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Major progress in the understanding and treatment of cancer have tremendously improved our knowl-
edge of this complex disease and improved the length and quality of patients’ lives. Still, major challenges
remain, in particular with respect to cancer metastasis which still escapes effective treatment and
remains responsible for 90% of cancer related deaths. In recent years, the advances in cancer cell biology,
oncology and tissue engineering converged into the engineered human tissue models of cancer that are
increasingly recapitulating many aspects of cancer progression and response to drugs, in a patient-
specific context. The complexity and biological fidelity of these models, as well as the specific questions
they aim to investigate, vary in a very broad range. When selecting and designing these experimental
models, the fundamental question is ‘‘how simple is complex enough” to accomplish a specific goal of
cancer research. Here we review the state of the art in developing and using the human tissue models
in cancer research and developmental drug screening. We describe the main classes of models providing
different levels of biological fidelity and complexity, discuss their advantages and limitations, and pro-
pose a framework for designing an appropriate model for a given study. We close by outlining some of
the current needs, opportunities and challenges in this rapidly evolving field.
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1. Introduction

Cancer continues to claim millions of lives each year [1]. Cancer
metastasis, responsible for 90% of cancer-related mortalities [2],
remains poorly treatable. Current cancer therapeutic approaches
are based on either killing all rapidly dividing cells or targeting a
specific tumor mutation, and neither approach is sufficiently effec-
tive if the patient has metastasis.

Decades of biological research in cell culture and animal models
have tremendously advanced our understanding of cancer. How-
ever, these models recapitulate human cancers to only limited
extent (only about 5% of cancer therapeutics that passed screening
show efficacy in clinical trials [3]) and fail to recapitulate meta-
static disease. In addition, cancer cells and their metastatic poten-
tial and target organs are highly heterogeneous, both among the
patients and within a single tumor. Together, these factors have
contributed to the current lack of treatment options. While mice
(i) reproduce and mature quickly, (ii) can be genetically defined,
(iii) contain biological complexity, (iv) present a neoplastic devel-
opment similar to that in humans, and (v) support the growth of
implanted human cancer cells, they fail to mimic key aspects of
human physiology. Notably, mice lack human immune compo-
nents, fail to display metastasis to expected organ sites, and differ
from humans in their genetic drift and clonal expansion of tumor
cells [4].

Clearly, there is a need for human tissue models that would
more accurately predict the progression of cancer and responses
to treatment, ideally in a patient-specific context. Beyond geneti-
cally engineered mouse models, which spontaneously form can-
cers, researchers have developed patient-derived xenograft (PDX)
mouse models by injecting patient’s tumor cells into immunodefi-
cient mice. While PDX models offer patient-specific insights, they
also require significant time and effort to establish, do not display
the immune system of the patient, and have been shown to induce
rapid mutational drifting in the transplanted cells [5]. More
recently, human tissue models of cancer, in form of organoids
and organs-on-a-chip (OOC), have emerged as patient specific
mimics for studies of cancer progression. Notably, these models
can be tailored to capture the individual aspects of cancer, while
allowing a range of complexity, depending on the question asked.
This feature is particularly valuable for studies of late-stage and
2

metastatic cancers, where currently available models fail to cap-
ture cancer progression and response (or resistance) to treatment.
A number of human tissue models have been developed to mimic
various types and stages of cancer, from primary tumors and their
niches, to intravasation and extravasation of circulating tumor
cells, systemic crosstalk, metastatic preconditioning, and metasta-
sis [12,19,29,33,45,50,52,60,64,66,70–74].

