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Abstract

BACKGROUND: The tumor microenvironment (TME) represents the many components occupying the space within and

surrounding a tumor, including cells, signaling factors, extracellular matrix, and vasculature. Each component has the

potential to assume many forms and functions which in turn contribute to the overall state of the TME, and further

contribute to the progression and disposition of the tumor itself. The sum of these components can drive a tumor towards

progression, keep a migratory tumor at bay, or even control chemotherapeutic response. The wide potential for interaction

that the TME is an integral part of a tumor’s ecosystem, and it is imperative to include it when studying and modeling

cancer in vitro. Fortunately, the development of tissue engineering and biofabrication technologies and methodologies have

allowed widespread inclusion of TME-based factors into in vitro tissue-equivalent models.

METHODS: In this review, we compiled contemporary literature sources to provide an overview of the field of TME

models, ranging from simple to complex.

RESULTS: We have identified important components of the TME, how they can be included in in vitro study, and cover

examples across a range of cancer types.

CONCLUSION: Our goal with this text is to provide a foundation for prospective research into the TME.
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1 Introduction

Tissue engineered models have found wide-spread adop-

tion throughout basic research. Utilizing fundamental tis-

sue engineering techniques such as 3D cell culture,

bioprinting and biomaterial development, scientists can

produce tissue equivalents with organotypic function and

structure far more advanced than a traditional 2D culture.

These complex 3D models can be designed to address high

level queries about tissue dynamics that historically

necessitated the use of animal models. Although many

scientific breakthroughs were made in gold-standard ani-

mal models, they have inherent inconsistencies when

compared to human physiology; 3D models can be pre-

pared from human cells while maintaining the cell–cell and

cell–matrix interactions imperative for accurate and trans-

latable outputs. These benefits have led to a robust and

wide-spread use and development of complex models,

many components of which can be obtained commercially,

substantially lowering the barrier to entry.

In cancer, the tumor microenvironment (TME) is the

dynamic space in and around the tumor. It contains a

myriad of cell types, growth and paracrine factors, and

structural components, each contributing to the progression
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of a tumor. The combination of these interactions deter-

mines the final fate of a cancer and has a massive impact on

the severity of a patient’s disease. Historically, cancer

research has focused on the tumor cells in isolation, and

thus, most cancer killing and controlling therapies only

interact with cancer cell centered mechanisms; however,

the TME’s role in tumor progression means it holds great

promise as a novel vector for tumor therapy. Unfortunately,

traditional animal models cannot easily replicate the human

tumor-stroma dynamic as most techniques entail the use of

human cancer cells injected into immune-compromised

mice, without an accompanying human microenvironment,

leading to slow development of new therapies. This has

necessitated the development of 3D, in vitro tumor models

replete with as many features of the TME as possible for

identification of high value, TME-based targets and testing

of experimental compounds.

Modeling the TME is an exciting and cutting-edge sub-

field within cancer research that will undoubtedly lead to

breakthroughs in how we identify and test novel thera-

peutics. Currently, there does not exist a perfect, one-size-

fits-all model, but our research group and others are striv-

ing to develop models with as many replicative features as

possible. In this review, we will describe the various

components of the human TME, from biochemical factors

to resident cell types; then, we will present contemporary

examples of 3D cancer models which include features of

the TME.

2 Aspects of the tumor microenvironment

The scope of the TME is vast and includes numerous

cellular types, paracrine and growth factors, and cell

associated physical properties (Fig. 1). Each component in

the TME can contribute to proliferation, recruitment,

metastasis, and treatment sensitivity of the local tumor [1].

As the tumor develops, the complex interactions between

all of these disparate pieces result in a niche that can

become innately protective and tumorigenic, despite being

comprised of cells that may not share the same mutational

signature found in the cancer itself [2]. Failure to address

the synergistic relationship between the TME and tumor

can result in ineffective therapies [3]. Accordingly, rele-

vant TME factors must also be incorporated in 3D models

to create a system that accurately reflects clinical cases.

These complex features are often difficult or impossible to

integrate into traditional 2D culture models [4, 5]. Diseases

such as pancreatic ducal adenocarcinoma demonstrate how

complex and impactful the TME can be on treatment, but

in all cases, the TME can create an environment conducive

to cancer growth [6].

2.1 Components of the extracellular matrix (ECM)

The ECM surrounding a tumor acts as more than a simple

scaffold for cell attachment. The composition of the matrix

can have dramatic effects on cellular migration, phenotype,

and genotype [7]. Protein composition of the ECM can

have effects on disease progression and patient prognosis

[8]. Examples of these structural proteins include collagen,

laminin, and fibronectin. Different proteins are found in

different densities depending on the tumor location and can

account for differences in disease development and treat-

ment effectiveness [9]. These ECM proteins contain

binding sites for various growth factors which can provide

stimulation and exert mechanical forces that greatly affect

tumor activity [10].

