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Abstract

Advances in two-dimensional (2D) and three-dimensional (3D) cell culture over the last 10 years
have led to the development of a plethora of methods for cultivating tumor models. More recently,
cellular co-cultures have become a suitable testbed. The first portion of this review focuses on co-
culturing methods that have been developed in recent years utilizing the multicellular tumor
spheroid model. The latter portion describes techniques that are used to analyze the proteomes of
mono- or co-cultured tumor models, with a focus on mass spectrometry (MS)-based analyses.
Protein profiles are important indicators of the tumor heterogeneity. Therefore, there is a specific
focus within this review on analysis by MS and MS imaging methods evaluating the proteomic
profiles of 2D and 3D co-cultures. While these models are incredibly important for biological
research, so far, they have not been widely explored on the proteomic level. With this review, we
aim to introduce these systems to an analytical audience, with the goal of highlighting MS as an
underutilized tool for proteomic analysis of tumor models.
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1| INTRODUCTION

Cancer is a complex disease that can be triggered by acquired or inherited genetic changes in
cells producing a clonal population of abnormal epithelial cells, referred to as a neoplastic
population. These neoplastic cells are the foundation of cancer, as they initiate malignant
progression, while spreading oncogenic and tumor suppressor mutations throughout tissue as
they multiply [1]. The chemical and physical complexity within tumors has caused a shift in
the cancer community in how the disease is studied from both the molecular and phenotypic
viewpoints. Previously, tumors were viewed simply as masses of proliferating cells,
however, in recent decades, that paradigm has evolved to consider combinations of cell types
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and non-cellular components that interact and communicate with each other. The tumor is
now rarely considered in isolation but in concert with a collection of variables that all
contribute to the surrounding tumor microenvironment (TME).

The TME contains several cellular components including epithelial, endothelial, stem, and
immune cells, any of which have the potential to develop into a neoplastic cell. The
neoplastic, or cancerous, cell population carries genetic changes that convey replicative
immortality and sustained proliferative signaling to maintain control [1]. These cells
proliferate at a higher rate than normal cells and contain perturbed protein profiles. Both of
these qualities can help cancer commandeer control of the cell cycle. Within the cancer
genome, mutations such as those activating oncogenes, or inactivating tumor suppressor
genes, can benefit or hinder tumor progression. The tumor protein 53 (TP53) gene is
commonly mutated, which benefits tumor progression across a large number of cancer types
[2]. The Cancer Genome Atlas Pan-Cancer project has found these mutations among 3,200
cancer patients with 12 tumor types. The mutations vary in location on the gene; however a
majority of the mutations result in the impairment of the p53 pathways both identified and
unidentified [3]. The prevalence of this mutation across several cancers has made it a
popular target for drug therapy. Mutations to the TP53 gene and a plethora of other known
and unknown mutations lead to uncontrollable replication of neoplastic cells, and the
subsequent reprogramming of non-neoplastic components present in tissue.

Cancer cells must recruit other stromal elements, as well as molecules from the extracellular
matrix (ECM) in the surrounding environment for their own survival [4]. This recruitment
can occur through a variety of juxtracrine or paracrine signaling mechanisms. For example,
hypoxia in the TME can spur angiogenesis. Hypoxic conditions elicit cancer cells to secrete
soluble factors such as vascular endothelial growth factor A (VEGFA) [5]. VEGFA as well
as other pro-angiogenic mediators induce the activation of tip cells, or motile endothelial
cells. Tip cells degrade the surrounding ECM and migrate to form new vascular sprouts
towards the chemokine [6]. Cancer-associated fibroblast (CAF) cells have been found to
respond to soluble factors secreted by tumor cells VEGFA or TGF-B to contribute to
angiogenesis and remodel the surrounding ECM through matrix metalloproteinases and
increased ECM protein secretion respectively [7]. The components within the TME work
together to not only maintain control of local tissues, but also to trigger metastasis and
invasion, spreading to other portions of the body.

With the considerable complexities of cancer, the models that are used to study the disease
must also reflect the multifarious TME components. Models are useful in preliminary
research for studying drug interactions with cancer cells before clinical trials, as well as
obtaining information about the changes in the biochemistry and phenotype of TME cells.
The simplest tumor model developed is the two-dimensional (2D) monolayer culture of
epithelial cancer cells [8]. Models have since been established to be more complicated and
better represent the TME. Three-dimensional (3D) tumor models are considered to better
represent the TME as compared to 2D models. In addition, as co-cultures are more
beneficial than mono-cultures in simulating in vivo conditions, the majority of work that
utilize tumor models have used monoclonal models [9]. Within the past decade, there has
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been a push in the field towards co-culturing models to include multiple elements of the
TME.

Co-culturing multiple cell lines into a single 3D model approximates elements intrinsic to in
vivo conditions such as paracrine signaling, cell-to-cell communication, and modeling
various phenomena such as the epithelial to mesenchymal transition (EMT) [10]. Modeling
the TME can be approached as building a pyramid. At the base of the pyramid is a
neoplastic, monoclonal culture, which is often an epithelial cell line, or patient-derived
tissue. As the pyramid is built up from the base, additional TME components are recruited
by the neoplastic population to help provide infrastructure, protection, and aid in malignant
progression. These additions can be one or more non-neoplastic elements, such as fibroblasts
or immune cells. Intra- and intercellular interactions along with protein alterations within the
cell can be monitored, utilizing various methods such as mass spectrometry (MS),
fluorescence, and other proteomic techniques that will be discussed later in this review.

Previous well written review articles have described methods of culturing 2D and 3D
monoclonal models [11-13]; however, there is a lack of centralized information regarding
co-culturing cancer models. There is an underutilization of co-culturing techniques in the
proteomics realm, and a dearth of studies investigating 3D cellular models with MS-based
analysis techniques. MS is a diverse technique that has been shown to be compatible with
3D cultures and would have great promise in analyzing novel co-cultures.