In this review, we focus on engineered human tissue models of
cancer, and how they can contribute to cancer research and devel-
opmental drug screening, by overcoming the limitations of animal
models. These models offer testing of patient-specific cells ex-vivo,
overcome the biological and logistical limitations of modeling
metastasis in animal models, contain human immune system com-
ponents, and are more suitable for screening therapeutic modali-
ties (biologics, vaccines, cell therapy). After describing the main
classes of models providing different levels of biological fidelity
and complexity, we propose a framework for selecting and design-
ing an appropriate model and provide examples to illustrate speci-
fic opportunities in biological research, regenerative medicine, and
drug development. We close by discussing some of the current
needs, opportunities, and challenges in this rapidly evolving field.
2. Framework for designing an appropriate engineered model
of cancer

To engineer cancer models that are suitable for clinical transla-
tion, it is necessary to create a suite of high-fidelity models of can-
cer progression with a complexity that increases with the
biological requirements characterizing each stage (Fig. 1). To deter-
mine the required level of complexity when engineering a specific
model, it can be useful to work backwards starting from the
intended use, and define which variables should be included to
recapitulate the conditions needed to answer a specific question
in the most straightforward way.

The case-specific input variables should be modular, to enable
building a suitable model for each application in a plug-and-play
manner. To demonstrate this in more detail, we will briefly intro-
duce how cells and biologically inspired tissue engineering merge
to create an array of models of increasing complexity that are cap-
able of decoupling biological mechanisms, recapitulating organ



Fig. 1. Complexity driven design of human OOC models. Complex questions call for complex models, with the goal to select the simplest model enabling investigation of a
given question. In all cases, physiological relevance and compatibility with imaging, on-line and end-point assays are a must. Created with BioRender.com.
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level functions, and predicting human systems level responses. As
these models can incorporate patient-specific cells and gene edit-
ing approaches, they are providing opportunities for precision
medicine and characterization of patient-specific disease mecha-
nisms in an unprecedented manner. The highly complex biology
of metastatic progression is well-poised to benefit from multi-
organ OOC systems, where patient tumor cells circulate within
the microfluidic vascular networks and selectively home to distant
organs.

The framework for designing in vitro models of cancer is based
on two components: the model system, engineered to replicate
defined biological functions related to the in vivo condition, and
the strategy, designed to extract meaningful information from the
model and establish its predictive capacity. Overall, the model
should be tailored to match the simplest physiological context nec-
essary to answer a desired biological question. The simpler the
model the better, as higher complexity introduces more variability,
to the point of providing diminishing returns in exchange for the
increased workload.

The main parameters of interest when determining the model
are the input cancer cells, tumor microenvironment (TME), and
choice between a systemic multi-tissue model and an isolated
3

single organ model, depending on the biological question. The
strategy should complement these parameters with functional
readouts that can be used to validate the model’s predictive capac-
ity when defined perturbations are applied. One option is to use
both positive and negative control drugs to elicit a set of baseline
responses that can be correlated with the clinical responses. Fur-
thermore, the strategy should be designed with intentional con-
trollability to engineer models of high reproducibility that create
a robust framework for consistently extracting meaningful and
rapid readouts from the model system.

2.1. Cancer cells

The input cancer cell source is an important variable that
greatly influences the overall physiological relevance of the engi-
neered model. A particularly exciting aspect of engineered models
of human cancer is their increasing ability to be patient-specific
and thereby enable deployment of precision medicine approaches.
It is well known that cancer cells are highly heterogeneous from
one patient to the next, and even within the same tumor. By using
patient-derived cells, we can start understanding the innate nature
of patient-specific differences at the cell, tissue, and organ levels.
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However, culturing patient-derived cancer cells with the preserva-
tion of their phenotypes remains an unmet challenge. The type of
cancer, cancer location, procurement strategy, purity, and cell cul-
ture conditions directly influence the utility of patient’s cancer
cells in downstream assays. While various types of cancer have
been shown to yield more reliable results of in vitro culture, they
rarely have more than a 30% success rate. The cancer sample type
(core biopsy, tumor resection, aspirations of ascites or pleural effu-
sions) also determines the subsequent cell culture strategy. The
use of samples from either primary or metastatic sites should
match that of the biological question intended by the experimental
model. Liver and lung biopsies are more successful than lymph
node biopsies, while bone biopsies have been largely unsuccessful.
Samples obtained from pleural effusions or ascites show enhanced
ability to successfully establish in vitro cultures, perhaps due to
their adaptation to fluid-based environments and more aggressive
phenotype [10].