Collagen is the most abundant ECM protein and is

secreted and remodeled by a majority of the stromal cells

in the TME, particularly cancer associated fibroblasts

(CAFs). The development of an excessively collagenous

ECM is often an indicator of cancer development and can

allow for early detection in some tumors. Cancer cells are

able utilize collagen to increase migration if they orient and

move along the axis of organized collagen fibers [11].

Accordingly, increased collagen concentration correlates

with increased cancer metastasis [12]. Cleavage by matrix

metalloproteases (MMPs) can result in collagen fragmen-

tation and the presence of these fragments induces integrin

stimulation, resulting in increased migration and resistance

to administered therapeutics [13].

Fig. 1 The components of the tumor microenvironment. The TME is

composed of many different cell types, signaling factors, extracellular

matrix components and vasculature. They each interact with one

another which in turn drives tumor disposition in a dynamic, multi-

variate process

760 Tissue Eng Regen Med (2020) 17(6):759–771

123



Laminin is highly influential in gene expression and

signaling pathways in the normal tissue microenvironment.

Under normal conditions, laminin-111 and laminin-332

help mediate nitric oxide signaling, p53, HOXD10, and

microRNAs in breast tissue. These traits make laminin vital

for the formation of normal breast acini. When production

of laminin is dysregulated, there are significant effects on

these pathways and others in the microenvironment,

resulting in phenotype destabilization [14]. The dense

fibrotic ECM of breast cancer contains greatly upregulated

laminin-332. This fibrotic layer can form a capsule that

fully encompasses the tumor and aggravates surrounding

normal tissue. This TME is highly conducive to enhancing

epithelial-to-mesenchymal transition (EMT), leading to

increased invasion [15].

Fibronectin upregulation is present in many types of

cancer. In non-small cell lung cancer, the increase in this

matrix glycoprotein can modulate the Akt/mTOR/p79S6K

axis to induce proliferation while being associated with the

downregulation of the LKB1/AMPK cell cycle checkpoint

pathway [16]. The presence of fibronectin has also been

shown to cause secretion of invasion-inducing MMPs [17].

Fibronectin production can be induced by p21 activated

kinase-1 in pancreatic ductal adenocarcinoma, and is

linked to the therapeutic resistance and low survival rate-

s that has become synonymous with pancreatic ductal

adenocarcinoma [8]. Neuopilin-1 induced fibronectin fib-

rils have also been linked to poorer clinical outcomes due

to increased tumor growth potential [18].

2.2 Effects of physical properties of the TME

The phenotype of the cells in the TME is elastic and

adaptive depending on microenvironmental conditions. In

addition to chemical agents, mechanical properties of the

TME are highly influential on tumor behavior. TME

stiffness and perfusion are examples of physical elements

that can cause alterations in cellular function and pheno-

type [19]. These changes have often been overlooked in

favor of chemical induced signaling. However, there is a

growing interest in how these factors may contribute to

regulation of both normal and diseased tissue.

Stiffness is highly variable throughout the body ranging

from softer tissues like fats to hard materials such as bone.

Cells receive signaling through mechanotransduction

mediated by integrin binding to ECM anchor points. Inte-

grins in the cell membrane act as the main mechanical

signal transduction unit in the cell, allowing physical

stiffness signals to be converted into cellular signaling

pathways. The Rho/ROCK pathway is an example of a

stiffness regulated cell signaling pathway [20]. Similar

signals can be used to help multipotent cells differentiate

into the appropriate cell types [21]. The TME often contain

high levels of CAFs, which can output dense ECM, or

desmoplasia, to modulate the stiffness of the local area.

The mechanosignaling and migration of the cells is par-

ticularly dependent on collagen and fibronectin. These

dense ECMs are rich in collagen and fibronectin and are

correlated with increased risk of new cancer formation,

cancer cell migration, and the progression of existing

cancer [22, 23].

As ECM and cellular concentrations in the local TME

increases, the local vascular supply can become inadequate

or cut off completely. This results in a hypoxic environ-

ment within the TME. While physiologically normal cells

would likely proceed to cell death due to waste product

buildup and a lack of nutrients, cancer cells can enter a

state of increased metastatic potentiation to migrate to a

more favorable location [24]. In cervical cancer, low tumor

oxygenation was shown to correlate with increased tumor

migration, more frequent lymph and vascular involvement,

and significantly decreased progression free survival [25].

Hypoxic conditions have also been shown to increase the

release of extracellular vesicles in tumors in an attempt to

increase vascularization by tumor endothelial cells [26].

