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ABSTRACT

Cell-cell interactions are of crucial importance for tissue formation, homeostasis,
regeneration processes, and immune response. Recent studies underlined contribution
of cell-cell interaction in tumor microenvironment (TME) for tumor progression and
metastasis. Cancer cells modify the host cells to tumor-supportive traits, and the
modified host cells contribute to tumor progression by interacting with cancer cells
and further modifying other normal cells. However, the complex interaction networks
of cancer cells and host cells remained largely unknown. Recent advances in high
throughput microscopy and single cells-based molecular analyses have unlocked a
new era for studying cell-cell interactions in the complex tissue microenvironment at
the resolution of a single cell. Here, we review various model systems and emerging
experimental approaches that are used to study cell-cell interactions focusing on the
studies of TME. We discuss strengths and weaknesses of each model system and each
experimental approach, and how upcoming approaches can solve current fundamental

questions of cell-cell interactions in TME.

CELL COMMUNICATION IN NORMAL
PHYSIOLOGY AND IN CANCER

The human body is estimated to be composed of
more than 200 different types of cells, with approximately
3.72 x 10" cells in total [1]. Cells with specialized
functions form functional units such as organs (brain,
heart, liver, etc.), skin, bone, blood, and muscle, by
coordinating their behavior through communication with
other cells. Cell interactions also play essential roles
during embryonic development and in basic physiological
processes, such as neurotransmission, wound healing, and
inflammation. Therefore, the study of cellular interactions
is crucial to understand the development and function of
multicellular organisms.

Cell—cell interaction is a complex phenomenon;
a single cell can interact with many other cells through
physical contact, surface receptor-ligand interaction,
cellular junctions, and secreted stimulus from neighboring
cells or those of distant organs. Interactions via secreted
factors such as protein or peptide-based growth factors
and cytokines [2], small molecules and metabolites [3]
has been extensively studied. More recently, interactions

involving extracellular vesicles have emerged as another
way of interaction [4]. In addition, cell—cell interactions
are affected by their physiological environments, including
physical properties of the surrounding extracellular
matrix and its biochemical properties, like levels of
oxygen (hypoxia) or nutrients (energy deprivation) [5].
Together, these mechanisms of cell interaction contribute
to coordinated cellular behavior and complex biological
functions in tissues.

Cancer is a major healthcare challenge worldwide.
Cell communication in the tumor microenvironment
(TME) presents one of the biggest barriers to our
understanding of this disease. Tumor tissue is not
solely composed of cancer cells; as much as 50% of
its composition can derive from non-cancerous cells,
along with non-cellular components [6]. Cancer cells
interact with themselves and non-cancerous host cells
including immune cells (T cells, B cells, macrophages,
dendritic cells, NK cells), endothelial cells, and
fibroblasts (reviewed in [7, 8] and elsewhere). Cancer
cells also respond to growth factors, cytokines, and
extracellular matrix proteins present in the TME [9].
The interactions between normal and cancer cells can be
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tumor-suppressive, i.e. immunoreaction against cancer,
but often eventually become tumor-promoting. Immune
cells including T cell, B cells, macrophages, dendritic
cells, neutrophils, become immune-suppressive and even
cancer-supporting, which has been reviewed [10-13].
Cancer-associated fibroblasts are also exploited to secrete
extracellular matrix and promote growth and invasion of
the cancer cells [14]. Cancer cells interact with endothelial
cells to elongate blood vessels in TME [15]. Interactions
with extracellular matrix stiffening promotes cancer
progression [16]. Overall, interactions within the TME
are diverse and promote cancer progression. Therefore,
understanding cell—cell interaction within TME will not
only provide insight into cancer biology but also the
potential for identifying new therapeutics.

In this review, we will discuss the current approaches
to the study of cell—cell interactions, challenges associated
with these approaches, and the need for better technologies
to understand cellular interactions focusing on cell—cell
interactions in cancer.

MODEL SYSTEMS TO STUDY CELL-CELL
INTERACTIONS IN CANCER

To systematically understand cell—cell interactions
in complex tissue microenvironments, we must be able to:
(1) identify specific cell types, (2) observe spatial relation
among different cell types, (3) determine the mode of
interaction (direct or indirect), (4) measure molecular
information in single cells, and (5) measure responses
to stimuli. Here, we will discuss model systems and
approaches to the study of cell—cell interactions in TME.

Many experimental strategies have been developed
so far, from in vitro assay of cells grown in monolayer,
3D, and spheroid/organoid cultures, to in vivo rodent
carcinogenesis models, xenografts of human cancer
cell lines, and patient-derived xenografts (PDXs)
as well as direct analysis of patient samples (Figure
1). A basic tradeoff exists between the ability to
manipulate the system and the physiological relevance
of the system. Additionally, physiological relevance is
often gained at the expense of accessibility and high
throughput comprehensive analysis (Figure 1). For
cell—cell interaction studies, it is important to select an
experimental system appropriate to the purpose of the
research. More detailed features of each model system
are shown in Table 1.

Primary tissues from patient tumors

The most physiologically relevant samples are
biopsies and surgical samples obtained from patient
tumors. Although they contain all characteristics of the
TME, including cellular and non-cellular components,
they provide limited accessibility. Most analyses of
patient tumors are based on histology. The tumor samples

are either fixed or frozen for histological analysis.
Analyses of tumor tissue sections from patients exhibit
various cell types in native TME, and are often used to
assess correlation between histological observations
(abundance of various cell types such as macrophages, T
cells, extracellular matrix, microvasculature) and clinical
outcomes/prognosis [17—19]. Primary tumor tissues are
also used to isolate non-cancerous cell population such
as cancer-associated fibroblast (CAF). Molecular and
phenotypic characteristics of CAFs can be compared
to those cells from other region of the body to study
how cancer cells can affect their phenotype [20, 21].
However, fixed/frozen tumor tissues cannot be expanded,
which limits acquisition of dynamic phenotypic or
molecular response. Further, genetic manipulation and
comprehensive high-throughput analysis of individual
cells are not feasible for frozen/fixed patient tumors.
Moreover, patient tumor samples are confounded
by genetic background and tissue subtypes, making
comparisons between experimental and control groups
difficult. Therefore, hypotheses generated from tissue-
based results are further tested in in vitro culture models.

Cultured cell line-based in vitro models

Cancer cell lines derived from tumor tissues are
widely used as 2D monolayer cultures. For cell-cell
interaction, co-culture experiments seeding two or more
cell lines into the same dish, or seeding into cell culture
insert separated by a thin membrane that only allows
secreted factors to pass through, are commonly used in
vitro models. For example, coculture of cancer cells
and endothelial cells, fibroblasts and immune cells are
often used in various types of cancer to provide insight
into cell—cell interaction between cancer and host cells
[22, 23]. Cell lines grown in vitro are easy to expand
and amenable to genetic/pharmacological perturbation
studies. However, the biophysical and biochemical
properties of cells cultured in monolayer with artificial
medium are very different from those of patient tumors
where multiple types of cells are tightly packed next each
other to form the TME. A cluster of cells limits access
to oxygen and nutrients, and poses growth inhibition by
contact inhibition. Moreover, cells lines cannot recreate
the complex combination of cells and non-cellular
components in TME.

To mimic tightly-packed 3D structures of tissues,
spheroids can be formed from cultured cells [24].
Spheroids are sphere-like cell aggregates which can be
prepared from a single cancer cell type, or mixture of
several cell types, e.g. a combination of cancer cells,
fibroblasts, and endothelial cells. Spheroid culture gives
rise to tight cell junctions and gradients of oxygen and
nutrients that more accurately mimic in vivo cell growth.
Other 3D culture platforms reconstruct TME by mixing
cancer cells and non-cancerous cells and providing
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Table 1: Experimental model systems for analyzing cell—cell interactions

Cell: 2D Cell: 3D Spheroids Organoids .ssue Xenografts PDX Syngeneic Patient
culture culture slices models  tumors
Physiological ++ ++ +H+ et
relevance
Tissue architecture + -+ +H++ T+ =+ R
Human-derived i Tt T Tt
stromal cells
Tightly packed + ++ ++ ++ +H +H S .
cells
Complex cell types + + ++ +++ +++ 4+ 4+ +H+
Sample av.al'lz}blllty i i 4 n n I
(reproducibility)
Molecula.r Ay 4y n 4 + +
intervention

+++ denotes strong relevance; ++ denotes moderate relevance; + denotes low relevance.

scaffolds for cells based on natural and synthetic
matrices as extracellular matrices [25]. By testing
combinations of stromal cells and cancer cells, Wang
and colleagues demonstrated the importance of stromal
cells to hepatocellular cell malignancy [26]. Although
spheroids require more preparation time than monolayer
cells, gene modification remains easier than in vivo,

Cell culture Spheroid/organoid

Perturbation
capability

Sample
throughput

Sample
accesibility

Tissue slice

and high-throughput analysis is becoming increasingly
accessible. However, a non-physiological distribution of
various cell types and matrix proteins remains a major
drawback of this model system. Overall, although in vitro
culture models are useful for molecular analysis of cell-
cell interaction, careful evaluation of these findings in
physiological models are often needed [27].