Increasing the effectiveness of in vitro culture of cancer cell will
be of great utility. Current efforts include culturing cells with rock
inhibitor, removing stromal cells to enhance cancer cell purity, and
using irradiated fibroblast feeder layers in a co-culture model
[10,34,36,44]. Organoids can also offer a way to continuously cul-
ture patient-specific cancer cells in a way that maintains their
heterogeneity, using defined signals and supporting stromal cells
and extracellular matrix (ECM) components favoring selection of
cancer cell phenotypes. In addition, organoids provide a means
for preserving cancer cells over longer periods of time. However,
both the standard cell culture and organoids show limited success
and often fail due to an overgrowth of healthy stromal cells. Cell
overgrowth is usually driven by fibroblasts and can be reduced
by removing fibroblasts from the initial explanted sample by mag-
netic or fluorescent sorting. Different substrate attachment rates of
fibroblasts can also be used to remove them from cancer cells dur-
ing routine subculture.

Overall, there are many considerations to keep in mind when
choosing the source of cancer cells for an engineered model. Pri-
mary cells offer mature functionality but have a limited lifespan
and are not easy to culture ex vivo without genetic drift. Immortal-
ized human cancer cells often represent only one of many pheno-
types within the original tumor and tend to lose their physiological
relevance with each passage. PDX models allow bulk tumor mate-
rial to be kept alive and grow ex vivo, using mouse as a bioreactor
[6]. While PDX provide a patient-specific 3D model that is multi-
cellular and systemic, they often take 3–12 months to establish
[7,8], a time that is too long for a large portion of patients. Obtain-
ing primary cells by dissociation of tumors following resections
and the use of these cells without additional processing is in most
cases most practical and time-efficient. The availability and
amounts of patient samples can also greatly influence the selection
of cancer cell source.

2.2. Tumor microenvironment

While genetically engineered mouse models and PDXs have
been widely used for cancer research, their misrepresentation of
human tumor biology, immune system contributions, and drug
responses have limited their translational impact [4,9]. Similarly,
in vitro culture of human cancer cells fails to provide the surround-
ing tumor microenvironment and supporting cells, limiting trans-
lational utility [10]. To overcome these limitations, stem cell
biology and tissue engineering have converged into modeling the
complexity of the human tumor microenvironment, using cancer
cells within bioengineered human tissue niches to recapitulate
in vivo conditions.

Microenvironmental factors are crucial for recapitulating both
the primary tumor and secondary metastatic sites, to promote
4

tumor progression via matrix remodeling, angiogenesis, and
myeloid-derived suppressor cell maturation, among other biologi-
cal events. In vivo, cancer cells are found in highly organized and
complex microenvironments, that should inform the design of
engineered human 3D tumor models recapitulating and maintain-
ing biological fidelity in vitro, in terms of more physiological gene
expression [11] and drug responses [12–14]. Cancer cells exhibit
increased proliferation and begin to rapidly divide and take over
the local microenvironment. The surrounding ECM experiences
increased interstitial pressure and remodels to become mechani-
cally stiffer by increasing collagen synthesis and matrix metallo-
proteinases [15,16]. The highly proliferative cancer cells
outcompete neighboring healthy cells, creating a hypoxic, acidic
environment [17] and altering the local vasculature so that it
becomes increasingly leaky and unable to adequately deliver oxy-
gen and remove nutrients [18]. These changes are further influ-
enced by the immune compartment, with innate and adaptive
immune cells controlling tumor development. Subsequently, neo-
plastic cancer cells evolve to avoid immune mediated destruction.
This shift in immune cells can be characterized as initially cold,
lacking cytotoxic T cells, and then hot, as an inflammatory
response is initiated and cytotoxic T cells begin to infiltrate the
tumor. However, immune evasion and secreted factors often out-
compete the local immune microenvironment to reverse a hot
tumor into a tumor-supportive niche [19–23]. Clearly, only a few
aspects of this complex and dynamic in vivo environment can be
recapitulated in vitro, even using our best bioengineering tools.