2| VARIABLES WITHIN TUMOR MODELS: 2D VERSUS 3D TUMOR

MODELS

2D cell culture as a model for the TME is limited in the information that can be obtained.
This simple model has helped develop an understanding of complex cellular physiological
functions and pathways, as well as how cells respond to various stimuli [13]. Due to the
coplanar nature of the model, many aspects of the TME cannot be recapitulated. The gene
and protein expression profiles in 2D cultures do not emulate modulations that occur in vivo,
which indicates that proteomic studies of 2D cultures could be inaccurate [12]. This model is
easy to generate, which makes it a popular choice for routine studies.

There are greater varieties for 3D culture models regarding culturing methods [9,12,14,15].
Nevertheless, 3D tumor models share the common characteristic of better representing the
complexity of in vivo TME conditions, including the gene and protein expression profiles
[16]. Multicellular tumor spheroids (MCTS), often referred to as spheroids, are widely used
tumor models for proteomic studies of the TME. In comparison to 2D models, MCTS have
increased complexity in their structure to create nutrient and oxygen gradients for closer
replication of in vivo conditions [17]. MCTS are formed by seeding cells suspended in
media into an environment where they are unable to adhere to a surface. By preventing
attachment to a 2D surface, cell to cell attachment is encouraged, and the resulting product is
a spherical shaped tumor model. Through this growth pattern, MCTS can recreate distinct
zones within a tumor (Figure 1). In addition, they can recapitulate glucose flux rate, hypoxia,
display cancer stem cell (CSC) subpopulations, and glucose flux rate of in vivo tumors [18].
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MCTS have a high reproducibility, are compatible with high-throughput studies, and are
considered to be easy to cultivate [19].

2.1| Culture methods: Scaffold versus scaffold free

As monoclonal MCTS can recapitulate the solid structure of an avascularized tumor, co-
culturing MCTS allows for further complexities of the TME to be analyzed. Interactions of
neoplastic and non-neoplastic populations cannot be captured within monocultures; however
co-culture offers the ability to study cancer biology that stems from these interactions.
MCTS co-culturing methods use similar methods of cultivation, with small deviations. The
additives to the media or the ratio of cellular components that are initially seeded into the
model may vary upon optimization. Numerous methods of cultivating MCTS have attempted
to capture the complexity of tumor and genomic heterogeneity. These cultivation methods
can usually be placed into one of two categories, those that do and do not use scaffolds for
infrastructure.

Scaffolds serve the purpose of simulating certain aspects of the ECM in vitro to aid tissue
growth. Scaffolds fall into one of the three classes described as biological, synthetic, or a
hybrid of both. Their definition is reliant on the material they are made from and the
properties they possess. Culture methods that use scaffolds or matrices provide the cells with
a biologically active environment by forming microstructures that cells adhere to in
interstitial spaces. Using a scaffold can be beneficial if creating a 3D model utilizing a cell
line that does not naturally aggregate into a spherical shape [20]. More information
regarding the procedural use of scaffolds can be found in reviews focused predominately on
culture methods [21-23]. Scaffolds enable faster remodeling to the tissue, ECM
decomposition, and allow for the culture to be implanted into a host tissue more easily.
Unfortunately, these platforms have low reproducibility stemming from inevitable lot to lot
variation amongst matrices [24]. Other issues arise when therapeutics adsorb onto the
surface of the scaffold, resulting in uneven dosing, or contaminants and residual growth
factors that are introduced when using animal-based scaffolds. Additionally, all scaffolds are
not compatible with imaging analysis methods based on the transparency of the material
from which they are formed, due to the light scattering requirement for imaging techniques.
Certain scaffolds do not possess the ability to scatter light, and therefore cannot be
compatible with imaging [25].

Synthetic scaffolds are polymers that take on a less active role in cultivation and are merely
physical supports for cells [26]. Hydrogels are water-insoluble polymers that contain tissue-
like elasticity and can retain a high capacity of water due to micropores. Such micropores
support the surrounding tissue in facilitating the transport of oxygen, nutrients, growth
factors, and metabolic wastes. This transport mimics how similar particles would move
through an in vivo TME. Matrigel is a widely used, ECM-based natural hydrogel formed
from secreted basement membrane extracts of mouse sarcoma cells, allowing for a scaffold
rich in ECM components and factors to be used by cells growing around the Matrigel matrix
[27].

Liquid overlay is the most prevalent scaffold-free technique for producing MCTS (Figure 2).
Spheroids are cultivated in a round bottom well where the cells cannot physically attach to
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the surface, for example, an ultralow attachment plate coated in polystyrene, or a well-plate
with agarose at the bottom to block cell attachment. The seeded cells aggregate in each well
to form a central nexus, then grow outward in a radially symmetric fashion to form the
spheroid shape. This method is a popular choice as it is easy to culture, relatively
inexpensive, and allows easy access to each individual spheroid for drug dosing and growth
monitoring. In addition, the MCTS produced are homogenous in shape and size [28].
Certain biomaterials can create challenges for coating the vessel surface. For example, poly-
hydroxyethyl methacrylate is complicated in its preparation and use, although using agarose
will avoid this issue [28].

2.2| TME cellular components

The TME is a complex system of neoplastic and non-neoplastic cells, ECM, structural
vessels, and signaling molecules. These components modulate the TME in pathways that
contribute to the survival and growth of a tumor by communicating via cells to cells, stroma,
or ECM interactions [29]. Examples of studies previously conducted with co-culture and the
corresponding TME components used are detailed in Table 1. Epithelial cells are the origin
of neoplastic populations in organ-based cancers such as skin, breast, colon, lung,
pancreatic, and urinary/genital cancers, due to the large turnover of epithelial cells [30].