Model organisms Human-derived

Figure 1: Major experimental model systems for studying cell-cell interaction. Model systems ranges from in vitro assay
of cells grown in monolayer, 3D, and spheroid/organoid cultures, to in vivo rodent carcinogenesis models, xenografts of human cancer
cell lines, and patient-derived xenografts (PDXs) as well as direct analysis. The strength and weakness of each experimental model are
described with red and green bars. A tradeoff exists between sample manipulation and its physiological relevance. Detailed description of

each model is also summarized in Table 1.
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Ex vivo tissue-derived models

To overcome the problems of limited availability
of patient tumors, tumors are expanded either in vitro, or
in vivo in mice and other model organisms. Organoids,
which are small pieces (~70 um) of tissues cultured and
expanded in medium, can be prepared from organs such
as brains and small intestines, and from tumors as well
[28, 29]. Organoids provide the advantage of expansion
while preserving the basic histological characteristics of
the original source organs [30]. This technology enables
testing of multiple experimental conditions on tissues from
the same origin. Histological observation and co-culture,

chemical or antibody-based perturbation of interaction
reveal relationships of cells of interest in tissue-context
[31, 32]. In addition, while they are still more difficult
than in cell culture, gene introduction and other molecular
manipulations are possible [33]. However, passaging of
organoids introduces in vitro cultivation-driven cell-type
specific bias and limits their physiological relevance
[34, 35]. Still, organoids are a model that merges TME
complexity and in vitro convenience.

Another tissue-based model that preserves the TME
is precision-cut tumor slices. Tissue slices are thin-cut
(200 um or more) slices of tumor tissues maintained in
culture. Live immune cell migration into tumor tissues

Conventional approaches

Emerging approaches
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Figure 2: Analytical approaches to study cell-cell interaction. Current microscopy-based analyses are focused on obtaining spatial
information of targeted cells/molecules, and cell sorting-based techniques require cell dissociation, which precludes spatial information.
Emerging approaches integrate both advantages to obtain molecular and spatial information simultaneously, providing meaningful insights

for cell—cell interactions.
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Table 2: Experimental approaches for analyzing cell—cell interactions

. In vivo Flow Mass . .y.  (F) Imaging Raman Cyclic
IHC M . . M fl

C Microscopy imaging cytometry cytometry icrofluidics ISH MS spec  ITHC
§p atial . o+ o+ o+ - - - o+t + o+
information
Live cells ++ H + + ++ - - .
without fixing
"I“lmfa cou.rse i — et T Tt
live imaging
Molecular
analysis (low + + + ++ ++ + + ++ + 4+
throughput)
Omics analysis
(High - - - 4+ +++ 4+ + +++ - --
throughput)

+++ denotes strong advantage; ++ denotes moderate advantage; + denotes low advantage; - denotes disadvantage.

from pancreatic ductal adenocarcinoma slice cultures
was observed using fluorescently conjugated antibodies
[36]. Another method of applying tissue slices to TME
studies is to co-culture cancer cells into organotypic tissue
slices. Mouse brain tissue slice cultured with glioblastoma
cells was used as a model to study cellular response of
glioblastoma cells to niche signals and drug treatment
[37]. Tissue slices have similar benefits to organoids;
however, they are not intended to expand, but rather to
maintain their viability. While they do not provide the
advantage of expansion, tissue slices generate less concern
over changing phenotypes during culture.

In vivo tissue-based models

PDX model involves subcutaneous implantation
of patient tumor in immune-compromised mice. PDX
models allow expansion of human tumors under
mouse physiological conditions. As they maintain the
original structures of the tumor partially, PDX provides
physiologically-relevant models. PDX models have been
used for many TME studies, especially to test responses
to perturbations of TME in tumor growth and metastasis.
Contribution of stromal cell population to aggregate tumor
progression has also been studied using PDX models [38,
39]. However, it usually takes more than 1 year to establish
them, and strong selection bias including replacement of
stroma occurs during establishment and passage [40].
Cancer cell line-derived xenografts (CDX) typically take
much less time (1-2 months) to form tumors, but all
nonmalignant and non-cellular components are of mouse-
origin. A major limitation of both PDX and CDX is the lack
of functional immune cells, which play significant roles in
the TME. Alternatively, chemical or genetically-induced
mouse carcinogenesis models and mouse allograft models

can provide tumor tissues under mouse physiological
conditions with fully functional immune cells [41, 42].
While studying cell—cell interaction in the TME of mouse
tumors can provide critical information on human TME,
some key differences between mouse and human immune
systems limit enthusiasm for these models.

Overall, using an appropriate experimental system
that balances sample accessibility and manipulability with
physiological relevance can enable researchers to elucidate
cell—cell interactions in complex tissues.

ANALYTICAL APPROACHES TO STUDY
CELL-CELL INTERACTIONS

Using the model systems described above, many
analytical approaches have been developed to elucidate
cell—cell interactions in complex TME. Here, we describe
the current and emerging tools as well as discuss their
advantages and weaknesses (Figure 2, Table 2). Currently,
many approaches can help obtain either spatial distribution
of the cells or detailed molecular information of certain
cell types, however, very few approaches can provide
both. Therefore, hypotheses generated from one approach
are generally tested by combination of other approaches,
such as combination of imaging-based strategies and
high-throughput analyses of dispersed cells followed by
molecular analyses.

Imaging

Imaging is the most powerful tool for visualizing
the structure of tissues, spatial distributions of cells, and
determining specific cell types. Many microscopy-based
imaging approaches have been developed to observe
cellular distributions within tissues, such as confocal
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microscopy, super-high-resolution microscopy, in vivo
two photon microscopy, electron microscopy and atomic
force microscopy. However, quantification and throughput
are the two main weaknesses of imaging-based methods.
Imaging can quantify proteins, RNAs, lipids and sugar
chains using labeled antibodies; however, microscopy-
based quantification is easily confounded by many factors
including poor signal-to-noise ratio, high background,
photobleaching of fluorophore and low resolution of the
images [43]. Additionally, the number of targets that can
be detected is limited by antibody availability and the
number of fluorophores in the visible spectrum. Overall,
the imaging allows visualization of cell—cell interactions
with less accurate quantification and limited throughput.
Recent technological advances, however, have been
improving throughput of imaging in high-content imaging
and automated microscopes [44].

Fixed tissue imaging

Immunohistochemistry (IHC) has been used since
the 19th century to directly detect and observe the cells
in tissue sections [45]. It is still widely used to observe
the structure and distribution of specific cells in tissues
in laboratory experiments and in clinical cancer diagnosis
[46]. Most of the clinical samples are chemically fixed for
further analysis. These histology images have contributed
to the vast body of knowledge in understanding the
distribution pattern of cells in tumor tissues. Cells
labeled by cell type-specific dyes and antibodies enable
the gain of spatial information in the tissue. Observation
of tissue section showed disseminated breast cancer
cell in proximity of microvasculature are maintained in
dormant state [47]. Relative protein expression levels
can also be quantified using IHC. Further, laser capture
microdissection systems can directly excise a specific
area or single cells for downstream analysis of global
gene expression and proteomic analysis, providing both
spatial information and correlated molecular information
[48]. However, despite its widespread use, IHC has some
drawbacks. First, fixation precludes time-scale analysis on
live cells. Second, fixation of tissues lowers the quality
of RNA, DNA and proteins extracted from sample tissue,
which poses major obstacles to comprehensive analysis
of limited samples available from a section. Although
throughput has improved with tissue microarrays that
contain up to 1000 tissues on one slide, analysis time per
sample is limited by microscope observation.