Hypoxia also induces accumulation of adenosine in the

ECM, which in turn could suppress the immune reaction,

leading to tumor evasion from T cell action [27]. Hypoxia

can activate the HIF, PI3K, unfolded protein response, and

MAPK signaling pathways among others [24, 28, 29].

Anti-angiogenic agents are sometimes used to try to

deprive rapidly dividing cancer cells of essential nutrients

and force them into a state of senescence or apoptosis.

However, the use of these antiangiogenic creates a hypoxic

environment that has been linked to the stimulation of

cancer stem cells, mitigating the desired effects of the

treatment [30, 31].

2.3 Chemical signaling in the tumor

microenvironment

There is a vast array of chemical signals found throughout

the normal microenvironment, each with their own effects

and signaling pathways. Each factor family often con-

tributes to a number of diverse functions in both the normal

microenvironment and TME. Altered levels of these dif-

ferent factors exert dramatic effects on cancer cell behav-

ior. Examples of these growth factor families include

epidermal growth factor (EGF), transforming growth factor

b (TGF-b), vascular endothelial growth factor (VEGF),

platelet derived growth factor (PDGF), fibroblast growth

factor (FGF), insulin-like growth factor (IGF), tumor

necrosis factor (TNF), and interleukin (IL). While this is

not a comprehensive list of factors present in the TME, the

combined contributions of these factors on tumor survival

and progression are substantial.
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EGF and its multi-ligand receptor, a tyrosine kinase, are

important in tumor cell proliferation, angiogenesis,

metastasis, and drug resistance of cancer cells. This is

mediated through the stimulation by TNF-a, stimulation of

inflammatory cytokines, including the Ras and phos-

phatidylinositol-3 kinase signaling pathways, and CXCL5

and CXCL8 chemokines [32, 33].

The TGF superfamily of factors can be produced by

cancer cells and the stromal environment in high quantities

[34]. In a normal, homeostatic environment, TGF-b can

induce cell cycle arrest. However, this pathway is mutated

in many cancer types to increase TGF-b production, sup-

pressing immune and other reactive cells while promoting

EMT in cancer cells [35]. TGF-b can stimulate CAFs to

produce and release ECM, making it a key factor in tumor

fibrosis [36]. It can also have pro-tumor effects through the

creation of reactive oxygen species and the downregulation

of anti-oxidative pathways [37].

VEGF is a key component for induction of angiogenesis

[38, 39]. This holds true for the dense TME as well [40].

The high concentration of cells in the cancer niche requires

vascularization for nutrient supply and the loose endothe-

lial cell network allows for invasion of the cancer cells

through the body. Inhibition of VEGF signaling has been

shown to induce apoptosis, arrest cell cycle, and prevent

endothelial cell migration and tube formation [41]. How-

ever, the process of angiogenesis is essential in normal

physiologic function and targeted therapy can result in

highly toxic side effects. While promising, anti-VEGF

therapy needs improvement [42].

Like TGF-b, PDGF can contribute to the activation of

CAFs. The recruitment of these cells by PGDF helps to

create the ECM dense TME niche that allows the cancer to

grow and develop [43]. Downregulation of PDGF and

VEGF signaling has also been shown to help prevent

angiogenesis and decrease tumor-associated endothelial

cell populations [41]. FGF is also a diverse multifunctional

factor family that is ubiquitous in homeostatic mainte-

nance. In the context of the TME, it promotes cancer cell

survival through enhancing chemoresistance, neovascular-

ization in the stromal space, and tumor progression

[44, 45].

IGF and the ligand IGF binding protein-3 (IGFBP-3)

exert transformational changes on the tumor through mul-

tiple pathways in a plethora of cancers including colorectal

cancer, premenopausal breast cancer, prostate cancer, and

lung cancer [46]. IGFBP-3 promotes the TGF-b mediated

EMT transition leading to increased metastasis [47]. IGF

also promotes EMT via up-regulation of ZEB1 [48].

Interleukins (IL) are a broad category of signaling fac-

tors involved with cellular regulation throughout the body;

they often are tied to pro-inflammatory functions, such as

IL-2, or anti-inflammatory functions, such as IL-10.

However, IL-6 has effects reaching beyond immune

capability and has been shown to induce differentiation of

non-mutated stem cells into a cancer-like phenotype [49].

TNF-a is derived largely from macrophages, but can be

produced by a number of other cells. It is vital for survival,

apoptosis, and differentiation [50]. Evidence has shown

that it TNF-a is an alternate ligand of the EGF receptor

[33]. Increased serum levels of TNF-a are correlated with

larger tumors and later stage progression [51].

2.4 Cell types in the TME

The stroma surrounding the tumor can be comprised of a

mix of several different populations. These populations can

have different origins and roles but are all part of the same

support system influencing the cancer development. Major

classes of cells present in the microenvironment include

cancer associated fibroblasts (CAFs), tumor endothelial

cells (TECs), tumor associated macrophages (TAMs), and

regulatory T cells (Tregs) [3, 52].