Epithelial cells within normal tissue provide protection by forming sheets to cover the skin
and the walls and channels of cavities within organs [31,32]. Multiple epithelia-containing
tissues are similarly structured and result in the most common human cancers. In cancerous
tissue, signals from cancer-associated stroma can trigger the expression of EMT
transcription factors, changing the cells into the spindle-shaped mesenchymal morphology
[33]. Certain breast and colorectal cancers (CRCs) are hypothesized to originate through the
EMT, making it a relevant process to study within the context of cancer [29,34,35].

Epithelial and mesenchymal cells express different molecular markers, which are dependent
on the EMT. The EMT phenomena are described as a sliding scale of discrete states, with
cells presenting a phenotype closer to epithelial or mesenchymal cells. This makes it
difficult for epithelial cells to be identified in functional studies, and has prompted
researchers to assign epithelial cells an EMT score [36]. Due to this property, a cell that is
epithelial in origin, but displaying a phenotype closer to a mesenchymal state could fail to
express traditional epithelial markers while still expressing markers considered to be
mesenchymal [33]. Furthermore, many mesenchymal cells express molecular markers that
overlap with those expressed by fibroblasts.

Fibroblasts are spindle shaped cells with a flat, oval nucleus at rest, and display a stellate
morphology when activated. In normal tissue, fibroblasts are activated during injury, and
generate growth factors, lysl oxidases, ECM proteins such as collagens and fibronectin, and
matrix metalloproteinases (MMP) for reconstruction of the tissue [37,38]. The function of
normal fibroblasts can be influenced by neoplastic cells through signaling, leading to the
formation of CAFs. CAFs predominately encourage tumorigenesis by promoting an
immunosuppressive, inflammatory, oxygen-rich microenvironment through the excretion of
pro-angiogenic (e.g., VEGFR) and myofibroblast (e.g., vimentin, desmin, FSP1) signals
[37,39].
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CAFs are difficult to study as they have the ability to differentiate into distinct
subpopulations. Additionally, they express molecular markers that are also expressed by
other cells within the TME, including mesenchymal, endothelial, and immune cells [40,41].
Within the field of translational cancer research, there has been a large amount of difficulty
identifying one specific marker for fibroblasts. The overlap in expression of multiple cellular
populations tends to be heterogenous within cancer types [42,43]. It has become
commonplace to utilize at least two or more fibroblast specific markers when trying to
characterize these cells. The prevalence of subpopulations of fibroblasts makes it difficult to
fully study the intricacies of fibroblasts within the TME [41].

Endothelial cells are non-neoplastic cells that are not initially a component within the
microenvironment but can be recruited by tumor cells to spur the formation of new blood
vessels from existing vascular structures. The conscription of endothelial cells through pro-
angiogenic factors (e.g., cytokines, growth factors, ECM proteins, ECM remodeling
enzymes, extracellular vesicles [EVs]) results in perfuse blood vessels to the TME. This is
due to a lack of basement membrane in tumor vasculature, and the poor quality of blood
vessels formed often creates hypoxic conditions within the TME [5]. Once recruited,
endothelial cells are referred to as tumor-associated endothelial cells. These cells have
several genetic expression signatures that distinguish them from normal endothelial cells,
such as elevated VEGF receptor protein expression. The upregulation of the VEGF receptor
tyrosine kinase enables the VEGFR signaling pathway to mediate survival, vascular
permeability, migration, and proliferation through downstream signaling [44].

CSCs are unique cells and are defined by the ability to self-renew and beget heterogenous
lineages of cancer cells that compose the tumor. In normal tissue, stem cells serve the main
function of differentiation for allowing organs and tissues to maintain their functions
through a lifetime [45]. CSCs are not necessarily derived from normal adult stem cells, and
they are not composed of embryonic stem cells. CSCs do share some stem cell
transcriptional programs with both embryonic and CSCs and take cues from niche
environments [46].

As CSCs are composed of various heterogenous niches that may express different markers,
they are identified through functional validation from well-established assays. These include
cell culture assays (tumor initiating assays and self-renewal assay), or through the
identification of molecular markers specific to the type of cancer in which the CSC
originated. The need to functionally validate the self-renewal capabilities of a CSC makes
this a difficult component to study. Additionally, molecular markers for CSC may change
over time in response to TME conditions or cell cycle-related expression. Many of the
molecular CSC markers also use their utility when cells are cultured in vitro [47].

Evading immune destruction is an emerging hallmark of cancer, which is reflected by a
severe increase in research regarding the immune response to cancer [1]. This review will
not go in depth to explain the intricacies of the immune response to cancer, as it deserves its
own separate article [48]. Generally, immune cells sent to the tumor site are referred to as
infiltrating immune cells. Early infiltrating cells include macrophages, lymphocytes, natural
killer cells, and dendritic cells. These cells have duality in the TME, as they can contribute
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towards tumor immunity through the release of growth factors (chemokines, interleukins) or
release factors that can aid in forming a tumor suppressive environment (B cells, Treg,
tumor-associated macrophages) [49]. In recent years, immunotherapy, using the immune
system of individuals to help fight cancer, has gained prevalence as a treatment. Within
immunotherapy, specificity to cancerous cells is generally increased and leads to better
patient outcomes. Although, it has been found that cancer can develop mechanisms of
escaping the immune response.