Live tissue imaging

To overcome limitations posed by tissue fixation,
recent technologies have been developed to enable high-
resolution, real-time imaging under more physiological
states, either ex vivo or in vivo [49]. Tissue architecture
including detailed morphologies and distributions of
individual cells are visualized in ex vivo tissues by
labeling using fluorescent-labeled dyes, antibodies, and
introduction of fluorophores to target proteins. Recently,

the advent of CRISPR-Cas9-mediated cell-type specific
labeling has enabled live cell tracking (lineage tracing)
and studies of cell-cell interactions [50-53]. Several
approaches to in vivo imaging have also emerged that
allow imaging of cell-cell interactions under the most
physiological conditions [54]. Intravital microscopy,
imaging of live animal at microscopic resolution, is a
strong tool to observe cell behavior directly, including
cell migration and direct contacts [55]. However, imaging
depth (~1000 um, mostly a few to hundreds pm) [49] and
challenges in in vivo labeling of specific cell-type limit the
application of these methods. Alternatively, whole body
distribution of disseminated cancer cells can be detected
using in vivo imaging techniques such as fluorescence,
luminescence, ultrasonography (US), positron emission
tomography (PET), magnetic resonance imaging (MRI),
and computed tomography (CT) [56]. Because this
constitutes a noninvasive investigation, spatial information
of TME can be observed repeatedly with time sensitivity
under physiological conditions. The weakness is these
imaging strategies have lower resolution than in vivo
microscopy (a few mm). However, Vacok and colleagues
applied improved optical coherence tomography to mouse
to achieve three-dimensional, wide-field, in-depth (2 mm)
live observations of blood vessel arrangement and cancer
necrosis, and drug response of cancer [57].

Single cell analyses by fluidics

Flow cytometry

Flow cytometry can analyze individual cells
quantitatively and in high throughput. Developed in the
1960s [58], it became an indispensable technology for
analysis of mixed cell populations. One classical usage
for cell interaction studies is to detect direct physical
cell—cell interactions in high-throughput manner [59—61].
Multiplex labeling identifies composition of various
cell types that exist in TME based on surface protein
marker expression [62]. Changes in cell components can
provide insight into the role of stromal cells in tumor-
supporting microenvironment [63, 64]. In addition,
quantification of multiple proteins in single cells using
dyes or fluorescently-labeled antibodies can be achieved
using flow cytometry. Similarly, flow cytometry has also
been used to measure mRNA or microRNA expression
levels using labeled antisense nucleotides [65, 66]. In
combination with Fluorescence Activated Cell Sorting
(FACS), target cells can be isolated and collected in a
high-throughput manner, enabling further comprehensive
gene expression and proteomic analysis. For example,
tumor-infiltrated immune cell populations can be classified
and collected for further molecular analysis [67]. Imaging
flow cytometry is another high throughput approach to
analyze thousands of individual cells per second by taking
images of cells simultaneously to provide morphological
information [68]. This provide advantage over traditional
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flow cytometry in multiplexing imaging capability. High-
throughput analysis of flow cytometry has enabled studies
of rare cell types, such as cancer stem cells. FACS can
analyze and sort cancer stem cell-like population from
tumor for further investigations. For example, stem cell-
like cells in patient-derived glioblastoma specimen were
isolated as a EGFR-positive population for transcriptome
analysis [69].

However, flow cytometry and other single cell-
based methodologies have notable drawback that requires
tissue dissociation and single cell suspension. Collagenase
and/or trypsin are used to disperse cells, which degrade
adhesion molecules, tight junctions and extracellular
matrices in TME. Information on three-dimensional
distributions of cells and non-cellular components is
completely lost during this process. Therefore, although
flow cytometry has strong advantages for molecular
analysis, it cannot obtain spatial and structural effects on
cell—cell interaction simultaneously.

Microfluidics

Microfluidics offers another way to analyze cells
in a high throughput manner at single cell levels, with
a notable difference from flow cytometry, by culturing
single cells in a microchamber. Single cells are isolated
by trapping the cells in a microfluidics cavity, then the
cells are incubated and monitored real-time, or proteins
and RNA levels can be analyzed directly on chip [70].
Wang and colleagues directly observed effect of cell
interaction of glioblastoma multiforme cancer cells
in controlled microchip [71]. Recently-developed
“cancer-on-a-chip”, where cancer cells are cultured
in microchambers mimicking TME, provide insight
into interaction between cancer cells and TME [72,
73]. Similarly, the organ chip model mimicking lung
environment with lung cancer cells has been shown
to recapitulate growth rate, therapeutic responses and
metastatic niche [74]. These microchambers allow
observation of real-time and 3D immune-cancer cell
interactions [75], cell behavior in metastatic cascades,
such as EMT, invasion and adhesion for intra-and
extravasation [76]. However, the requirement of tissue
dispersion to single cells and difficulties in mimicking
TME in vitro remain a challenge.

Overall, flow cytometry followed by FACS and
microfluidics are ideal for high throughput comprehensive
molecular analysis. However, the loss of structural
information to cell dispersion required for the techniques
remains as a critical issue.

Molecular analyses of single cells

Transcriptomic analysis: single cell-RNA sequencing
(sc-RNAseq)

Recent droplet-based technological advances have
enabled transcriptomic profiling of single cells [77, 78].

Cells dissociated from tissues were isolated into single
cells by FACS, microfluidics, microdroplets or picowells
to capture single cell per a droplet or a well [79]. Droplet-
based technology integrated with sc-RNAseq has been
applied to profile intra-tumoral immune cells in breast
cancer [80]. Patel and colleagues transcriptionally
described heterogeneity in glioblastoma using sc-RNAseq
[81]. Combined with DNA barcoding, thousands of
individual cells can be now analyzed [78]. The use of
single cell-RNA sequencing is being widely adopted to
describe heterogenous population in complex tissues.

Protein analyses: mass cytometry

Proteomic analysis in single cell is in need because
transcription and actual protein amount is often different.
While comprehensive analyses of proteins are not yet
possible, mass cytometry is one of the most high-throughput
protein analyses. Isolated cells are labeled with multiplexed
metal-conjugated antibodies, and the amount of target
proteins is detected by Cytometry by Time of Flight (CyTOF)
mass spectrometry [82]. The current technology enables to
measure approximately 40 proteins simultaneously [83].
Simoni et al recently described CD8" T cell populations
infiltrated into different types of tumors [84].

Although dissociation of the tissue disrupts spatial
information, high-throughput molecular analyses in single
cell level boost generation of hypothesis relating to cell—
cell interactions that are subjected to validation using other
experimental approaches.

EMERGING APPROACHES TO ANALYZE
CELL-CELL INTERACTIONS

To study cell-cell interaction in TME, spatial
information at the resolution of a single cell is essential,
and microscopy is currently the most powerful tool
to obtain it. However, current imaging technologies
are intractable to comprehensive molecular analysis.
To further understand complex cell-cell interactions,
technologies that offer both spatial information and high-
throughput molecular analyses are highly needed. Here,
we discuss some emerging approaches that have been
developed to obtain molecular information linked with
spatial information (Figure 2).

Imaging-coupled transcriptional profiling

The importance of connection between transcription
and spatial distribution of the cells are discussed in
other reviews [85, 86]. Fluorescent in situ hybridization
(FISH) allows measurement of gene expression using
fluorescent probes recognizing RNAs linking transcription
patterns with spatial organization of single cell cells
within tissues. FISH usually has low throughput due
to limits on the number of fluorescent probes that can
be used simultaneously. Recently, multiplexed in situ
hybridization has been developed. Moffitt and colleagues
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developed multiplexed in situ hybridization that can
analyze 130 RNAs from approximately 40,000 cells in
18 h, using error-robust barcodes and sequential cleavage
of fluorophores [87]. Although this strategy dramatically
enhances the throughput of FISH, the number of
transcripts that can be measured simultaneously is still
far from comprehensive analysis. Wang and colleagues
developed 3D in-situ RNA sequence, named STARmap,
using mouse brain [88]. They could analyze up to 1020
marker genes in single cell level, and categorized cells
into 16 cell types based on expression patterns. The in situ
transcription analyses outlined above suffer from the need
for tissue fixation. A sequence-based strategy overcomes
this by introducing photoactivatable tags into live cells
together with a cell penetrating peptide [89]. Activation
of these tags within specific target cells allows isolation
of mRNA signals from individual cells for transcriptomic
analysis. This strategy has advantages that allow for
analysis of live cells and use of well-established RNA-
seq platforms. Overall, imaging-based transcriptome will
describe the cells in different transcription state related to
its surrounding environment.