Incorporation of the essential cell types and their environmen-
tal cues are imperative for tissue engineering. Most tissues are
composed of different cell populations, with the tissue-specific
parenchymal cells accompanied by supporting cells such as fibrob-
lasts, pericytes, and endothelial cells that compose the stromal
environment and help dictate tissue functionality [24]. Inclusion
of stromal cells and their proper microenvironment plays major
roles in disease progression as stromal cells provide important cell
signaling and structural support via modification and deposition of
ECM that can influence whether a drug treatment will succeed or
fail [21,25–29]. Such components can be incorporated into tissue
systems using recent advances in tissue engineering. For example,
Yu et al [30] utilized a reconfigurable microfluidic cell culture sys-
tem to model tumor progression in vitro with the flexibility to add
or remove multiple cell types at precise times. This approach
allowed monitoring and control of spatiotemporal interactions
and control over the complexity of the cell microenvironment.

While primary cells have a limited lifetime, induced pluripotent
stem cells (iPS) can serve as an unlimited self-renewing source of
undifferentiated cells [31] and enable derivation of patient-
specific cell types for inclusion in the TME and auxiliary organ
models. Recent developments are starting to enable generation of
patient-specific models, typically combining tissues derived from
blood derived iPS cells with the patient’s primary cells (e.g., cancer
cells, immune cells, accessible tissue cells). The use of these cells to
make isogenic tissue sites, especially in mimicking the primary
tumor, may provide an ideal genetically identical backbone for pro-
moting a tumor in a healthy microenvironmental niche. These
models are starting to provide the tools to study patient diversity
in cancer pathophysiology, progression, drug efficacy, and the
development of drug resistance [31,32]. However, the use of iPS
cells to engineer patient-matched secondary tissue sites is limited
by their immaturity and the long timelines (several months)
needed to derive and characterize cell lines for each patient.

2.2.1. Biophysical stimuli
Cell populations are regulated by tissue specific molecular and

physical signals generated by the surrounding cells, ECM and the
environment. For most tissues, biomechanical stimuli need to be
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incorporated into engineered models using scaffolds that recapitu-
late relevant biochemical and structural cues and induce assembly
of more complex 3D cell structures [21]. Likewise, scaffolds can be
used to engineer tumor vascularity. Lai et al. demonstrated the use
of 3D stamping techniques to create a bioscaffold that provides
mechanical stability for seeded endothelium to generate a perfus-
able luminal space and self-assembly of a vascular microenviron-
ment [33]. With the advancement of biomanufacturing
techniques, there are endless combinations of methods to recapit-
ulate the specific aspects in vivo tumor physiology desired to study
in vitro. Cancer cells can be cultured in aggregates (spheroids) [34–
36], encapsulated in or printed on hydrogels (which form orga-
noids when additional chemical signals are included) [37,38], or
cultured in biomaterial scaffolds [39]. The aggregates and orga-
noids promote cell–cell interactions while culture in hydrogels or
scaffolds introduces cell-ECM interactions and guides physical sig-
nals and spatial tissue arrangement [26,40]. These models can be
grouped into organoids, engineered tissue models, and organ-on-
a-chip (OOC) models.