2.3] ECM

The ECM in normal tissue is comprised of a 3D network of various macromolecules,
including integrins, collagens, proteoglycans/glycosaminoglycans, elastin, fibronectin,
laminin, as well as other glycoproteins [50]. The ECM is perhaps the most important
component of the TME, as it generates specific bidirectional communication between cells.
This communication contributes to the mechanisms for cell fate and the behavior of cancer
cells [51]. Cells within the TME communicate by specific ligand-receptor interactions. For
example, E-cadherin, the transmembrane protein that mediates homophilic cell—cell
interactions, communicates with integrin, which communicates with the ECM. E-cadherin
mediates Ca2*-dependent homophilic interactions with opposing molecules in neighboring
cells and acts as a tumor suppressor [52].

The ECM in normal tissue has self-remodeling capabilities. The ECM in cancerous tissue
retains this function, utilizes this ability to form a natural scaffold for tumors, and can use
this remodeling to enhance communication. Cells sense binding motifs of ECM proteins and
integrin binding events on the cell surface and restructure their surroundings to allow for
signaling molecules to move through the space to communicate [9]. During metastasis, cells
travel through the remodeled matrix [14]. Construction of the matrix occurs through
deposition of ECM proteins by TME cell components and degradation by a family of
cleaving proteins called metalloproteinases(MMP). Both processes are regulated by integrin
signaling pathways and are controlled largely by the secretion of soluble factors by
fibroblasts.

3| MS-BASED PROTEOMICS FOR SOLVING BIOLOGICAL SYSTEMS

The term “proteome” was coined at a conference in Siena, Italy in 1994. Since this time, the
world of proteomics has matured into the versatile, highly sensitive methodology that it is
today [53]. Prior to this conference, hard ionization methods had made it difficult to analyze
nonvolatile, biological compounds. The development of highly sensitive ionization methods
for complex biological molecules, such as proteins and peptides, aided proteomics in gaining
traction in the scientific community. Throughout the late 20th century and the early portion
of this century, methods using electrospray (ESI) and matrix-assisted laser desorption/
ionization (MALDI) were introduced and refined. ESI was found to couple well with triple
quadrupole mass or ion trap mass analyzers. MALDI sources were often paired with time of
flight due to its ability to separate larger ions through the flight path of the TOF.

Older gel-based methods to analyze protein expression utilize a forward (function to
sequence) approach, or a reverse approach where the protein profiles expressed within cells
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or tissues are compared. 2D electrophoresis methods separate proteins based on specific
qualities with high reproducibility and with the ability to quantify the protein [54]. Patterson
and Aebersold wrote a comprehensive review outlining the developments that formed
proteomics as a field [53]. Within the review, they outline how proteomics are beneficial to
study biological systems using a systems biology approach. The systems biology approach
can also be applied to understanding the TME. Studying the TME with co-cultured tumor
models and MS allows for a researcher to obtain a global snapshot of the proteins present at
the time of analysis. These proteins can be identified/quantified to understand cellular
processes that drive malignant progression.

Currently, multiple analysis methods are used tangentially to assess co-cultured tumor
models on a proteomic level; these methods can be divided into MS-based and non-MS-
based methods. Non-MS methods include the use of antibodies for visualization of specific
proteins using immunohistochemistry or immunofluorescent imaging, PCR-based methods
of protein separation, and assays to measure numerous biological properties. When used
individually, these methods lack the ability to fully capture the minute perturbations that co-
culturing can produce in the TME. MS-based methods for proteomic studies typically use
ESI-MS/MS, and MALDI-TOF. These ionization methods and corresponding analyzers are
capable of elucidating how variations in conditions, such as the addition of a TME
component, modulates the environment through analyzing each peptide or protein that is
able to be isolated, fragmented, and detected [35]. High-throughput proteomics in
combination with MS serve as a platform to characterize thousands of proteins within the
complex TME, and should be used to further identify the subtle changes in co-culturing
tumor models.

Traditional proteomics approaches are top-down or bottom-up (Figure 3), although
specifically tailored approaches that include middle-down are gaining in popularity. Top-
down proteomics separates complex protein mixtures within the mass spectrometer and
analyzes proteoforms within the complex mixture. Top-down studies are therefore useful in
analyzing different forms of the same protein that have been modified through post
translational modifications, alternative splicing, or genetic variation. Bottom-up proteomics
involves protein separation before the protein mixture is analyzed with the mass
spectrometer. This analysis requires digesting proteins into peptides and separating these
peptides through methods such as reverse phase liquid chromatography, small cation
exchange, or metal affinity chromatography [25]. The majority of MS-based methods in
Table 1 employ bottom-up proteomics. Cancer research that employs proteomics can be split
into four sections by the application of the research: biomarker discovery, prediction of
chemotherapy responses, biology of malignant progression, and database contributions.

3.1| Prediction of chemotherapy responses

Proteomics can not only capture the full proteome of a cell, but the perturbed protein profile
of a cell with the same genotype that has been treated with a drug. A proteomic approach
permits for the protein-based perturbations of the TME to be analyzed to indicate which
cellular processes are affected by the addition of a drug. This has previously been
extensively performed using monocultures, and in recent years co-cultures have been used to
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help further understand the TME. With the implementation of multiple components in co-
cultured tumor models, bottom-up quantitative proteomics analysis methods have aided in
the understanding of how the TME will respond to chemotherapeutic drugs and should be
used with more frequency.

Older quantitative proteomic methods used gel-based methods of separating a protein
mixture before analyzing the mixture with MS. Recently, multidimensional separation
methods have been popular to separate peptides. Proteins are quantified through the
incorporation of isotopic labels into cell culture, or through analyzing the mass spectra in the
presence of a known reporter ion.