Imaging-based mass spectrometry (IMS)

IMS is an approach that integrates the strength of
imaging and unbiased proteomic analysis through matrix-
assisted laser desorption ionization [90]. By measuring
mass/charge signals at various coordinates, it can analyze
both the existence of target molecules and information
about their localization in tissues. IMS enables analysis
of thousands of proteins, lipids, and metabolites without
labeling directly from the tissues. Despite these advantages,
IMS suffers from two main drawbacks: 1) low resolution
(5-200 pm for IMS vs 1 pum for fluorescence microscopy);
and 2) low sensitivity that causes inability to detect low
abundant proteins. To enable detection of low abundant
or active form of proteins, a combination of metal-labeled
antibodies and mass cytometry has been developed [91].
Using rare earth metals-labeled antibodies, it is possible to
detect at least 32 (and possibly up to 100) proteins using
more antibodies. Giesen and colleagues have developed
high resolution imaging mass cytometry by combining IHC
imaging and laser-based ablation for mass cytometry [92].
Mirnezami and colleagues could show heterogeneity of
patient colorectal cancer by lipid-based analysis [93]. It has
been shown that sequential images can be used to develop
3D IMS image [94]. These imaging technologies have
improved resolution and provide single cell level analyses,
however, there is still a tradeoff between resolution and
comprehensive analysis of molecules.

Raman microscopy (RM)

Raman spectroscopy (RS), an optical technique
based on inelastic scattering of light by vibrating
molecules, has been adapted to provide chemical

fingerprints of cells in complex tissues. Raman microscope
(RM), a microscope coupled with RS, can elucidate
relationships between tissue architecture and molecular
distributions. Studies using RM to aid clinical diagnosis
have been reported [95, 96]. RM is non-invasive and
requires no staining or labeling, which permits dynamic
acquisition of molecular data such as lipids, proteins,
and water content in live tissues. RM has been used for
identifying lipid composition in TME [97]. In combination
with 2-photon microscopy, Lee and colleagues imaged
invasive cancer cells, blood flow, and direct cancer
cells-host cells interaction in TME of mouse mammary
tumors [98]. Inability to provide molecular (genomic
and proteomic) information limits the usefulness of this
emerging approach.

Cyclic immunofluorescence (IF)

IHC is limited by the number of antibodies that
can be used on a single section. This stems from the
requirement that antibodies from different species be used
for each target, and that most microscopes only detect
<10 fluorescent channels. To overcome these limitations,
several strategies to inactivate, block, or strip the first
round of antibodies to allow multiple rounds of THC
on a single section have been developed [99, 100]. Lin
and colleagues optimized 3-color cyclic IF to perform
multiplexed analyses of drug response of melanoma cells
with 5 cycles of cyclic IF [101]. Cyclic IF has also been
shown to be effective on tissue samples [102]. Although
antibody staining cycles are theoretically unlimited,
this strategy is practically limited to approximately 16
channels because of damage to samples and long per-
round staining time resulting in low throughput. Therefore,
cyclic immunofluorescence has methodological limitation
to be applicable for more comprehensive analyses.

CONCLUSIONS

The structural and functional integrity of all
multicellular organisms is coordinated by and dependent
on cell—cell communication mediated via spatial and
temporal interaction. The study of cell-cell interactions
is crucial to the understanding of many biological
processes, including organ formation and size control,
tissue packing, and immunological reactions. Without
cell—cell contact, our tissues, organs and whole body
would lose their structure and function; even slight
disturbances can result in pathological conditions such as
cancer. It is widely recognized that cell—cell interactions
in the microenvironment contribute to tumor progression.
In order to study a phenomenon as complex as cell—cell
interaction, careful experimental designs using relevant
model systems and analytical strategies must be
implemented.

Using cell—cell interactions in the tumor tissue as an
example, we first discussed various experimental models
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that are used to study TME. In general, there is a tradeoff
between applicable experimental strategies and physiological
relevance of the system. Understanding the limitations and
exploiting the advantages of each experimental model
are fundamental to this research. Current experimental
approaches provide either high-throughput molecular
analysis (cell sorting-based methods) or spatial information
through imaging (microscopy-based methods). Emerging
approaches combine the advantages of these two to perform
both spatial distribution analysis and high-throughput
molecular analysis (Figure 2). A combination of microscopy
and ‘omics’ (ex, tagged RNAseq and IMS) will provide a
powerful strategy for investigating cell—cell interactions.

Recent technical advances have enabled single cell
transcriptomics (scRNAseq); for biochemists and molecular
biologists, however, high throughput single cell proteomic
analysis remains a challenge. Proteins are the actual
effectors of cellular functions, but transcription levels and
protein levels do not correlate in many cases. Therefore,
highly sensitive MS instruments that can analyze large
number of proteins from a single cell are required.

Further, methods that will allow delivery of gene
modification (knockdown/overexpression) to targeted
single cells in tissues in a high throughput manner and
enable dynamic/kinetic measurements are also needed.
Application of basic molecular biology techniques to
specific cell-type of interest in a complex tissue context
will be a strong tool to reveal the effect of one cell
on the surrounding cells. In addition, to reconstitute
the regulatory networks, we will need to elaborate
computational modeling strategies that combine all
molecular and spatial information data [103].

Cells interact through both transient and prolonged
physical contact, surface receptor interaction, cellular
junctions, cell matrix interactions, and secreted stimuli
from neighboring cells or from distant organs. Can we
determine the type of cell interactions, whether it is direct
contact, autocrine or paracrine signaling? New approaches
are also needed to answer some of these fundamental
questions in cell communication.

Overall, new technologies, together with appropriate
experimental models, will reveal the spatial and molecular
resolution of cell—cell interaction. Insight into cell—cell
interaction will provide deeper understandings of TME
as well as the physiological systems of multicellular
organisms.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This article is supported by grants from the NIH
(K22CA201229), the Sidney Kimmel Foundation. N.N.A
is supported by JSPS Overseas Research Fellowships.

REFERENCES

1. Bianconi E, Piovesan A, Facchin F, Beraudi A, Casadei R,
Frabetti F, Vitale L, Pelleri MC, Tassani S, Piva F, Perez-
Amodio S, Strippoli P, Canaider S. An estimation of the
number of cells in the human body. Ann Hum Biol. 2013;
40:463-71. https://doi.org/10.3109/03014460.2013.807878.

2. West NR, McCuaig S, Franchini F, Powrie F. Emerging
cytokine networks in colorectal cancer. Nat Rev Immunol.
2015; 15:615-29. https://doi.org/10.1038/nri3896.

3. Lyssiotis CA, Kimmelman AC. Metabolic Interactions
in the Tumor Microenvironment. Trends Cell Biol. 2017,
27:863-75. https://doi.org/10.1016/j.tcb.2017.06.003.

4. Becker A, Thakur BK, Weiss JM, Kim HS, Peinado H,
Lyden D. Extracellular Vesicles in Cancer: Cell-to-Cell
Mediators of Metastasis. Cancer Cell. 2016; 30:836-48.
https://doi.org/10.1016/j.ccell.2016.10.009.

5. Pickup MW, Mouw JK, Weaver VM. The extracellular
matrix modulates the hallmarks of cancer. EMBO Rep. 2014;
15:1243-53. https://doi.org/10.15252/embr.201439246.

6. Semenza GL. The hypoxic tumor microenvironment:
A driving force for breast cancer progression. Biochim
Biophys Acta. 2016; 1863:382-91. https://doi.org/10.1016/j.
bbamcr.2015.05.036.