CAFs are highly abundant in the TME, but this cell

population is relatively poorly defined. On the other hand,

many of the roles of CAFs have been described, as these

cells play a key role in production of ECM to surround the

tumor [53]. They also secrete high levels of MMPs which

remodel the ECM. ECM production and modification are

often conducive to proliferation, cell migration, and

metastasis of tumor cells. CAFs also secrete a number of

chemokines such as transforming growth factor-b (TGF-b),

interleukin-6 (IL-6), vascular endothelial growth factor

(VEGF), and insulin-like growth factor-I (IGF-I). The

presence of these factors can combine to play a role in the

EMT shift of cancer cells, leading to increased migration

and metastasis, vascularization of the tissue, and suppres-

sion of the host immune environment [54]. Co-culture

analysis of fibroblasts and tumor cells has been reported,

often for the following objectives: tumor cell mediated

activation of normal fibroblasts into CAFs, CAF-mediated

induction of drug resistance in tumor cells or increased

tumor cell growth and migration due to CAF-mediated

cytokine release or ECM remodeling.

TECs also contribute to the migration and metastasis of

tumor cells throughout the body. Endothelial cell organi-

zation in the TME differs from the typical tightly packed

endothelial vascular structure found in much of the circu-

latory system. The chronic exposure to growth factors

present in the TME results in a porous and unregulated

vascular structure. These allow perfusion of nutrients into

the TME, while the gaps in the vessel walls allow

migrating cancer cells to exit the local environment and

enter the blood stream [55]. This rapid angiogenesis greatly

outpaces the normal vascular growth in the body and is

related to the irregular phenotype of the TECs. This
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irregular population expansion often contains

notable genotypic differences from typical endothelial cells

[56]. One significant difference is the increased chromo-

somal instability and aneuploidy that is found in TECs

[57]. These abnormalities also contribute to the inability of

TECs to form an organized vessel with properly polarized

cells [58]. Efforts to combine TECs and tumor cells often

focus on either the irregular formation of blood vessels into

tumor tissue or the invasion of tumor cells into or out of

vascular networks.

The disruption of the natural immune environment by

the TME is vital for tumor growth. Under normal cir-

cumstances, cancer cells would rapidly be targeted and

destroyed by either the innate or adaptive immune system.

However, TAMs and Tregs create an immunosuppressive

environment that allows the cancer cells to bypass normal

immune checkpoints [59–61]. It has been shown that the

presence of TAMs can be directly related to negative

clinical outcomes in diseases such as lymphoma [62].

Induced by cytokines such as IL-4, TAMs can account for

up to 50% of tumor mass in some patients [63]. Aligned to

an M2 macrophage phenotype, these cells create inhibit

T-cell proliferation and antigen presentation. This is

accomplished through the release of anti-inflammatory

factors such as IL-10 and the suppression of iNOS sig-

naling [64, 65]. In addition to suppressing natural immu-

nity, these cells can also promote tumor growth through the

secretion of stimulatory factors such as EGF, TGF-b and

VEGF [65]. In this polarity, they lose their phagocytic

properties, removing a vital innate immune response [63].

Tregs infiltrating the TME in high numbers further con-

tribute to immune suppression. There is a diverse and

heterogeneous population of Tregs, but the FOXP3?-

CD25?CD4? immune cell population is studied for its

immunosuppressive capabilities in the TME and correla-

tion with poor clinical outcome [52, 66]. The function of

Tregs under normal physiologic conditions is prevention of

autoimmune response, making treatment through depletion

problematic [60, 67]. When in co-culture with tumor cells,

these cells are able to hinder natural antitumor response

through several different pathways [68]. Tregs secrete the

immunosuppressive an pro-tumor cytokines and signals

including IL-10, TGF-b, and CD-35 [69–71]. Additionally,

the suppressor Treg population can secrete perforin and

granzyme B to actively destroy dendritic and effector

immune cell populations [72]. Finally, they express high

levels of the CTLA-4 receptor protein. This can outcom-

pete the CD-28 receptors on the effector cells trying to bind

the CD80/CD86 survival signals ligands, preventing cyto-

toxic T-cell differentiation and proliferation [73]. Modeling

of immune and tumor cells often centers on either the

beneficial effects provided by TAMs and Tregs or cyto-

toxic effects provided by natural killer cells and T-cells.

