in which
patient-derived, triple-negative breast cancer stem cells were
developed into cancer organoids in an on-chip system, while
TME conditions could be controlled and monitored in real
time'®*; the combining of pancreatic cancer PDOs, stellate cells,
and macrophages in an organ-on-a-chip microfluidic device, re-
sulting in functional, patient tumor-mimicking TME interac-
tions'®°; the combining of microfluidics to impose microenviron-
mental pH gradients mimicking those in the TME on breast
cancer cells with Visium-based spatial transcriptomic analysis,
as recently done by our team'*®; and a model including microflui-
dics-driven peristalsis to mimic the TME of gastrointestinal
tumors. '’

In summary, by combining cancer and stromal cell types from
patients or model systems with microfluidic devices, the cellular
and physicochemical aspects of the TME can be integrated into
tumor models in a tractable manner. While still simplified
compared to in vivo models, such models enable controlled
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Figure 3. Microfluidic models for mimicking the physicochemical TME

(A) (i) Microfluidic device designed to mimic the native transport unit of solid tissues, including a blood vessel, interstitial tissue and ECM, and a lymphatic vessel.
The model enabled control of blood, interstitial, and lymphatic pressure through fluidic ports and a central reservoir. Spatial pressure gradients drive luminal flow
through the lymphatic microvessel (green arrow) and blood microvessels (red arrow) and interstitial flow through the collagen gel (black arrow); (i) top view of
Multi-Flow platform demonstrating port geometry, cross-sectional view of the platform to demonstrate pressure modulation, and orthogonal cross-sectional view
of collagen hydrogel and microchannels in which human umbilical vein endothelial cells (HUVECS) are cultured to form the blood vessel and human dermal
lymphatic endothelial cells (HDLECs) are cultured to form the lymphatic vessel. () and (i) are reproduced from Lee et al.'”” under the Creative Commons
Attribution 4.0 license. Copyright 2022, IOPscience.

(B) A hydrodynamic flow is created by a difference of pressure P applied at the inlet/outlets of a microfluidic device. Hydrodynamic flow is created, associating an
elevated pressure and a shear stress on the cells.

(C) () Assembly design of the chip composed of the control channel (in red) for introducing gas pressure and cell channel (in blue) for cell culture. The concept of
applying compression on cells is illustrated by the membrane deflection and micro-piston brought onto the cells by the pressure applied through the control
channel and retracted back after compression. Thus, the localized part of the cell monolayer under the micro-piston is compressed, while the rest acts as control
(not drawn to scale). (i) and (i) are reproduced from Onal et al.'® under the Creative Commons Attribution 4.0 license. Copyright 2021, Frontiers.

(D) An external pressure P applied to a deformable microfluidic device can mimic solid stress applied by the ECM.

(E) (i) Picture of the microdevice filled with blue- and red-colored water for visualization purposes. HCT-116 cells were embedded in a collagen hydrogel instead of
the blue area; the red area mimics the lumen channel. (i) Confocal image showing HCT-116 cell viability after 24 h in the microdevice at 10 MIO cells/mL. Viable
and dead cells are shown in green (calcein-AM [CAM]) and red (propidium iodide [PI]), respectively. White dashed line indicates the lumen position. (i) Scheme
illustrating the protocol to retrieve the cells from the device. Both halves are disassembled, exposing the collagen hydrogel, and hydrogel punches are isolated
using a biopsy puncher. ()—(ii) are reproduced with permission from Ayuso et al.''® Copyright 2019, The Royal Society of Chemistry.

(F) A steady-state chemical gradient is typically obtained after a time proportional to L2/D.

(G) A hydrostatic pressure can be applied by the height of the liquid h in the inlets and outlets without associated flow.