7. Balkwill FR, Capasso M, Hagemann T. The tumor
microenvironment at a glance. J Cell Sci. 2012; 125:5591—
96. https://doi.org/10.1242/jcs.116392.

8. Quail DF, Joyce JA. Microenvironmental regulation of
tumor progression and metastasis. Nat Med. 2013; 19:1423—
37. https://doi.org/10.1038/nm.3394.

9. Egeblad M, Nakasone ES, Werb Z. Tumors as organs:
complex tissues that interface with the entire organism.
Dev Cell. 2010; 18:884-901. https://doi.org/10.1016/].
devcel.2010.05.012.

10. Gajewski TF, Schreiber H, Fu YX. Innate and adaptive
immune cells in the tumor microenvironment. Nat Immunol.
2013; 14:1014-22. https://doi.org/10.1038/ni.2703.

11. Noy R, Pollard JW. Tumor-associated macrophages:
from mechanisms to therapy. Immunity. 2014; 41:49-61.
https://doi.org/10.1016/j.immuni.2014.06.010.

12. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A.
Macrophage polarization: tumor-associated macrophages
as a paradigm for polarized M2 mononuclear phagocytes.
Trends Immunol. 2002; 23:549-55. https://doi.org/10.1016/
S1471-4906(02)02302-5.

13. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF,
Merad M, Coussens LM, Gabrilovich DI, Ostrand-Rosenberg
S, Hedrick CC, Vonderheide RH, Pittet MJ, Jain RK, et
al. Understanding the tumor immune microenvironment
(TIME) for effective therapy. Nat Med. 2018; 24:541-50.
https://doi.org/10.1038/s41591-018-0014-x.

14. Xing F, Saidou J, Watabe K. Cancer associated fibroblasts
(CAFs) in tumor microenvironment. Front Biosci. 2010;
15:166-79. https://doi.org/10.2741/3613.

www.oncotarget.com

793

Oncotarget


https://doi.org/10.1016/j.bbamcr.2015.05.036
https://doi.org/10.1016/j.bbamcr.2015.05.036
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1016/j.devcel.2010.05.012
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.2741/3613

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rivera LB, Bergers G. CANCER. Tumor angiogenesis,
from foe to friend. Science. 2015; 349:694-95. https://doi.
org/10.1126/science.aad0862.

Lu P, Weaver VM, Werb Z. The extracellular matrix: a
dynamic niche in cancer progression. J Cell Biol. 2012;
196:395-406. https://doi.org/10.1083/jcb.201102147.

Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng
W, Kim D, Nair VS, Xu 'Y, Khuong A, Hoang CD, Dichn
M, West RB, Plevritis SK, Alizadeh AA. The prognostic
landscape of genes and infiltrating immune cells across
human cancers. Nat Med. 2015; 21:938-45. https://doi.
org/10.1038/nm.3909.

Hanley CJ, Noble F, Ward M, Bullock M, Drifka C,
Mellone M, Manousopoulou A, Johnston HE, Hayden
A, Thirdborough S, Liu Y, Smith DM, Mellows T, et al.
A subset of myofibroblastic cancer-associated fibroblasts
regulate collagen fiber elongation, which is prognostic in
multiple cancers. Oncotarget. 2016; 7:6159-74. https://doi.
org/10.18632/oncotarget.6740.

Lim SB, Tan SJ, Lim WT, Lim CT. An extracellular matrix-
related prognostic and predictive indicator for early-stage
non-small cell lung cancer. Nat Commun. 2017; 8:1734.
https://doi.org/10.1038/s41467-017-01430-6.

Gao MQ, Kim BG, Kang S, Choi YP, Park H, Kang KS,
Cho NH. Stromal fibroblasts from the interface zone of
human breast carcinomas induce an epithelial-mesenchymal
transition-like state in breast cancer cells in vitro. J Cell Sci.
2010; 123:3507—14. https://doi.org/10.1242/jcs.072900.

Augsten M. Cancer-associated fibroblasts as another
polarized cell type of the tumor microenvironment. Front
Oncol. 2014; 4:62. https://doi.org/10.3389/fonc.2014.00062.

Smith MP, Young H, Hurlstone A, Wellbrock C.
Differentiation of THP1 Cells into Macrophages for
Transwell Co-culture Assay with Melanoma Cells. Bio
Protoc. 2015; 5:5. https://doi.org/10.21769/BioProtoc.1638.

Jeon JS, Bersini S, Gilardi M, Dubini G, Charest JL,
Moretti M, Kamm RD. Human 3D vascularized organotypic
microfluidic assays to study breast cancer cell extravasation.
Proc Natl Acad Sci USA. 2015; 112:214-19. https://doi.
org/10.1073/pnas.1417115112.

Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-
dimensional cell culture systems and their applications
in drug discovery and cell-based biosensors. Assay Drug
Dev Technol. 2014; 12:207-18. https://doi.org/10.1089/
adt.2014.573.

Asghar W, El Assal R, Shafiee H, Pitteri S, Paulmurugan R,
Demirci U. Engineering cancer microenvironments for in
vitro 3-D tumor models. Mater Today (Kidlington). 2015;
18:539-53. https://doi.org/10.1016/j.mattod.2015.05.002.

Wang Y, Takeishi K, Li Z, Cervantes-Alvarez E, Collin de
I’Hortet A, Guzman-Lepe J, Cui X, Zhu J. Microenvironment
of a tumor-organoid system enhances hepatocellular carcinoma
malignancy-related hallmarks. Organogenesis. 2017; 13:83—
94. https://doi.org/10.1080/15476278.2017.1322243.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Choi SY, Lin D, Gout PW, Collins CC, Xu Y, Wang Y.
Lessons from patient-derived xenografts for better in vitro
modeling of human cancer. Adv Drug Deliv Rev. 2014;
79-80:222-37. https://doi.org/10.1016/j.addr.2014.09.009.

Clevers H. Modeling Development and Disease with
Organoids. Cell. 2016; 165:1586-97. https://doi.org/10.1016/j.
cell.2016.05.082.

Simian M, Bissell MJ. Organoids: A historical perspective
of thinking in three dimensions. J Cell Biol. 2017; 216:31—
40. https://doi.org/10.1083/jcb.201610056.

Neal JT, Kuo CJ. Organoids as Models for Neoplastic
Transformation. Annu Rev Pathol. 2016; 11:199-220.
https://doi.org/10.1146/annurev-pathol-012615-044249.

Baker K. Organoids Provide an Important Window on
Inflammation in Cancer. Cancers (Basel). 2018; 10:10.
https://doi.org/10.3390/cancers10050151.

Drost J, Clevers H. Organoids in cancer research. Nat Rev
Cancer. 2018; 18:407—18. https://doi.org/10.1038/541568-
018-0007-6.

Laperrousaz B, Porte S, Gerbaud S, Harmé V, Kermarrec
F, Hourtane V, Bottausci F, Gidrol X, Picollet-D’hahan
N. Direct transfection of clonal organoids in Matrigel
microbeads: a promising approach toward organoid-
based genetic screens. Nucleic Acids Res. 2018; 46:¢70.
https://doi.org/10.1093/nar/gky030.

Han SH, Shim S, Kim MJ, Shin HY, Jang WS, Lee SJ, Jin
YW, Lee SS, Lee SB, Park S. Long-term culture-induced
phenotypic difference and efficient cryopreservation of
small intestinal organoids by treatment timing of Rho
kinase inhibitor. World J Gastroenterol. 2017; 23:964-75.
https://doi.org/10.3748/wjg.v23.16.964.

Sato T, Stange DE, Ferrante M, Vries RG, Van Es JH, Van
den Brink S, Van Houdt W1J, Pronk A, Van Gorp J, Siersema
PD, Clevers H. Long-term expansion of epithelial organoids
from human colon, adenoma, adenocarcinoma, and
Barrett's epithelium. Gastroenterology. 2011; 141:1762-72.
https://doi.org/10.1053/j.gastro.2011.07.050.

Jiang X, Seo YD, Chang JH, Coveler A, Nigjeh EN, Pan
S, Jalikis F, Yeung RS, Crispe IN, Pillarisetty VG. Long-
lived pancreatic ductal adenocarcinoma slice cultures
enable precise study of the immune microenvironment.
Oncolmmunology. 2017; 6:¢1333210. https://doi.org/10.1
080/2162402X.2017.1333210.