Isotopic labeling methods initially are achieved through incorporating chemical or metabolic
labeling reagents into cell culture. One such method is the integration of isobaric tags for
relative and absolute quantitation (iTRAQ). Researchers studying the Wnt/s-catenin
signaling pathway were able to use iTRAQ to compare the proteomes of 2D to 3D
monocultured SW480 cells [29]. Advanced tandem MS platforms coupled with
multidimensional liquid chromatography enabled researchers to identify proteins by their
diverse functions within biological samples. The use of iTRAQ allows for the relative
abundance ratios of MS or MS/MS intensities of corresponding peptide pairs labeled with
light-/heavy- isotope labels within the Wnt/B-catenin signaling pathway in this model.

The initial proteome analysis of 2D and spheroid cultures showed the differential expression
of proteins within the Wnt/g-catenin signaling pathway. The researchers then treated the
iTRAQ integrated 2D and 3D models with an inhibitor of the Wnt/g-catenin signaling
pathway, known as XAV939. The comparison of 2D- and 3D-cultured SW480 cells showed
a significantly statistical difference in protein abundance based on the fold change at a cut-
off of 1.6. Although this study did not elucidate why XAV939 elicited this response within
SW480 cells, the authors suggested a possible mechanism that may be related to the hypoxic
conditions within 3D cell culture. They proposed that the hypoxic conditions contributed
towards differential protein expression elicited by XAV939 [29]. This study did not utilize
multiple TME components but provides a great example of a study that could alter its
methodology in the early cell culture stages to include multiple TME components. The
Wnt/B-catenin pathway is known to be modulated by stromal elements, and the addition of a
stromal component could have allowed for a greater understanding of the biological
processes that are affected the XAV939. With the stromal element present, the results would
have also translated better to in vivo studies using the inhibitor.

More recently, a 2020 manuscript by Bauleth-Ramos used a triple co-culture with colorectal
carcinoma cells, monocytes, and human intestinal fibroblasts to examine the molecular
effect of nanoparticle treatments as a chemotherapeutics in vitro [29,55,56]. M2-like
phenotypic macrophages are known to be important for tumor metastasis and poor prognosis
resulting from monocytes. CAFs are also known to play a role in tumor progression and
metastasis through the secretion of soluble factors and ECM proteins.
Chemoimmunotherapy is often used as a promising approach to killing cancer. The goal of
this study was to use nanoparticles to deliver chemoimmunotherapy to the triple cultured
MCTS and determine the molecular processes that were altered by immunotherapy. Bauleth-
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Ramos seeded the carcinoma cell line HCT116, fibroblast HIF cells, and freshly isolated
monocytes at a ratio of 4:1:4, respectively. The total number of cells initially seeded per
spheroid was 5000, and 50 ng/mL of macrophage colony stimulating factor was
supplemented to promote the differentiation of monocytes into macrophages within their
culture environment.

Bauleth-Ramos found the triple co-culture of the MCTS was successful in adopting certain
aspects characteristic of in vivo tumors, such as ECM developments, spatial organization,
and the formation of a necrotic core. The model was phenotypically assessed using H&E
staining, nanoparticle drug delivery effects were evaluated using fluorescent imaging, and
flow cytometry worked to characterize the MCTS. Mono-, double- and triple-cultures
revealed variations in tumor heterogeneity when compared. Drug resistance within the
spheroids was found to be present and was illustrated by the stark difference in decreased
penetration of nanoparticles from 2D cultures to MCTS. Despite significantly less uptake of
the nanoparticles in the 3D triple co-culture model, proliferation was still decreased in the
model compared to a negative control. In addition, macrophage polarization towards M1-like
differentiation indicated anti-tumor behavior [57]. This study serves as an example of
research that was able to elucidate relevant information about chemotherapeutic response
using co-cultures. Nevertheless, if a similar study used MS-based proteomics, the
conclusions made in this paper could be further validated, more robustly supported, and the
biological mechanisms that drove their results could perhaps be further understood. The
development of a triple co-culture model that assessed the immunologic response to a new
chemotherapeutic was impressive; however, proteomics could have revealed the downstream
effects that their nanoparticle delivery system or chemotherapy drug had on protein
expression. This information could help to elucidate the molecular mechanism of how the
chemotherapeutic elicited an anti-proliferation response.

The predominant method of co-culture is the use of MCTS with a single stromal component.
However, even more complex models like triple co-cultures proceed to encapsulate more
possibilities in TME recreation through the inclusion of multiple stroma. With a high
mortality rate and few viable treatment options for pancreatic cancer patients, triple co-
culture models are especially valuable in their ability to mimic the TME. A 2018 study
conducted by Lazzari et al. provided one of the first uses of pancreatic MCTS in triple co-
culture with fibroblasts and endothelial cells. This co-culture included pancreatic MCTSs
derived from PANC-1 cells, human lung fibroblasts (MRC-5) and human umbilical vein
endothelial cells. Novel aspects of the hetero-type, co-culture MCTS model appeared when
tracking cell number, volume, and especially ATP content per spheroid. The two-fold
difference in ATP in triple co-culture over mono-culture signified the stimulation of
metabolic activity and contributed to resulting viability and increased survival rates upon
treatment with doxorubicin [58].

3.2| Biomarker discovery

Biomarker discovery holds great clinical relevance, as it is extremely important that
clinicians have reliable biomarkers that are consistent to allow for accurate diagnosis and
staging. However, tumor heterogeneity of malignant tumors is quite often varied between
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individuals of the same cancer types. Genetic and epigenetic influences alter cellular
phenotypes, which are reflected by subtle differences in molecular biology. Therefore, the
identification of the cellular genotype and corresponding phenotype within cancer can help
guide patient treatment and contribute to a better understanding of how oncogenic mutations
alter the TME. MS is a global cellular analysis tool that can be useful for this purpose. In
combination with data analysis methods, MS can be utilized as a beneficial tool for finding
cellular identification patterns in large data sets, indicating it may be useful to identify
potential biomarkers [59].