2.5 3D modeling of the tumor microenvironment

Three dimensional models allow for the experimental

investigation of the interactions between tumor cells,

endothelial cells, immune cells, and fibroblasts. Each of

these cell types play a role in the development of a tumor,

and they often alter or are effected by levels of ECM

components, growth factors, and physical conditions to

make a more favorable microenvironment. Understanding

the relationship between these cell types and the TME

allows an insight between fibrosis, poor vasculature,

immune modulation, and the treatment issues which derive

from these problems. This heterogeneity found in the TME

is most easily replicable in a 3D system [74]. These

microenvironment interactions are difficult to model in

traditional two dimensional cell culture models due to

decreased cell to cell interaction and decreased surface area

for signaling that can lead to changes in growth, metabo-

lism, and differentiation [75].

There are several methods of 3D culture utilized in the

field today which can generally be divided into two cate-

gories: aggregate cultures and encapsulation cultures

(Fig. 2). Aggregate cultures promote direct cell–cell

adhesion through utilization of low-attachment or low-

gravity environments. Common methods include spheroids

fabricated in specially-made plates and utilizing rotating

wall vessel bioreactors to simulate microgravity. Gener-

ally, these cultures are useful for high throughput systems

needing high cellularity and their relatively simple orga-

nization can make establishment time rapid. However, they

can be limited in size by lack of nutrition diffusion to cells

inside the cultures depending on the size, and the highly

cellular nature can give little control over non-cellular

mechanical components of the tumor microenvironment.

Encapsulation cultures are created by suspending cells into

a hydrogel. Examples of these culture methods include

ECM-based materials such as collagen, hyaluronic acid or

fibrin, or using materials high in growth factors such as

commercially available basement membrane extracts.

Encapsulated techniques allow for complex, multi-cellular

models for advanced studies due to the ability to control all

aspects of the ECM, including enabling self-organization.

Despite this, they typically have lower throughput than

aggregation cultures and often take longer to establish due

to the trend to start at lower cellular density as compared to

aggregate. Complex organotypic, tissue equivalent 3D

models are often called organoids which have been defined

as having: 1) multiple cell types, 2) capability of replicat-

ing partial organ function, and 3) cell aggregation or

grouping similar to an intact organ [76]. Typically, orga-

noids are more complex than common 3D models and rely

on some combination of both aggregation and encapsula-

tion techniques, and often-times utilizing the fate-
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specification mechanisms of progenitor cells to drive the

formation of organotypic structures. We have compiled

models of various complexities into Table 1 however it

should not be considered exhaustive as new models are

developed and tested regularly.

2.6 Breast cancer

Breast cancer is the most diagnosed cancer in women [77].

Altered ECM remodeling leading to increased stiffness is

often an early sign of breast cancer, and anti-angiogenic

therapies such as bevacizumab are often prescribed to slow

growth. Work to model endothelial-tumor interactions has

been demonstrated utilizing microfluidic devices contain-

ing adjacent tumor and vascular organoids to mimic

angiogenesis of endothelial vessels towards tumor cells and

tumor cell invasion into these vessels; VEGF-2 inhibitors

were shown to halt the angiogenesis and slow tumor out-

growth [78]. Another microfluidic model utilized a co-

culture of breast cancer cell lines, human breast cancer

associated endothelial cells, and fibroblasts in fibrin gel to

demonstrate intact endothelial lumens formed under flow;

these cells demonstrated increased chemoresistance when

in co-culture as opposed to individual groups [79]. The use

of flow was also demonstrated utilizing aggregate cultures

of tumor cells, endothelial cells, and normal lung fibrob-

lasts to monitor angiogenic sprouting towards co-culture

[80]. Histological analysis showed organized lumen for-

mation and higher cellular division in co-cultures as com-

pared to mono or dual cultures, and flow

cytometry analysis demonstrated the potential to track

target molecules through the cultures. The remodeling of

ECM by fibroblasts has also been analyzed, with the action

of DDR2 shown to both increase ECM production and

collagen fiber organization leading to increased tumor cell

migration in a 3D collagen I tumor cell and fibroblast co-

cultures, but not in similar MatrigelTM controls [81].

Another study analyzed the role of Hic-5 in fibroblast ECM

deposition, determining fibroblasts that were deficient in

the expression of Hic-5 caused the formation of more

disorganized fibronectin fibers in 3D ECM deposited

matrices, leading to decreased tumor migration by failure

to directionally migrate along these disorganized fibers

[82]. Finally, modeling of breast tumors using tumor,

endothelial and stromal fibroblasts in a collagen-hyaluronic

acid ECM microenvironment mimicked the formation of

Fig. 2 3D culture modalities. A–C There are many types of culture

formats which can be combined, tuned, and adapted to produce a final

model or organoid that fits the study at hand. Generally, techniques

can be separated into several types: (1) membrane-based typically

used for lung, gut, and other luminal tissue models, (2) hydrogel

encapsulated systems which can be adapted to all tumor types, and (3)

aggregation technologies most suited to solid tumor models
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disorganized blood vessel-like structures and increased

collagen deposition as found in native breast cancer [83].