Marques-Torrejon MA, Gangoso E, Pollard SM. Modelling
glioblastoma tumour-host cell interactions using adult brain
organotypic slice co-culture. Dis Model Mech. 2018; 11:11.
https://doi.org/10.1242/dmm.031435.

Su S, Chen J, Yao H, Liu J, Yu S, Lao L, Wang M, Luo M,
Xing Y, Chen F, Huang D, Zhao J, Yang L, et al. CD10(+)
GPR77(+) Cancer-Associated Fibroblasts Promote Cancer
Formation and Chemoresistance by Sustaining Cancer
Stemness. Cell. 2018; 172:841-856.e16.

Karakasheva TA, Lin EW, Tang Q, Qiao E, Waldron TJ,
Soni M, Klein-Szanto AJ, Sahu V, Basu D, Ohashi S, Baba

www.oncotarget.com

794

Oncotarget


https://doi.org/10.1126/science.aad0862
https://doi.org/10.1126/science.aad0862
https://doi.org/10.1038/nm.3909
https://doi.org/10.1038/nm.3909
https://doi.org/10.18632/oncotarget.6740
https://doi.org/10.18632/oncotarget.6740
https://doi.org/10.1073/pnas.1417115112
https://doi.org/10.1073/pnas.1417115112
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1038/s41568-018-0007-6
https://doi.org/10.1080/2162402X.2017.1333210
https://doi.org/10.1080/2162402X.2017.1333210

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

K, Giaccone ZT, Walker SR, et al. IL-6 mediates cross-
talk between activated fibroblasts and tumor cells in the
tumor microenvironment. Cancer Res. 2018. https://doi.
org/10.1158/0008-5472.CAN-17-2268.

Chao C, Widen SG, Wood TG, Zatarain JR, Johnson P, Gajjar
A, Gomez G, Qiu S, Thompson J, Spratt H, Hellmich MR.
Patient-derived Xenografts from Colorectal Carcinoma: A
Temporal and Hierarchical Study of Murine Stromal Cell
Replacement. Anticancer Res. 2017; 37:3405-12.
Donehower LA, Harvey M, Slagle BL, McArthur MJ,
Montgomery CA Jr, Butel JS, Bradley A. Mice deficient
for p53 are developmentally normal but susceptible
to spontaneous tumours. Nature. 1992; 356:215-21.
https://doi.org/10.1038/356215a0.

Zitvogel L, Pitt JM, Daillére R, Smyth MJ, Kroemer G.
Mouse models in oncoimmunology. Nat Rev Cancer. 2016;
16:759-73. https://doi.org/10.1038/nrc.2016.91.

Waters JC. Accuracy and precision in quantitative
fluorescence microscopy. J Cell Biol. 2009; 185:1135-48.
https://doi.org/10.1083/jcb.200903097.

Boutros M, Heigwer F, Laufer C. Microscopy-Based High-
Content Screening. Cell. 2015; 163:1314-25. https://doi.
org/10.1016/j.cell.2015.11.007.

Wick MR. Histochemistry as a tool in morphological
analysis: a historical review. Ann Diagn Pathol. 2012; 16:71—
78. https://doi.org/10.1016/j.anndiagpath.2011.10.010.

Zaha DC. Significance of immunohistochemistry in breast
cancer. World J Clin Oncol. 2014; 5:382-92. https://doi.
org/10.5306/wjco.v5.i3.382.

Ghajar CM, Peinado H, Mori H, Matei IR, Evason KJ,
Brazier H, Almeida D, Koller A, Hajjar KA, Stainier DY,
Chen EI, Lyden D, Bissell MJ. The perivascular niche
regulates breast tumour dormancy. Nat Cell Biol. 2013;
15:807-17. https://doi.org/10.1038/ncb2767.

Legres LG, Janin A, Masselon C, Bertheau P. Beyond laser
microdissection technology: follow the yellow brick road
for cancer research. Am J Cancer Res. 2014; 4:1-28.

Choi M, Kwok SJ, Yun SH. In vivo fluorescence
microscopy: lessons from observing cell behavior in their
native environment. Physiology (Bethesda). 2015; 30:40—
49. https://doi.org/10.1152/physiol.00019.2014.

Khan AO, Simms VA, Pike JA, Thomas SG, Morgan
NV. CRISPR-Cas9 Mediated Labelling Allows for Single
Molecule Imaging and Resolution. Sci Rep. 2017; 7:8450.
https://doi.org/10.1038/s41598-017-08493-x.

Takei Y, Shah S, Harvey S, Qi LS, Cai L. Multiplexed
Dynamic Imaging of Genomic Loci by Combined CRISPR
Imaging and DNA Sequential FISH. Biophys J. 2017;
112:1773-76. https://doi.org/10.1016/j.bpj.2017.03.024.
Ma H, Naseri A, Reyes-Gutierrez P, Wolfe SA, Zhang S,
Pederson T. Multicolor CRISPR labeling of chromosomal
loci in human cells. Proc Natl Acad Sci USA. 2015;
112:3002—07. https://doi.org/10.1073/pnas.1420024112.
Ma H, Tu LC, Naseri A, Huisman M, Zhang S, Grunwald
D, Pederson T. Multiplexed labeling of genomic loci with

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

dCas9 and engineered sgRNAs using CRISPRainbow.
Nat Biotechnol. 2016; 34:528-30. https://doi.org/10.1038/
nbt.3526.

Wyckoftf JB, Wang Y, Lin EY, Li JF, Goswami S, Stanley
ER, Segall JE, Pollard JW, Condeelis J. Direct visualization
of macrophage-assisted tumor cell intravasation in
mammary tumors. Cancer Res. 2007; 67:2649-56.
https://doi.org/10.1158/0008-5472.CAN-06-1823.

Pittet MJ, Weissleder R. Intravital imaging. Cell. 2011;
147:983-91. https://doi.org/10.1016/j.cell.2011.11.004.
Condeelis J, Weissleder R. /n vivo imaging in cancer. Cold
Spring Harb Perspect Biol. 2010; 2:a003848. https://doi.
org/10.1101/cshperspect.a003848.

Vakoc BJ, Lanning RM, Tyrrell JA, Padera TP, Bartlett
LA, Stylianopoulos T, Munn LL, Tearney GJ, Fukumura
D, Jain RK, Bouma BE. Three-dimensional microscopy of
the tumor microenvironment in vivo using optical frequency
domain imaging. Nat Med. 2009; 15:1219-23. https://doi.
org/10.1038/nm.1971.

Kamentsky LA, Melamed MR,
Spectrophotometer: new instrument for ultrarapid cell
analysis. Science. 1965; 150:630-31. https://doi.org/10.1126/
science.150.3696.630.

von Andrian UH, Chambers JD, McEvoy LM, Bargatze
RF, Arfors KE, Butcher EC. Two-step model of leukocyte-
endothelial cell interaction in inflammation: distinct
roles for LECAM-1 and the leukocyte beta 2 integrins
in vivo. Proc Natl Acad Sci USA. 1991; 88:7538-42.
https://doi.org/10.1073/pnas.88.17.7538.

Segal DM, Stephany DA. The measurement of specific

Derman  H.

cell: cell interactions by dual-parameter flow cytometry.
Cytometry. 1984; 5:169-81. https://doi.org/10.1002/
cyt0.990050211.

Hui H, Fuller KA, Erber WN, Linden MD. Imaging
flow cytometry in the assessment of leukocyte-platelet
aggregates. Methods. 2017; 112:46-54. https://doi.
org/10.1016/j.ymeth.2016.10.002.

Young YK, Bolt AM, Ahn R, Mann KK. Analyzing the
Tumor Microenvironment by Flow Cytometry. Methods
Mol Biol. 2016; 1458:95-110. https://doi.org/10.1007/978-
1-4939-3801-8_8.