Proteomics studies intended to understand how biomolecular signaling drives malignant
progression can serve as a platform for elucidating new biomarkers. In recent years, EVs
have provided a resource to study communication that drives disease progression [60]. MS-
based proteomics geared towards analyzing proteins held within these vesicles have gained
prevalence for uncovering paracrine, autocrine, or juxtracrine signaling related to cancer
formation and advancement. Cancer cells actively release EVs into neighboring tissue to
facilitate communication. Exocytosis releases the vesicles from the cell, and it can be seen
that EVs contain molecules that are released into cell junctions. Once isolated and analyzed,
EVs have been found to carry proteins, lipids, metabolites, and RNAs, although the
mechanisms through which these components enter exosomes are not fully understood. The
use of cancer models using co-culturing could benefit from the understanding of
mechanisms regarding EVs and further elucidate cellular mechanisms regarding
communication in cancer progression. Co-cultures allow for natural interactions to be
studied in a controlled environment [61]. EVs have been implicated in pathways involved in
cell adhesion, migration, and protein transport. The mechanisms of interactions are not
completely understood for every pathway, indicating the vast amount of information that is
still left to be discovered. The scope of information that is unknown about communication in
cancer makes it a useful research topic to initially explore in search of new potential
biomarkers. LC/ESI-MS/MS is a prevalent analytical technique to study the contents of EVs.
Proteomic analysis of EVs has shown significant alterations of proteins expressed under
pathological and physiological conditions.

3.3 | Elucidating the biochemistry of malignhant progression

Studies have been performed in recent years that compare mono-cultured and co-cultured
tumors to reveal differences in protein expression, appearance, cancer cell mobility,
fundamental cell—cell interactions in the ECM [62,63]. Studies conducted by Jeong [62,63]
and Kim [12] applied the co-culture of HT-29 colorectal MCTS with fibroblasts to further
understand biological processes regarding malignant progression. Their studies emphasized
the complex array of phenotypic benefits in mimicking the TME in co-culture over mono-
culture. It is also important to note that each study had a different method of co-culture.
Jeong et al. discovered that cell proliferation of HT-29 MCTS was increased when co-
cultured with colorectal specific CAF cells (CDD-18Co) and cultured using a collagen
scaffold. Colorectal MCTS exhibited a 1.5-fold increase in percentage change of the
diameter after fibroblasts were added to the culture. Co-cultured MCTS exhibited a decrease
in the expression of the proliferation marker Ki-67 of spheroids co-cultured with fibroblasts
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when compared to mono-cultured HT-29 MCTS, indicating that co-culture does alter the
proliferation of spheroids [18].

Kim confirmed protein abundance changes in HT-29 MCTS co-cultured with CAF [54].
This study used non-MS-based proteomic methods to analyze co-cultured MCTS and study
the implications of EMT in CRC. They used enzyme-linked immunosorbent assays to reveal
differential expression of proteins involved in the TGF-g pathway. This pathway contributes
to cell proliferation and differentiation. Upregulation of the growth factor proteins EGFR
and CTGF was observed via western blot analysis, as well as the downregulation of g
catenin and E-cadherin. These changes validate that EMT was occurring within their model,
and that processes known to be implicated in metastasis are also perturbed. Both Kim and
Jeong’s models for EMT and tumor growth allowed a targeted proteomic analysis to reveal
changes in protein expression levels to support their findings. However, it could have been
improved if the global proteome was analyzed. Both studies relied on knowledge of
currently known biological processes that are affected by cancer. Global proteomics analyses
by MS could indicate what cellular pathways or signaling molecules are implicated in the
perturbation of the spheroid growth with the addition of fibroblasts.

As emphasized previously, co-culture model systems better model the tumor environment to
more closely resemble those in vivo. The spheroid model permits the idiosyncrasies of TME
components to be amplified and more observable in co-culture. A recent example can be
found in a study aimed at further understanding of the progression of ovarian cancer.
Ovarian cancer progression relies on the interaction of cancer implanting in the mesothelium
of the ovary, and the subsequent formation of invasive peritoneal implants [57]. Musrap co-
cultured 2D ovarian cancer cells and peritoneal cells (LP-9), and collected the conditioned
medium for LC-MS/MS analysis. The MS analysis detected 49 secreted proteins that varied
in abundance from co-culture to mono-culture. Gene expression of Mucin 5A was elevated
amongst three different ovarian cancer cell lines co-cultured with LP-9 mesothelial cells.
These discoveries in co-culture gave a deeper understanding of mesothelium invasion, and
identified pathways implicated in ovarian cancer metastasis (Figure 4). The study was
limited by the use of 2D culture, as compared to if a 3D culture had been utilized. It would
be interesting to repeat the experiments with co-cultured and mono-cultured spheroids.

Microfluidic devices have been used to simulate TME. Although the devices vary and are
often developed for specific experiments, they are useful in adding vascularization to
models. As the MCTS models avascularized tumors, the addition of microfluidics to current
MCTS models results in modeling a vascularized TME. Within the design of microfluidic
devices, multiple channels will incorporate cancer cells while surrounding channels will
possess media and components to deliver nutrients and oxygen as blood vessels would in the
TME, with an example in Figure 5. In a study by Lee, a seven-channel microchannel plate
was developed for investigation of chemoresistance and the EMT in co-cultures of
pancreatic stellate cells and MCTS [29]. The microfluidic plate was designed with each
channel alternating collagen matrix, media, and cells to simulate conditions of
vascularization of tumors. A similar seven-channel microfluidic chip device was also
separately employed by Jeong, modeling colorectal MCTS and CAF interactions [29,55,56].
In Lee’s work, immunofluorescence staining and a global MS proteome analysis of co-
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cultured MCTS revealed EMT-related markers. In each study, the multi-channel microfluidic
co-culture allowed for recreation of ECM interactions between stromal and tumor
components through a proximity model [57]. Additionally, in each study the use of MS-
based proteomics could have enabled a better understanding of the processes occurring in
each model. In Lee’s model, the EMT was studied; however, it would be valuable for a
global proteomic analysis and subsequent pathway enrichment analysis to be performed to
indicate the expression of all proteins involved in EMT-related pathways, rather than those
that were targeted in this study.