2.2.2. Organoid models
Organoids are multi-cellular, 3D systems that naturally form

many of the cell types within an organ from a single progenitor
cell, creating multi-cellular structures through innate tissue regen-
eration. These multi-cellular structures may thus provide more
developmentally faithful models [41,42], although the lack of
imposed biomimetic cues results in highly variable organoids that
miss control or functional responses. Organoids provide a rapid
approach to studying biological mechanisms independent of their
phenotypic functions and for studying multicellular responses over
long time periods [41,43]. Patient-derived organoids demon-
strated, as early as in 1999 [44], that two basic factors are needed
for their development: adult organ specific stem cells and intercel-
lular communication through gap junctions [41,45,46]. Current
efforts have enabled organoids to be developed for the most com-
mon cancers by culturing patient derived cells in Matrigel and
using soluble factors to select for cancer stem cells that can reca-
pitulate the development of heterogeneous cancers in vitro [41].
Organoid models show great utility for screening drugs in a patient
specific manner [47], and for creating models of blood cancers that
are not well recapitulated in animals. Notably, organoid models of
multiple myeloma were established using patient derived bone
marrow aspirates [13]. These models are advantageous as they nat-
urally contain most of the relevant cell types within a target tissue
and can subsequently be exploited as an optimal source of cells for
tissue engineering. While this approach has not been fully realized,
the merging of organoids and tissue engineering shows promise for
enhancing the cellular complexity to further increase physiological
relevance [48].

2.2.3. Tissue engineered models
To engineer tissues with the functionality of their in vivo coun-

terparts, we must fully understand the cellular mechanisms,
genetic circuitry, extracellular matrix and signaling that drive tis-
sue development and homeostasis. Biological insights are then
used to guide tissue formation and functionality in a controlled
manner, using engineering techniques such as 3D printing, to
directly seed cells and ECM in an organized way and subsequently
expose them to appropriate biomimetic stimuli as needed (ie phys-
ical, chemical, electrical cues) [13,14,19,49–52]. The focus is on
controlling the cells in 3D to directly result in the desired tissue
state in a reproducible, and sometimes accelerated, manner
[29,53]. The culture of cancer cells on scaffolds is the most widely
used approach, enabling ECM specific features. In this setting, can-
cer models better mimic cell-ECM interactions and the develop-
ment of drug resistance for many cancer types [54–56].
5

2.2.4. Organs-on-a-chip models
The utility of tissue engineering approaches to model their

human counterparts is currently being developed through
‘‘organs-on-a-chip” (OOC) [57–59]. OOCs combine microfluidics,
3D cell culture, and precise control of environmental conditions
to mimic in vivo conditions [60]. The development of OOCs provide
user-friendly approaches to study human responses to drugs and
environmental factors [61–63]. By coupling multiple OOCs
together through vasculature, perfusion of a shared blood substi-
tute, or supernatant exchange, one can study organ-organ interac-
tions and systemic diseases [19,64–66]. Further efforts to
introduce vascular components, including endothelial cells and
flow, have resulted in OOC platforms. By introducing biophysically
relevant fluid flow, engineered OOC models show increased simi-
larity in gene expression and biomechanical regulation pathways
associated with cancer progression [21,28,33,56,67–71].

2.3. Isolated or systemic organ models

The individual tissue units representing specific organs can be
used on their own or linked together to create human cancer mod-
els of varying complexity that mimic human cancer physiology and
drug responses [48,60,72–74]. It may be ideal to focus on a bio-
engineered model of a single tumor when looking at its initial
development, growth profile, tumor niche remodeling, drug treat-
ment and resistance, and premetastatic niches priming. However,
cell lines and organoids may also be appropriate when looking into
the molecular and cellular events, if the goal is to measure
responses at a cellular level instead of within a tissue niche. With
this said, some events (e.g., those involving tissue-cross-talk and
immune factors) are only recapitulated within physiological tissue
and multi-tissue models capturing some systemic factors of the
in vivo environment. The current direction in engineered tissue
and OOC models is to provide biological complexity while keeping
the models user-friendly [59,75].