Sceneay J, Chow MT, Chen A, Halse HM, Wong CS,
Andrews DM, Sloan EK, Parker BS, Bowtell DD,
Smyth MJ, Moller A. Primary tumor hypoxia recruits
CD11b+/Ly6Cmed/Ly6G+ immune suppressor cells and
compromises NK cell cytotoxicity in the premetastatic
niche. Cancer Res. 2012; 72:3906-11. https://doi.
org/10.1158/0008-5472.CAN-11-3873.

Liyanage UK, Moore TT, Joo HG, Tanaka Y, Herrmann
V, Doherty G, Drebin JA, Strasberg SM, Eberlein TJ,
Goedegebuure PS, Linehan DC. Prevalence of regulatory
T cells is increased in peripheral blood and tumor
microenvironment of patients with pancreas or breast
adenocarcinoma. J Immunol. 2002; 169:2756-61. https://
doi.org/10.4049/jimmunol.169.5.2756.

www.oncotarget.com

795

Oncotarget


https://doi.org/10.1158/0008-5472.CAN-17-2268
https://doi.org/10.1158/0008-5472.CAN-17-2268
https://doi.org/10.1016/j.cell.2015.11.007
https://doi.org/10.1016/j.cell.2015.11.007
https://doi.org/10.5306/wjco.v5.i3.382
https://doi.org/10.5306/wjco.v5.i3.382
https://doi.org/10.1038/nbt.3526
https://doi.org/10.1038/nbt.3526
https://doi.org/10.1101/cshperspect.a003848
https://doi.org/10.1101/cshperspect.a003848
https://doi.org/10.1038/nm.1971
https://doi.org/10.1038/nm.1971
https://doi.org/10.1126/science.150.3696.630
https://doi.org/10.1126/science.150.3696.630
https://doi.org/10.1002/cyto.990050211
https://doi.org/10.1002/cyto.990050211
https://doi.org/10.1016/j.ymeth.2016.10.002
https://doi.org/10.1016/j.ymeth.2016.10.002
https://doi.org/10.1007/978-1-4939-3801-8_8
https://doi.org/10.1007/978-1-4939-3801-8_8
https://doi.org/10.1158/0008-5472.CAN-11-3873
https://doi.org/10.1158/0008-5472.CAN-11-3873
https://doi.org/10.4049/jimmunol.169.5.2756
https://doi.org/10.4049/jimmunol.169.5.2756

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Depreter B, Philippé J, Meul M, Denys B, Vandepoele
K, De Moerloose B, Lammens T. Cancer-related mRNA
expression analysis using a novel flow cytometry-based
assay. Cytometry B Clin Cytom. 2018; 94:565-75.
https://doi.org/10.1002/cyto.b.21593.

Porichis F, Hart MG, Griesbeck M, Everett HL, Hassan M,
Baxter AE, Lindqvist M, Miller SM, Soghoian DZ, Kavanagh
DG, Reynolds S, Norris B, Mordecai SK, et al. High-
throughput detection of miRNAs and gene-specific mRNA at
the single-cell level by flow cytometry. Nat Commun. 2014;
5:5641. https://doi.org/10.1038/ncomms6641.

Pachynski RK, Scholz A, Monnier J, Butcher EC, Zabel
BA. Evaluation of Tumor-infiltrating Leukocyte Subsets in
a Subcutaneous Tumor Model. J Vis Exp. 2015; 98:52657.
https://doi.org/10.3791/52657.

Han Y, Gu Y, Zhang AC, Lo YH. Review: imaging
technologies for flow cytometry. Lab Chip. 2016; 16:4639—
47. https://doi.org/10.1039/C6LCO1063F.

Tome-Garcia J, Tejero R, Nudelman G, Yong RL, Sebra
R, Wang H, Fowkes M, Magid M, Walsh M, Silva-Vargas
V, Zaslavsky E, Friedel RH, Doetsch F, Tsankova NM.
Prospective Isolation and Comparison of Human Germinal
Matrix and Glioblastoma EGFR+ Populations with Stem
Cell Properties. Stem Cell Reports. 2017; 8:1421-29.
https://doi.org/10.1016/j.stemer.2017.03.019.

Shields CW 4th, Reyes CD, Lopez GP. Microfluidic cell
sorting: a review of the advances in the separation of cells
from debulking to rare cell isolation. Lab Chip. 2015;
15:1230-49. https://doi.org/10.1039/C4LC0O1246A.

Wang J, Tham D, Wei W, Shin YS, Ma C, Ahmad H, Shi
Q, Yu J, Levine RD, Heath JR. Quantitating cell—cell
interaction functions with applications to glioblastoma
multiforme cancer cells. Nano Lett. 2012; 12:6101-06.
https://doi.org/10.1021/n1302748q.

Infanger DW, Lynch ME, Fischbach C. Engineered culture
models for studies of tumor-microenvironment interactions.
Annu Rev Biomed Eng. 2013; 15:29-53. https://doi.
org/10.1146/annurev-bioeng-071811-150028.

Sleeboom JJ, Eslami Amirabadi H, Nair P, Sahlgren CM,
den Toonder JM. Metastasis in context: modeling the tumor
microenvironment with cancer-on-a-chip approaches.
Dis Model Mech. 2018; 11:11. https://doi.org/10.1242/
dmm.033100.

Hassell BA, Goyal G, Lee E, Sontheimer-Phelps A,
Levy O, Chen CS, Ingber DE. Human Organ Chip
Models Recapitulate Orthotopic Lung Cancer Growth,
Therapeutic Responses, and Tumor Dormancy In Vitro.
Cell Reports. 2017; 21:508-16. https://doi.org/10.1016/].
celrep.2017.09.043.

Boussommier-Calleja A, Li R, Chen MB, Wong SC, Kamm
RD. Microfluidics: A new tool for modeling cancer-immune
interactions. Trends Cancer. 2016; 2:6—19. https://doi.
org/10.1016/j.trecan.2015.12.003.

Bersini S, Jeon JS, Dubini G, Arrigoni C, Chung S, Charest
JL, Moretti M, Kamm RD. A microfluidic 3D in vitro

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

model for specificity of breast cancer metastasis to bone.
Biomaterials. 2014; 35:2454—61. https://doi.org/10.1016/j.
biomaterials.2013.11.050.

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K,
Goldman M, Tirosh I, Bialas AR, Kamitaki N, Martersteck
EM, Trombetta JJ, Weitz DA, Sanes JR, et al. Highly
Parallel Genome-wide Expression Profiling of Individual
Cells Using Nanoliter Droplets. Cell. 2015; 161:1202—14.
https://doi.org/10.1016/j.cell.2015.05.002.

Klein AM, Mazutis L, Akartuna I, Tallapragada N, Veres
A, Li V, Peshkin L, Weitz DA, Kirschner MW. Droplet
barcoding for single-cell transcriptomics applied to
embryonic stem cells. Cell. 2015; 161:1187-201. https://
doi.org/10.1016/j.cell.2015.04.044.

Levitin HM, Yuan J, Sims PA. Single-Cell Transcriptomic
Analysis of Tumor Heterogeneity. Trends Cancer. 2018;
4:264-68. https://doi.org/10.1016/j.trecan.2018.02.003.

Azizi E, Carr AJ, Plitas G, Cornish AE, Konopacki C,
Prabhakaran S, Nainys J, Wu K, Kiseliovas V, Setty
M, Choi K, Fromme RM, Dao P, et al. Single-Cell Map
of Diverse Immune Phenotypes in the Breast Tumor
Microenvironment. Cell. 2018; 174:1293-1308.e36.
https://doi.org/10.1016/j.cell.2018.05.060.

Patel AP, Tirosh I, Trombetta JJ, Shalek AK, Gillespie SM,
Wakimoto H, Cahill DP, Nahed BV, Curry WT, Martuza
RL, Louis DN, Rozenblatt-Rosen O, Suva ML, et al.
Single-cell RNA-seq highlights intratumoral heterogeneity
in primary glioblastoma. Science. 2014; 344:1396-401.
https://doi.org/10.1126/science.1254257.

Di Palma S, Bodenmiller B. Unraveling cell populations
in tumors by single-cell mass cytometry. Curr Opin
Biotechnol. 2015; 31:122-29. https://doi.org/10.1016/j.
copbio.2014.07.004.

Spitzer MH, Nolan GP. Mass Cytometry: Single Cells,
Many Features. Cell. 2016; 165:780-91. https://doi.
org/10.1016/j.cell.2016.04.019.