2.7 Colon cancer

Colon cancer displays predictable invasive activity, with

the majority of progressive disease metastasis to the liver.

Determining methods to analyze, predict and disrupt this

invasiveness may aid in development of therapies to halt or

inhibit progression of the disease. We have shown that co-

culture of colorectal cancer cells, human hepatocytes and

mesenchymal stem cells (MSCs) in a rotating wall vessel

bioreactor containing HA-dextran beads demonstrated

increased tumor growth and chemotherapeutic resistance

compared to aggregates omitting mesenchymal stem cells

[84]. We further extended this model, using colonic smooth

muscle cells to create a stromal cell assembled, collagen I

based TME organoids [85]. The colon cancer organoids

demonstrated stromal cell-organized ECM that in turn

reduced WNT signaling, in tumor cells, resulting in

reduced expression of EMT markers decreased prolifera-

tion, and reduced chemotherapeutic sensitivity compared to

cancer cells cultured in bare collagen I hydrogels. Another

co-culture model of tumor cells and fibroblasts was

developed in collagen I constructs placed into microfluidic

devices; these tumor cells demonstrated increased growth

and increased chemotherapeutic resistance in co-culture

conditions [86]. Additionally, the fibroblasts demonstrated

an activated phenotype as confirmed by increased alpha-

smooth muscle actin (SMA) and tumor cell migration in

co-culture conditions.

2.8 Liver cancer

Liver cancer can begin in a manner similar to the devel-

opment of other liver diseases including fibrosis and

Table 1 A compiled list of

TME models sorted by target

cancer tissue type. All included

cancer types are of epithelial

origin and each model is noted

if it includes cellular

components of the

mesenchymal or immune

stroma under the ‘‘Included Cell

Types’’ sub-heading. Models

are also categorized by the

general format of culture which

are illustrated in

Fig. 2 (Microfluidics (MF),

basement membrane extract

(BME))

Cancer type Author Included cell types Model format

Breast Shirure Endothelial Encapsulation (BME) (MF)

Pradhan Mesenchymal, endothelial Encapsulation (MF)

Nashimoto Mesenchymal, endothelial Aggregation (MF)

Corsa Endothelial Encapsulation

Goreczny Endothelial Encapsulation

Mazio Mesenchymal, endothelial Aggregation

Colorectal Devarasetty Mesenchymal Aggregation

Devarasetty Mesenchymal Encapsulation

Jeong Mesenchymal Encapsulation (MF)

Liver Chen Mesenchymal Aggregation (MF)

Khawar Mesenchymal Aggregation

Song [86] Mesenchymal, endothelial Aggregation

Lung Nakamura Mesenchymal Aggregation

Chen Mesenchymal Encapsulation (BME)

Yu Mesenchymal Encapsulation (BME) (MF)

Ramamoorthy Mesenchymal, endothelial, immune Aggregation

Pancreas Ohlund Mesenchymal Encapsulation (BME)

Biffi Mesenchymal Encapsulation (BME)

Broekgaarden Mesenchymal Encapsulation (BME)

Tsai Mesenchymal, immune Encapsulation (BME)

Nguyen Endothelial Encapsulation (MF)

Ware Mesenchymal Aggregation

Brancato Mesenchymal Aggregation

Prostate Sung Mesenchymal Aggregation

Akerfelt Mesenchymal Encapsulation (BME)

Richards Mesenchymal Encapsulation (BME)
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cirrhosis, with inflammation due to the activation of hep-

atic stellate cells (HSCs) and immune infiltration [87].

Research efforts to understand the mechanisms of HSC

activation can improve our understanding of the beginning

stages of liver cancer development and lead to potential

methods to reverse it. Recently, analysis of stellate cells

surrounding a tumor core in a microfluidic device was

performed to understand co-culture effects on activation

and drug resistance; the stellate cells became activated with

a change in morphology and an increase in alpha-SMA

while the tumor cells showed increased expression of EMT

markers vimentin and TGF-b1 [88]. Another group ana-

lyzed co-cultures of hepatocellular carcinoma (HCC) cells

and stellate cells and observed an increase in collagen I

expression in HSCs and altered EMT markers in tumor

cells [89]. Additionally, HCCs demonstrated increased

drug resistance and enhanced cell motility in co-culture

conditions. A separate group used a similar model to

analyze HCC cells and stellate cells and observed co-cul-

ture of the two groups caused stellate cells to increase

alpha-SMA and collagen I expression, and by blocking the

synthesis of collagen I they could significantly alter the

chemotherapeutic resistance of HCCs in the co-cultured

group. They also reported an increase of migration through

the upregulation of MMP9 in tumor cells in co-culture [90].