(H) Osmotic pressure can be created by sequentially introducing hypo- or hypertonic medium.
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analyses of the implications of changing specific TME condi-
tions. Furthermore, microfluidic models can be built around fully
human cell types, increasing their translational value. Finally, mi-
crofluidic models are compatible with a wide range of readouts
based on, e.g., live imaging, immunofluorescence (IF) analyses,
sequencing, and proteomics, as discussed in the following
sections.

LIVE IMAGING OF THE TME

TME imaging in patients with cancer

Clinical imaging techniques are available to probe different fea-
tures of the TME.® Dynamic contrast-enhanced imaging,
computed tomography (CT), and magnetic resonance imaging
(MRI) can be used to evaluate aspects of the TME, including
vascular function, enabling detection of, e.g., lung metasta-
ses.'®® Quantification of tumor hypoxia using oxygen contrast
or the paramagnetic properties of Hb is well established.*%4°
Tumor fibrosis can be assessed using MRI to monitor water
diffusing, tissue stiffness, and fat content, although signals can
be confounded by tumor necrosis.'""'*? A wide range of TME
properties, including hypoxia, pH, ECM properties, and stromal
cells, can be imaged using positron emission tomography
(PET)."® A more recent technique, photoacoustic imaging
(PAI), is in clinical trials as a way to visualize the TME based on
light pulses, absorption of which by the tissue generates specific
ultrasound wave patterns.'** PAl allows for the imaging of TME
features such as vasculature, oxygenation, pH, ECM properties,
and lipid composition without the use of contrast agents or radio-
labeling agents.®

Live TME imaging in preclinical models

In addition to methods in clinical use, as described in TME imag-
ing in patients with cancer, preclinical models can be combined
with in vivo fluorescent imaging techniques to obtain detailed
information regarding TME conditions. Methods include whole-
animal fluorescence imaging approaches based on near-
infrared (NIR) or two-photon imaging using genetically encoded
or injected reporters.'**~'*” These techniques allow real-time im-
aging relatively deep in tissues, making it possible to study
biological mechanisms, single-cell behavior, cellular heteroge-
neity,’*® and immunotherapy efficiency.'*® They can also pro-
vide detailed information on aspects of the physicochemical
TME, including, for instance, oxidative stress.'*®

EX VIVO SPATIALLY RESOLVED ANALYSES OF THE
TME

Multiplexed protein visualization

Dyes such as Sirius red or periodic acid Schiff (PAS) have been
used for decades to study tumor ECM properties and antibodies
to identify specific proteins. Today, developments in multiplexed
analyses have greatly expanded the potential of immunohisto-
chemistry (IHC) for understanding tumor complexity. For
instance, the multiplexed cyclic IF method MxIF allows studies
of 61 antigens in the same tissue section.'*® Other approaches
involve multiplexed ion beam imaging (MIBI) of antibodies
tagged with isotopically pure elemental metal reporters'*® and
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co-detection by indexing (CODEX), in which antibodies are iter-
atively visualized using DNA barcodes, fluorescent dNTP ana-
logs, and an in situ polymerization-based indexing procedure'®’;
for other cyclic microscopy methods, see Elhanani et al.'®? Such
emerging techniques provide the precision of IHC and similar
optical imaging methods but at a scale more suitable for inte-
grated analyses of the TME.

ISH techniques

In situ hybridization (ISH) is a family of methods utilizing labeled
probes for the detection of RNA or DNA. Briefly, a set of probes is
added to a fixed tissue to hybridize with their target sequence
and is subsequently imaged using microscopy. RNAscope is a
commercially available ISH-based technology relying on pri-
mary, secondary, and tertiary probes, collectively enabling sen-
sitive spatially resolved RNA quantification.'*® Within the context
of the TME, RNAscope has been used in diffuse-type gastric
cancer to identify an enrichment in CCL2+ endothelial cells
and fibroblasts in the deep tumor layers compared to the super-
ficial layers.’®">* Multiplexed error-robust fluorescence ISH
(MERFISH) is a variant of ISH that uses a sequential hybridization
and barcoding strategy to increase the number of RNA targets
that can be detected.'®® Applying MERFISH to the TME, Hara
et al. targeted 135 genes in a patient GBM sample and observed
an enrichment of macrophages adjacent to mesenchymal-like
GBM cells, with subsequent experiments revealing that macro-
phages drove the transition of GBM cells into a mesenchymal-
like state.’® The MERSCOPE platform based on MERFISH
was recently made commercially available, with premade and
customizable probe panels for targeting hundreds of genes.