3.4] Cancer genome database contribution

In contrast to non-MS-based methods, MS is a severely underutilized tool to analyze 3D
cancer models. MS data contains information regarding biochemical pathways that may be
upregulated or down-regulated in co-cultured spheroids, yet the ability to interpret global
proteomics data to understand what is occurring biologically is a major limiting factor
shared by researchers. If global proteomic studies of co-cultures were validated and added to
databases that are open access, the understanding of biological interactions in the TME
could be greatly accelerated. Currently, a few databases exist including The Cancer Genome
Atlas (TCGA), the Cancer Cell Line Encyclopedia (CCLE) and the Catalogue of Somatic
Mutations in Cancer (COSMIC). TCGA is one of the first databases developed to
characterize the macromolecular profiles of tumors and tumor cell lines. The project has
inspired the foundation of other cancer databases, including COSMIC and CCLE. Databases
are beneficial for capturing large amounts of data pertaining to cancer and can hold great
potential. For example, a pan-cancer proteomic characterization of 532 cancers revealed
gene signatures of oncogenic or metabolic pathways that can distinguish subtypes [58].

A Harvard group expanded the CCLE through quantitative profiling of 375 cell lines from
diverse lineages to unearth previously unknown information. Within this massive effort, they
used TMT10-plex labeling reagents and high-resolution tandem mass spectrometers. Their
work resulted in 12,755 proteins identified and 4.7 million peptides. Their workflow
included data mining, primary organization analysis, and proteogenomic analysis of MS1
and complexes. Data mining and PCA of the 4.7 million peptides indicated pathways across
multiple cancers that were commonly differentially expressed. A large portion of the
proteome was found to be correlated to epithelial and mesenchymal markers, and EpCam
and Vimentin were identified as reliable epithelial and mesenchymal markers respectively
across multiple tissue types. This study helped to validate the use of these proteins as
biomarkers. Using proteogenomic analyses, they performed a PCA projection onto RNA
data for cell lines with corresponding proteomic data. From this, they conclude that while
RNA data can be correlated to proteomic data, the genomic material is not the primary
component of variation of the steady state proteome. The vast extent of information
uncovered in this study supports the idea that proteomics is a powerful tool capable of
elucidating previously unknown information. Bioinformatics is a growing field, and it is
possible that more information will be extracted from this data set in the future. This study
did not culture the established cell lines in 3D, nor did they employ co-culture conditions.
Yet this study serves as a beneficial example of how proteome wide analyses can yield
insight into the TME.
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Several studies have been performed that complement the CCLE or COSMIC. The research
performed by Al-Juboori aimed to model endometrial cancer to further understand how
cancerous and stromal tissue communication and cell to cell adhesion influence malignant
progression. Their study co-cultured cancerous epithelial Ishikawa (IK) cells with non-
cancerous human endometrium (HESC) into a MCTS model. To show the relevance of their
model to protein expression in patient tumors, they co-cultured endometrial cells and
epithelial cells isolated from extracted tumors. They phenotypically analyzed their model
through fluorescent and brightfield imaging. They were able to observe that the RFP labeled
IK cells formed layers around the GFP labeled HESC cells. The co-culture model was
analyzed with LC-ESI-MS/MS. They identified a total of 1618 proteins in the co-cultured
spheroids alone, and 500 proteins were found to be shared in the co-cultured, IK mono-
cultured, and HESC mono-cultured spheroids. They performed an integrated pathway
analysis to map common proteins within each co-cultured or monoculture population of the
model and identify differentially expressed pathways (Figure 6A,B). Four pathways were
found to be associated with proteins shared by both mono- and co-culture. These pathways
were found to be implicated in significant protein-protein interactions, protein
ubiquitination, regulation of elF4 and p70S6k signaling, and mTOR signaling. The
abundance of pathways that were found to be shared with both co-culture and monoculture
provides biological relevance to their co-culture model and indicates its similarity to human
normal and cancerous endometrium. Through using a combination MS and orthogonal
methods, they were able to distinguish cell populations phenotypically and molecularly in
their model and identify potential proteins that could serve as targets for future drug therapy
(Figure 6C,D) [59].

The addition of data from studies such as the one conducted by Al-Juboori to databases
openly accessible could allow for an accelerated understanding of biological processes.
Sharing data aids researchers in data storage, mining, and analysis. Shared databases provide
bioanalysts with the opportunity to analyze data collected by skilled mass spectrometrists
without publication restrictions and can serve as a future resource [64]. Al-Juboori’s work
indicated several pathways that are potentially involved in malignant progression. Each
pathway may perhaps serve as the basis of an individual research project. If the information
contained in this study were to be added to COSMIC, the information could readily be
accessible to those who are seeking proteomic data in cancer.