2.9 Lung cancer

The lungs are a highly complex network of stromal and

epithelial tissues which are in direct contact with the out-

side environment. Environmental factors such as smoking

or inhalation of irritants can lead to inflammation and

fibrosis, with the highly vascularized environment provid-

ing sustenance for both primary and metastatic disease. A

recent study demonstrated that co-culture of podoplanin?

fibroblasts dramatically increased the growth and estab-

lishment of organoid cultures in both lung tumor cell lines

and patient tumor cells compared to either monoculture or

podoplanin- fibroblasts [91]. A similar result was observed

in lung squamous carcinoma cells and CAFs; in particular

tumor cells would form acinar structures and become more

invasive with decreased SOX2 expression in the presence

of CAFs, suggesting that fibroblasts can dampen stem cell-

like signaling [92]. In a separate study, CAFs and non-

small cell lung cancer (NSCLC) cells were placed into

connected wells containing basement membrane extract

microfluidic devices to analyze GRP78, a regulatory pro-

tein associated with increased protein expression, and its

role in tumor invasion [93]. It was shown that overex-

pression of GRP78 mediated by CAFs caused increased

migration, and blocking GRP78 prevented this invasion.

Recently, an organoid consisting of fibroblasts, endothelial,

epithelial and lymphatic cells was developed to model

metastatic colonization of the lung [94]. Pretreatment of

these organoids with tumor exosomes increased tumor cell

colonization, and angiogenesis of tumor infiltrated con-

structs was observed and reversible by anti-VEGF treat-

ment. Experiments utilizing patient derived cells

demonstrated treated cultures reflected clinically observed

patient sensitivities to treatments.

2.10 Pancreatic cancer

Pancreatic cancer displays a poor 5-year prognosis, with

few effective treatment options available. One of the dif-

ficulties in treating the cancer is related to poor

chemotherapeutic penetration due to ECM remodeling and

activation in pancreatic stellate cells (PSCs) to form dis-

tinct, tumor supportive subpopulations [95]. Identification

of two distinct CAF subpopulations in pancreatic tumor-

fibroblast co-cultures was performed in both murine and

patient derived cell populations embedded in MatrigelTM,

with one CAF population remaining nearby the tumor cells

expressing increased alpha-SMA and a more distant CAF

population secreting IL-6 and other inflammatory mole-

cules [96]. A similar study utilized tumor-stromal Matri-

gelTM cultures to identify TGF-b and IL-1 were secreted by

tumor cells to promote differentiation of PSCs into multi-

ple subtypes, with TGF-b downregulating IL1R1 expres-

sion to form myofibroblasts and IL-1 activating JAK-STAT

signaling to form inflammatory CAFs [97]. A different

study analyzing the relationship between CAFs and pan-

creatic tumor cels on a MatrigelTM scaffold for chemore-

sistance determined fibroblasts induced increased treatment

resistance to oxaliplatin and benzoporphyrin derivative

mediated photodynamic treatment, and this resistance

could be overcome by adding metformin to the treatment

regimen [98]. Utilizing a variety of primary tumor cell

sources including resections, ascites and rapid biopsies,

MatrigelTM organoids were developed utilizing patient

derived tumor cells, CAFs and sometimes matched T-cells;

the system was shown to maintain viability and would

reorganize into physiologically relevant tumor organiza-

tion, gaining chemoresistance to gemcitabine as compared

to any condition alone [99]. One study created aggregations

of tumor cells and PSCs to demonstrate a correlation

between the increased collagen I deposition and drug

resistance by displaying a decrease in drug penetration in

co-cultured conditions [100]. Another study comprehen-

sively analyzed the differences in 2D and 3D normal and

cancer fibroblast cultured with tumor cells in rotating

vessel aggregates cultures [101]. Expression of several

genes such as multiple collagens, MMPs, versican and

periostin were found to be highest in CAF co-culture with

tumor cells, while there was also a significant increase in

ECM deposition in the CAF co-cultures. Finally, a study
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using collagen encapsulated cells in a microfluidic device

analyzed the relationship between pancreatic tumor cells

and hypovascularity [102]. The study determined pancre-

atic cells invaded nearby endothelial lumen structures and

would ablate the cells through ALK-7 mediated pathways,

leaving behind tumor cells invaded into the, now empty,

luminal space.