A limitation of the ISH techniques is that they are restricted to
pre-defined probe panels, limiting the range of RNA targets un-
der investigation. The subsequent section describes techniques
used to capture biological molecules without the use of pre-
defined panels of probes or antibodies against a subset of
DNA, RNA, or proteins.

OMICS TECHNOLOGIES FOR STUDYING TME
PROPERTIES

“Omics” techniques, which aim to characterize and quantify
large sets of biological molecules (proteomics, genomics,
etc.) in a single experiment, have the advantage of being
comprehensive and not subject to ascertainment bias, making
it possible to find unexpected patterns. We focus on genomics
for profiling changes in DNA (genomics for studying the TME),
transcriptomics for assessing RNA expression (transcriptomics
for studying the TME), and proteomics to measure protein
abundance and modifications (proteomics for studying the
TME). We will discuss these technologies as applied on three
levels of biological material: bulk/tissue, single-cell (sc), and
spatial levels (Figure 4). These techniques, especially those
with spatial and/or single-cell resolution, have already revolu-
tionized the understanding of the stromal TME. Other spatially
resolved techniques, including spatial metabolomics, are also
powerful tools for unraveling the complexity of the TME but
will not be covered here (for reviews, see Planque et al.'®’
and Walsh and Quail'°?).
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Figure 4. Overview of omics technologies for different levels of biological material for studying the TME

In the bulk level of analysis of tumors (top), the entire tissue is homogenized or pulverized, and the extracted DNA/RNA/proteins are subsequently assessed by
bulk omics methods described in the sections genomics for studying the TME, transcriptomics for studying the TME, and proteomics for studying the TME. The
resulting readout from a bulk-level analysis is an average of all the cells in the tumor sample. In the single-cell level of analysis (middle), tumor tissue is dissociated
into individual cells, which are subsequently compartmentalized and barcoded. DNA/RNA/proteins from each individual cell are analyzed by single-cell omics
methods described in the text sections listed above. As each cell is analyzed separately, the resulting signals of DNA/RNA/proteins are obtained for each cell. In
spatial-level analysis (bottom), the tissue is embedded and sliced into sections retaining information on the structure of the tumor. A slice of this tumor is placed on
a glass slide and subsequently analyzed by spatial omics methods described in the text sections listed above. Resulting signals from this type of analysis can be
attributed to different locations within the tumor structure, and depending on the resolution of the omics method used, signals can be attributed to individual cells

within the tumor. Created with BioRender and Adobe lllustrator.

Genomics for studying the TME

Genomics is sometimes used as a collective term for molecular
biology omics techniques. Here, we use it to refer to the analysis
of changes or differences in genomic DNA sequences.

Bulk DNA-seq

DNA sequencing (DNA-seq) analysis can be split into whole-
genome sequencing (WGS) and whole-exome sequencing
(WES). The latter has been used to great effect to explore driver
mutations in diverse cancers, °° and WGS analysis of 2,658 can-
cer genomes identified, on average, 4-5 driver mutations per
sample.’®® In terms of understanding the impact of local TME

conditions, bulk DNA-seq has limited utility because allele fre-
quencies originate from averaging across all cells within the tu-
mor. That said, it is possible to predict clonal cell subpopulations
based on allele frequency distributions and thereby assess
the genetic heterogeneity of a bulk sample (e.g., as in Andor
et al.’®"). Importantly, combining bulk genomics data and
additional phenotypes can be used to link the TME with genetic
diversity. For example, Sobral et al. showed that tumors from
colorectal cancers that were triggered by mutational instability
developed heterogeneous microenvironments enriched in im-
mune cells.'®?
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Single-cell genomics