Simoni Y, Becht E, Fehlings M, Loh CY, Koo SL, Teng
KW, Yeong JP, Nahar R, Zhang T, Kared H, Duan K, Ang
N, Poidinger M, et al. Bystander CD8+ T cells are abundant
and phenotypically distinct in human tumour infiltrates.
Nature. 2018; 557:575-79. https://doi.org/10.1038/s41586-
018-0130-2.

Crosetto N, Bienko M, van Oudenaarden A. Spatially
resolved transcriptomics and beyond. Nat Rev Genet. 2015;
16:57-66. https://doi.org/10.1038/nrg3832.

Buxbaum AR, Haimovich G, Singer RH. In the right place
at the right time: visualizing and understanding mRNA
localization. Nat Rev Mol Cell Biol. 2015; 16:95-109.
https://doi.org/10.1038/nrm3918.

Moffitt JR, Hao J, Wang G, Chen KH, Babcock HP,
Zhuang X. High-throughput single-cell gene-expression
profiling with multiplexed error-robust fluorescence in situ
hybridization. Proc Natl Acad Sci USA. 2016; 113:11046—
51. https://doi.org/10.1073/pnas.1612826113.

www.oncotarget.com

796

Oncotarget


https://doi.org/10.1146/annurev-bioeng-071811-150028
https://doi.org/10.1146/annurev-bioeng-071811-150028
https://doi.org/10.1242/dmm.033100
https://doi.org/10.1242/dmm.033100
https://doi.org/10.1016/j.celrep.2017.09.043
https://doi.org/10.1016/j.celrep.2017.09.043
https://doi.org/10.1016/j.trecan.2015.12.003
https://doi.org/10.1016/j.trecan.2015.12.003
https://doi.org/10.1016/j.biomaterials.2013.11.050
https://doi.org/10.1016/j.biomaterials.2013.11.050
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.cell.2015.04.044
https://doi.org/10.1016/j.copbio.2014.07.004
https://doi.org/10.1016/j.copbio.2014.07.004
https://doi.org/10.1016/j.cell.2016.04.019
https://doi.org/10.1016/j.cell.2016.04.019
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1038/s41586-018-0130-2
https://doi.org/10.1073/pnas.1612826113

88.

89.

90.

91.

92.

93.

94.

95.

Wang X, Allen WE, Wright MA, Sylwestrak EL, Samusik
N, Vesuna S, Evans K, Liu C, Ramakrishnan C, Liu J, Nolan
GP, Bava FA, Deisseroth K. Three-dimensional intact-tissue
sequencing of single-cell transcriptional states. Science.
2018; 361:361. https://doi.org/10.1126/science.aat5691.

Lovatt D, Ruble BK, Lee J, Dueck H, Kim TK, Fisher S,
Francis C, Spaethling JM, Wolf JA, Grady MS, Ulyanova
AV, Yeldell SB, Griepenburg JC, et al. Transcriptome in
vivo analysis (TIVA) of spatially defined single cells in
live tissue. Nat Methods. 2014; 11:190-96. https://doi.
org/10.1038/nmeth.2804.

Doerr A. Mass spectrometry imaging takes off. Nat
Methods. 2018; 15:32. https://doi.org/10.1038/nmeth.4546.
Angelo M, Bendall SC, Finck R, Hale MB, Hitzman C,
Borowsky AD, Levenson RM, Lowe JB, Liu SD, Zhao S,
Natkunam Y, Nolan GP. Multiplexed ion beam imaging
of human breast tumors. Nat Med. 2014; 20:436-42.
https://doi.org/10.1038/nm.3488.

Giesen C, Wang HA, Schapiro D, Zivanovic N, Jacobs
A, Hattendorf B, Schiiffler PJ, Grolimund D, Buhmann
JM, Brandt S, Varga Z, Wild PJ, Giinther D, Bodenmiller
B. Highly multiplexed imaging of tumor tissues with
subcellular resolution by mass cytometry. Nat Methods.
2014; 11:417-22. https://doi.org/10.1038/nmeth.2869.
Mirnezami R, Spagou K, Vorkas PA, Lewis MR, Kinross
J, Want E, Shion H, Goldin RD, Darzi A, Takats Z,
Holmes E, Cloarec O, Nicholson JK. Chemical mapping
of the colorectal cancer microenvironment via MALDI
imaging mass spectrometry (MALDI-MSI) reveals novel
cancer-associated field effects. Mol Oncol. 2014; 8:39-49.
https://doi.org/10.1016/j.molonc.2013.08.010.

Giordano S, Morosi L, Veglianese P, Licandro SA, Frapolli
R, Zucchetti M, Cappelletti G, Falciola L, Pifferi V, Visentin
S, D’Incalci M, Davoli E. 3D Mass Spectrometry Imaging
Reveals a Very Heterogeneous Drug Distribution in Tumors.
Sci Rep. 2016; 6:37027. https://doi.org/10.1038/srep37027.

Kong K, Zaabar F, Rakha E, Ellis I, Koloydenko A, Notingher
I. Towards intra-operative diagnosis of tumours during
breast conserving surgery by selective-sampling Raman
micro-spectroscopy. Phys Med Biol. 2014; 59:6141-52.
https://doi.org/10.1088/0031-9155/59/20/6141.

96.

97.

98.

99.

100.

101.

102.

103.

Barman I, Dingari NC, Saha A, McGee S, Galindo LH, Liu
W, Plecha D, Klein N, Dasari RR, Fitzmaurice M. Application
of Raman spectroscopy to identify microcalcifications and
underlying breast lesions at stereotactic core needle biopsy.
Cancer Res. 2013; 73:3206—15. https://doi.org/10.1158/0008-
5472.CAN-12-2313.

Le TT, Rehrer CW, Huff TB, Nichols MB, Camarillo
IG, Cheng JX. Nonlinear optical imaging to evaluate
the impact of obesity on mammary gland and tumor
stroma. Mol Imaging. 2007; 6:205-11. https://doi.
0rg/10.2310/7290.2007.00018.

Lee M, Downes A, Chau Y'Y, Serrels B, Hastie N, Elfick
A, Brunton V, Frame M, Serrels A. In vivo imaging of the
tumor and its associated microenvironment using combined
CARS / 2-photon microscopy. Intravital. 2015; 4:¢1055430.
https://doi.org/10.1080/21659087.2015.1055430.

Friedenberger M, Bode M, Krusche A, Schubert W.
Fluorescence detection of protein clusters in individual cells
and tissue sections by using toponome imaging system:
sample preparation and measuring procedures. Nat Protoc.
2007; 2:2285-94. https://doi.org/10.1038/nprot.2007.320.

Lin JR, Fallahi-Sichani M, Chen JY, Sorger PK. Cyclic
Immunofluorescence (CyclF), A Highly Multiplexed
Method for Single-cell Imaging. Curr Protoc Chem Biol.
2016; 8:251-64.

Lin JR, Fallahi-Sichani M, Sorger PK. Highly multiplexed
imaging of single cells using a high-throughput cyclic
immunofluorescence method. Nat Commun. 2015; 6:8390.
https://doi.org/10.1038/ncomms9390.

Lin JR, Izar B, Wang S, Yapp C, Mei S, Shah PM, Santagata
S, Sorger PK. Highly multiplexed immunofluorescence
imaging of human tissues and tumors using t-CyCIF and
conventional optical microscopes. Elife. 2018; 7:¢31657.

Arnol D, Schapiro D, Bodenmiller B, Saez-Rodriguez
J, Stegle O. Modelling cell—cell interactions from spatial
molecular data with spatial variance component analysis.
bioRxiv. 2018. [Epub Ahead of Print]. https://doi.
org/10.1101/265256.

www.oncotarget.com

797

Oncotarget


https://doi.org/10.1038/nmeth.2804
https://doi.org/10.1038/nmeth.2804
https://doi.org/10.1158/0008-5472.CAN-12-2313
https://doi.org/10.1158/0008-5472.CAN-12-2313
https://doi.org/10.2310/7290.2007.00018
https://doi.org/10.2310/7290.2007.00018
https://doi.org/10.1101/265256
https://doi.org/10.1101/265256