2.11 Prostate cancer

Prostate cancer is one of most diagnosed cancers in men,

with age highly correlated with diagnosis [77]. Despite

excellent screening techniques, advanced prostate cancer

remains a large cause of death due to metastasis to distant

organs. Co-culture of bone marrow-derived stromal cells

and prostate cancer cells has been shown to increase

expression of ECM remodeling genes and chemo-attractive

cytokines in stromal cells, suggesting the tumor cells were

influencing the stromal cells to create a more favorable

microenvironment for further growth and migration in

rotating vessel derived aggregate cultures [103]. Microtis-

sues of prostate cancer cells would be combined with CAFs

in both collagen I and MatrigelTM cultures to analyze their

co-relationship in the increased migration of tumor cells;

efforts to prevent this determined that FAK inhibitors

blocked tumor growth and migration [104]. Another group

determined the co-culture of patient derived tumor cells

with stromal cells in a Transwell-oriented organoid

extended growth and maintenance of elevated AMACR

expression, a noted prostate tumor biomarker, when com-

pared to monoculture of patient derived tumor cells alone

[105].

2.12 Other cancer types

Several studies have been performed analyzing the tumor

microenvironment for other tumor origins. An early co-

culture model of salivary gland adenoid cystic carcinoma

cells and cancer associated fibroblasts placed into adjacent

channels of a microfluidic device demonstrated an

increased tumor cell migration, which could be blocked by

using an MMP inhibitor [106]. Efforts to model the tumor

microenvironment in brain metastases using aggregate

culture has demonstrated that CAFs from brain metastases

in breast tissue displayed elevated CXCL12 and CXCL16

chemokines as compared to primary tumor fibroblasts, and

these fibroblasts promoted higher cancer migration [107].

Treatment with a CXCR4 or CXCL16 antibody reduced

this tumor cell migration. Another group modeled bladder

cancer cell invasion of nearby stromal and endothelial

tissue in a multi-layered, tissue engineered construct

resembling the healthy bladder, and demonstrate co-cul-

tured tumor cells displayed increased chemoresistance

[108]. Modeling of ovarian cancer-stromal interactions

demonstrated the role of SNAI2 in activation of stromal

fibroblasts, which in turn increased tumor cell growth

[109]. Analysis of patient outcomes demonstrated high

SNAI2 expression was linked to poorer outcomes.

2.13 Tumor microenvironment and immune cell

modeling

Promising work has been performed recently to combine

immune cells and tumor cells into tumor-immune hybrid

systems to analyze the immune response in helping treat-

ment. The effects of the chemical and mechanical

microenvironment on immune cell activation in detecting

tumor cells has been a topic of considerable focus [110].

Early work has focused on creating interactions between

tumor cells and immune cells derived from cell lines,

including natural killer cells [111] and T-cells [112–114],

often through the creation of targetable proteins on the

tumor cells through genetic engineering. More recently, we

and other groups have worked to include primary patient

immune and tumor cells into single constructs to study

patient matched interactions. Models consisting of combi-

nations of patient T-cells [94, 99, 115–121], natural killer

cells [94, 115, 117], and B-cell populations

[94, 117, 119, 122] have been recorded with preservation

of each cell population. In particular, there has been sig-

nificant effort focused on demonstrating interactions of

patient matched cytotoxic T-cells and tumor cells in order

to display evidence of direct T-cell mediated killing

in vitro using anti-PD-1 [117, 119–121], PD-L1 [117],

CTL4 [120], and MICA/B and NKG2A [115] therapies.

On the other hand, other models have focused on the

anti-inflammatory effects of macrophages. M2 tumor

associated macrophages (TAMs) have been studied in

tumor and immune co-culture microfluidic devices for their

effects on inflammation [123] and tumor cell migration

[124]. A recent study with murine tumor organoids dis-

played rapid progression of the tumor cells into highly

metastatic disease due to the increased presence of TAMs,

including causing an inverse relationship of cytotoxic

T-cell presence and activity [125].

3 Conclusions and future directions

Modeling the TME, using bioengineered model systems is

a field still in its infancy. As more advanced tissue engi-

neering techniques are developed with the potential for

incorporating higher orders of tissue complexity, such as

intact vasculature, immune fractions, and physiologically

structured ECM, the predictive potential of TME bearing

models may approach that of in vivo systems. Currently,
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most research focuses on a singular aspect of the TME in

isolation, to study a specific interaction rather than the

dynamics of the entire space. Models incorporating many

components of the TME may elucidate new mechanisms

behind cancer control leading to novel therapeutics which

target the support system of a cancer rather than the cancer

itself. These strategies could lead to a new landscape of

cancer therapies which more directly target cancer cells

and their stroma while sparing the body’s healthy tissues.

Additionally, effort is being directed at methods to upscale

the use of 3-D models due to its relatively low throughput.

Traditional cell culture has a much higher throughput

capacity than current organoid technology. However,

advances in the area of bioprinting are making large scale

organoid studies increasingly feasible. Different methods

of bioprinting include inkjet, laser-based, and extrusion

printing. Each one allows at least partial automation of the

creation of the TME. With this increased throughput, it is

likely that organoid culture will become increasingly

prevalent in areas such as precision medicine and phar-

maceutical testing, improving our ability to treat patients

and develop new therapeutics.
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