DNA-seq of single cells (scDNA-seq allows characterization
of intratumoral heterogeneity on the DNA level. scDNA-seq in-
volves sorting single cells into individual compartments, where
they are barcoded prior to sequencing. A key challenge is the
necessary step of genome amplification, where biases or errors
can be introduced (potential solutions reviewed in Gawad
et al.’®%). In a TME setting, the primary strengths of scDNA-seq
are (1) identification of co-occurring mutations in a single cell,
enabling lineage tracing and assessment of cancer clonal evolu-
tion, and (2) if combined with a phenotypic readout, the direct
linkage of mutations to cellular phenotype. This is particularly
relevant since the physicochemical TME can affect mutation
rates, and vice versa, specific genotypes can shape the TME.’
Despite this opportunity, there are, to our knowledge, no re-
ported studies applying scDNA-seq to explore how mutations
in specific subsets of genes are associated with the TME.
Spatial DNA-seq

To study reciprocal TME-cancer cell interactions, it would be
beneficial to link the genotype of cells to their location in the
tumor. Spatial DNA-seq is still in early phase development. A
large challenge is the limited amount of DNA that can be ex-
tracted from individual cells, but initial efforts and optimizations
have shown some capacity to extract spatial genomics infor-
mation. A promising technique is slide-DNA-seq, which was
used together with spatial RNA-seq (described below) and
imaging techniques to relate the spatial localization of cells,
clonal identity, gene expression, and a TME component, tumor
density.®®

163
)

Transcriptomics for studying the TME

Bulk-level transcriptomics

Bulk sequencing of mRNAs based on fragmentation of RNAs,
cDNA conversion, and sequencing of fragments using a short-
read sequencer is commonly referred to as “RNA-seq” and is
arguably the most mature genomics technique, reviewed in-
depth elsewhere.'®® Briefly, RNA-seq reads are mapped to a
reference genome or transcript collection to infer gene expression
levels, enabling a battery of computational and statistical analysis
methods.'®” Anew developmentis methods that sequence intact,
full-length transcripts,'®® allowing direct characterization of iso-
forms, including alternative splicing, at the cost of lower
sequencing depth and accuracy. Bulk RNA-seq is most useful
when cells display low heterogeneity and have limited spatial in-
formation, which, in the context of studying TME impact, makes
it the best choice for perturbation studies where cells in culture
are exposed to controlled changes of physicochemical environ-
ment; see, e.g., Yao et al."®® The disadvantage of bulk RNA-seq
in a TME setting is that gene expression is estimated as an
average across all cells in the sample. This can be circumvented
if cells are selected based on their TME niche—for instance, by
laser capture micro-dissection (LCM) before RNA-seq.
Single-cell-level transcriptomics

scRNA-seq is based on the same methods that underlie bulk
RNA-seq, but cells are separated prior to further processing.
Incorporation of cell-specific barcodes in the sequenced
cDNA enables mixing of all cDNAs from all cells in a single
pool, which are sequenced together and computationally sepa-
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rated afterward.'”® A large number of scRNA-seq methods are
available, as reviewed in Stuart and Satija.’”" The choice is
dictated by sensitivity vs. cell diversity: for example, highly
diverse samples, such as complex tissues, require the
sequencing of large numbers of cells, at the expense of fewer
genes being captured per cell.