4| CONCLUSIONS

The intricacies of the TME stem from the interactions between the components. Stromal
cells provide connective support for a 3D model of tumors and include endothelial cells and
fibroblasts. During tumor development, normal stromal cells are constantly being recruited
from the surrounding tissue. Once influenced by the cancerous cells, the stromal cells can
express growth factors and mediators that aid in tumor growth, converting these components
to be cancer related [62,63]. Much of the stroma is populated by fibroblast cells, which
excrete signaling factors and proteins that can remodel the ECM. The ECM contains
important enzymes, molecules, and signaling factors important for tumorigenesis and
metastasis. Structures such as blood or lymphatic vessels provide nutrients and oxygen to the
tumor.
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While mono-clonal 3D cultures have been used as better models over 2D monolayers, they
do not capture the full complexity of the TME. MCTS provide great potential for application
with co-culture without the use of a scaffold and allow for direct cell-to-cell contact to occur
encouraging the perturbation of the microenvironment similar to in vivo. MCTS as a model
have the potential to be paired with microfluidics to model vascularized tumors. The use of
MS for analyzing the proteomics of co-cultures is a severely underutilized technique. MS
and MS imaging as analysis techniques for mono-cultures have proven to be extremely
helpful in acquiring information about the proteome of the model in clinical applications,
drug discovery, biomarker studies, cancer migration and invasion studies, and signaling
[62,63]. Applying MS with co-culturing would open an avenue for greater high through-put,
high-resolution molecular analysis.

Our goal in authoring this review article is to propose these valuable tumor models to the
proteomics community and show their potential utility in exploring critical questions
relating to cancer biology. We hope that as these models become more broadly available that
their widespread proteomic analysis by MS will quickly follow suit. By pairing a more
realistic tumor model with the exquisite multiplex chemical analysis possible through mass
spectrometric methods, valuable discoveries that will ultimately benefit cancer patients
would be enabled.
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FIGURE 1.
Spheroids emulate aspects of the TME such as the layered structure, the tumor

heterogeneity, various microenvironment gradients, and ECM deposition. This figure is
adapted from Costa et al. [18] Made with biorender.com
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FIGURE 2.
Methodology of the liquid overlay technique used to generate MCTS. (A) Depicts confluent

adherent cells trypsinization, and subsequent seedining into ultra-low attachment or agarose
laden 96-well paltes. The plates are then cultured for 4-14 days, with media changes if
necessary. (B) Depicts the process of how a MCTS forms within a single well. The low
attachment conditions promote cell to cell adhesion, resulting in the cells forming a spheroid
shape. Made with biorender.com
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FIGURE 3.
A schematic detailing top-down and bottom-up proteomic methodologies. Two populations

of cells are cultivated to confluency, then seeded into non-adherent conditions to form
spheroids. After the cultivation period, spheroids are harvested and proteins are extracted.
Top-down requires the separation of intact proteins through LC-MS/MS. Bottom-up
proteomics requires further sample prep before running a peptide solution through the mass
spectrometer
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FIGURE 4.

Global secretome analysis using LC-MS/MS, exploring the communication between ovarian
cancer cell line, OVCAR-5, and mesothelial cell line, LP-9. (A) Filtering produced
candidates of secreted proteins in the ECM. (B) IPA clustered candidate proteins in networks
belonging to molecular transport, cancer, cell-to-cell signaling and interaction, and cell death
and survival. Genes/proteins are depicted as nodes, with shaded nodes representing
upregulated proteins, white nodes as genes/proteins incorporated by software to build
networks. (C) Heatmap of mRNA expression of selected genes. Ratios represent fold
changes in expression of stimulated cells over control cells. Red corresponds to increased
gene expression, whereas blue illustrates reduced expression (*p < 0.05, Student’s £test).
Reproduced from [29]
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FIGURE 5.
Microfluidic chip design structure and organization for co-culturing human colorectal cancer

HT-29 cells with normal colorectal fibroblasts, CCD-18Co. The device had four units with
even channels in each unit, with each channel being 10004m in width. For mono-culture, the
fibroblasts and collagen scaffold were fed into channel 2, and the cancer cells and collagen
were fed into channel 4. For co-culture, a collagen suspension of HT-29 and CCD-18Co
cells were loaded into channel 4. Media containing channel media separated each cell-
containing channel and exposed the cells to nutrients while they were incubated in 5% CO»,
and 37°C for 5 days to allow the spheroids in the device [57]

Proteomics. Author manuscript; available in PMC 2022 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shannon et al.

Page 24

Human HESC + IK
(A) endometrium 3D co-culture (B)
EIF2 signaling 4.99E+01
Regulation of elF4 and p70S6k signaling | 2.04E+01
Protein ubiquitination pathway 1.52E+01
mTOR Signaling 1.45E+01

3D IK
(C) v, J
e ]
& F &
&
AN B 8 Y s & & &
H
mnm + + -+ + + + + + +
33590*“‘ + |+ [+ |+ [+ | + |+ |+ |+ +
ADIK - - - - - - - - - -
Endometrial
(D) (i)  Nomalendo (i) _cancer
Own oy &5 w & Own oy 05 %o
Q\. B By A, B, Q e N B, W,
LGESTee &G & &
YE5.0.0.0 & )
SEEesH SEEdd
‘:" 9 l' r r r ‘:‘ ’ ’ ’ ’ ’
ARPC2 ARPC2 HEEEER
PPP1R12A PPP1R12A i
ARPC3 ARPC3
MSN MSN
MAPK1 HEN MAPK1
GRB2 lll GRe2 HEN B
EIF2AK2 EIF2AK2 &
EF2s2. HEE B eF2s2 HER B
[ [
High Low High Low

(9.59E+08) (7.96E+05)
MS Pentide Abundance

FIGURE 6.

Proteome profile of stromal (human endometrium) and epithelial (IK) individual and co-

(9.59E+08) (7.96E+05)
MS Pentide Abundance

cultured MCTS. (A) Venn diagram highlights the number of common and differently
expressed proteins by LC-MS/MS in co-culture spheroids. (B, C) IPA of the proteome for

commonly present signaling pathways in co-cultured MCTS. (D) Heat map. Reproduced

from [29]
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