While many technical challenges remain, mainly reflecting the
lower amount of material per reaction (see Tran et al.’”?), scRNA-
seq data allow for a range of analyses not possible with bulk
RNA-seq data.'”® These include (1) identifying cell populations
with similar expression profiles and quantifying their proportions
in the sample, (2) differential expression estimates on single-cell
level, and (3) lineage reconstruction, where trajectories across
the measured states are predicted. The latter is most meaningful
during the transition from one distinct cell type to another'”* or to
clonal substructures of tumors (e.g., McCarthy et al.'”®). A some-
what related approach, RNA velocity,'’® uses the ratio between
intronic and exonic sequences sequenced to infer the future
mature RNA state, making it possible to predict the actual direc-
tion of a transition.

scRNA-seq has substantial utility in understanding cellular
states in the TME. Examples include studies mostly focusing
on cellular heterogeneity of cancer samples, e.g., Wu et al.””
and Patel et al.'”®; biomarkers for specific disease-relevant cell
types within the tumor'’®'®%; and TME markers for cancer
stages and specific clinical prognosis.'®° Finally, the combina-
tion of scRNA-seq with scDNA-seq'®' and assay for transpo-
sase-accessible chromatin with sequencing (ATAC-seq)'®?
enables further insights at the single-cell level. That said, a major
limitation of scRNA-seq in a TME context is that spatial context is
lost, making it arguably most relevant for controlled TME
changes, or combined with laser capture-dissection of specific
tumor regions, as discussed above.

Spatial transcriptomics

A common approach to retaining spatial information is spatial
barcoding using immobilized single-stranded polydT oligos con-
taining unique DNA barcodes.'®* A thin tissue section of interest
is applied on top of the capture surface(s), and cells are lysed in
situ. RNAs carrying poly(A) tails (typically mRNAs) from each cell
on the section will hybridize to the capture area, followed by
cDNA conversion, recovery, and finally short-read sequencing.
Computational analysis can de-multiplex the reads, enabling a
mapping of gene expression data to spatial locations within
the capture surface. Moreover, spatial expression data can be
overlaid with images of cell structures, typically by H&E staining
of the tissue section. An example of spatial RNA-seq that pro-
vided TME information includes Thrane et al., '®* where a specific
gene expression signature in the lymphoid area of melanoma
lymph node biopsies, in close proximity to the tumor region,
was found. Integration of scRNA-seq with spatial profiling can
combine the benefits of both and was used, e.g., in studies
demonstrating (1) the localization of a tumor-specific immuno-
suppressive keratinocyte subpopulation to a fibrovascular niche
in human squamous cell carcinoma'®® and (2) the colocalization
of stress-responding cancer cells with inflammatory fibroblasts
in pancreatic ductal carcinoma.'®®

Finally, it is important to mention the potential of combining
multiple sequencing techniques to obtain in-depth spatial
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information. As such, the immune cell landscape of prostate tu-
mors was studied by combining scRNA-seq and spatial tran-
scriptomics using the Slide-seq platform.'®” Furthermore, the
probe- and imaging-based spatial sequencing platform Xenium
was recently combined with scRNA-seqg- and Visium-based
spatial transcriptomics (both the Xenium and Visium platforms
are from 10x Genomics) in an effort to obtain high-resolution in-
formation about the cellular heterogeneity of fixed human breast
cancer sections.'®®

Proteomics for studying the TME

Proteomics techniques aim to provide a snapshot of cellular/tis-
sue protein repertoire and abundance and, depending on
methodology, other molecular features of proteins, such as
post-translational modifications. Providing both challenges and
opportunities for additional insights, proteins can dynamically
localize to multiple intracellular sites as well as in the TME and
are modified by post-translational modifications such as phos-
phorylation. Below, we briefly outline mass spectrometry (MS)-
based methods (reviewed in Angel et al.®°) applicable for study-
ing the TME. MS also underlies lipidomics and metabolomics
techniques, which are not covered by this review.

Bulk proteomics

The vast majority of MS-based studies are performed in bulk
because single-cell and spatial MS has only recently become
feasible. MS can be directly applied to whole tumors; see, e.g.,
Cao et al.'®° However, while informative, such data are averages
across cells and environments.

To explore tumor heterogeneity and TME properties, it is
beneficial to couple MS approaches with targeted sampling,
e.g., by liquid chromatography of different tumor regions.'*"'9
A recent study used proteomics and other genomics methods
to characterize regions of pancreatic tumors'®® and found that
sub-regions of the TME differed in tumor-promoting and chemo-
protection abilities and that stromal heterogeneity could be
linked to patient outcome.

The ECM is uniquely targetable by proteomics (reviewed in
Hanash and Schliekelman'®¥). Of particular relevance to the
TME, stable isotope labeling by amino acids in cell culture
(SILAC) can identify newly produced ECM constituents and
thereby interrogate how tumor cells shape the local TME. Exam-
ples include studies of ECM dynamics in hepatocarcinogene-
sis'% and ECM composition in pancreatic tumors, separating
ECM proteins from cancer and stromal cells.’®®
Single-cell proteomics
Single-cell proteomics is a rapidly developing field, albeit a chal-
lenging prospect, primarily because the effective sample con-
centration is extremely low (reviewed in Labib and Kelley'®").
The current state of the art uses liquid chromatography followed
by an MS approach that is similar to many bulk approaches but
incorporates multiplexing (e.g., utilizing tandem isobaric mass
tagging, exemplified by Li et al."?%) and boosting prior to the
MS step, both aiming to reduce sample loss during preparation.
Current single-cell proteomics approaches can quantify around
1,000 proteins per cell. State-of-the-art studies have focused on
differentiating macrophages'®® and leukemia stem cells.*®® To
our knowledge, single-cell proteomics have not yet directly
been used to study TME questions but holds clear promise in
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this regard, especially during controlled application of specific
TME conditions or combined with laser dissection of specific tu-
mor regions, as discussed above.

Spatial proteomics

MS can also be used for spatial imaging (imaging MS, reviewed
in Bateman and Conrads®®' and Gessel et al.’°?): a thin tissue
slice is coated with a conductive agent, and a matrix promoting
peptide desorption and ionization is applied on top of the slide.
Desorption and ionization are facilitated by a laser beam applied
sequentially across the surface, and ionized peptides in respec-
tive locations are analyzed by MS, enabling peptide quantifica-
tion spatially across the tissue slide.

Although still not a widely used technique, imaging MS holds
vast promise for TME studies because of its wide range of appli-
cations and targets, including the ability to measure non-pro-
teins, such as drugs. Interesting examples include studies aim-
ing to identify proteins whose expression could distinguish
between breast cancer tumor cells and their stroma®®® and to
analyze protein diversity in cancer and normal breast tissue
ECM.?** Imaging MS can also be used to assess the penetration
of drugs and other treatments in tumors, as shown in a 3D model
of malignant pleural mesothelioma.”%®

SUMMARY AND PERSPECTIVES

Whereas the importance of the reciprocal interactions between
the TME and the cancer cells within it has been recognized
since Paget’s famous ‘“seed and soil” theory, the specific
composition and roles of the TME in different cancers are still
being unraveled. Increasingly sophisticated tools for tackling
these tasks have become available in recent years, leading to
a surge of new data and models. Patient tumor tissue can
now be analyzed at the single-cell and spatial levels, yielding
new information about cellular heterogeneity; live patient tumor
material can be incorporated into models such as PDOs with
integrated stromal components; physicochemical TME condi-
tions can be mimicked using microfluidic approaches; and
omics technologies suitable for analysis of the TME are gaining
resolution and depth. Importantly, the data from each model
and technology represent only one piece of the puzzle, and
future breakthroughs in understanding the role of the cellular
and acellular TME in cancer development are dependent on
combining and integrating these pieces to reveal the full pic-
ture. In particular, understanding of the interplay between
different TME components and of how interference with individ-
ual or multiple components of this complex network can be ex-
ploited therapeutically is still very limited, as is knowledge
regarding the composition and roles of the TME of metastatic
niches. Progress in these key areas will depend on studies
combining multiple advanced TME model systems with highly
resolved single-cell and spatial analysis methods.
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