Stromal cells and ECM are critical players in premetastatic
tumor remodeling and the subsequent intravasation. Thus, engi-
neered tissues and OOCs would be more appropriate models.
When examining intravasation or extravasation, it is ideal to use
OOC systems that include vascular and lymphatic flow and barri-
ers, to evaluate tumor cell migration into or out of the vasculature
[20,47,76,77]. As studies of metastasis and advanced cancer are
becoming increasingly more systemic in nature [78], they require
the use of multi-organ platforms where different engineered tis-
sues/organs are linked together to facilitate inter-organ communi-
cation [19]. Similarly, the timeline of the biological mechanism or
drug treatment should also be considered when choosing the
model. Engineered tissues, particularly those supported by perfu-
sion, can support culture timelines from weeks to months to
enable physiologically relevant studies [79–83].

2.4. Readouts

Engineered cancer models can only be useful if they are able to
provide physiologically relevant information over time. The use of
fluorescent or bioluminescent labeled cells enables imaging-based
tracking of where the cells are at any given point in time, enabling
studies of cancer cell growth and spread while also tracking drug
efficiency and immune mediated cancer responses. Genetic bar-
coding of cancer cells now enables longitudinal tracking and char-
acterization of the clonal expansion of tumors within engineered
models. Just as patient blood sampling provides biomarkers indica-
tive of the patient’s disease status, supernatant sampling from the
model systems enables similar analysis of biomarkers and secreted
factors. High-content endpoint data can be similarly extracted
from the system by single-cell sequencing, phenotypic analysis,



Fig. 2. Bioengineering models of human tumors. Our knowledge of the in vivo tissue conditions of human cancers guides the design of in vitro tumor models. Varying levels of
complexity can be engineered by incorporating parameter inputs that replicate specific components of the TME. Such inputs include but are not limited to (1) cell–cell
interactions, (2) cell-ECM interactions, (3) mechanical stimuli, (4) molecular gradients (chemical, hypoxic, metabolic), (5) vascular integrity, and (6) incorporation of immune
components. Created with BioRender.com.
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and multiplexed immunohistochemistry/immunofluorescence.
Circulating immune and cancer cells can be sampled from the plat-
form and evaluated by single-cell sequencing and flow cytometry.
New approaches include characterizing the extracellular vesicles,
both in the supernatant and within engineered tissues. These
assays provide results that can be compared to clinical results as
they share the same methodologies.

2.5. Controllability, robustness, and throughput

To facilitate reliable use of engineered cancer models, they must
be continuously improved with increasing automation and stan-
dardized tissue fabrication methods that enable reproducible for-
mation of comparable tissue models. Currently the formation of
tissue models is laborious and manual, unintentionally bringing
variability and user bias into the system, that must be eliminated
for their broad utility. Model systems that are compatible with
automated liquid handling and standard analytics (i.e. well plate
formats) would greatly maximize their controllability, robustness,
and throughput.

2.6. Quality control

On-line readouts enable evaluation of the same tissue over and
over, and thus provide longitudinal data for tissue functionality
that can serve as a measure of tissue quality. These parameters
can be fed into a digital model of manufacturing process, known
as a ‘‘digital twin”, to track the fidelity of the generated tissues over
time. This approach can be furthered by using a set of reference
compounds, for which there are validated tissue responses, that
can be used to elicit both positive and negative responses, serving
6

as a quality control or each batch of tissues. Assessing the variabil-
ity of these known compounds within the system, and comparing
them to the average response for a given batch, enables the user to
quantitatively determine how much confidence to have when
using the system for drugs or perturbations with unknown
responses.

Decreasing the variability of these engineered systems depends
on eliminating the ill-defined cell culture supplements and ECM
components, such as serum and Matrigel, particularly when using
these models for regulatory approvals. Similarly, the materials
used to create the engineered model environment can introduce
variability and should be manufactured using quality control
guidelines and evaluated for parameters of interest with each
batch. Commonly used fabrication materials, such as Poly-
dimethylsiloxane (PDMS), are known to absorb drugs and can
show differing stiffness depending on the detailed conditions and
timing for mixing and curing. Users can create their own suite of
quality control indices that define the acceptability of the device
for the intended use.
3. Bioengineering complexity into cancer models

Bioengineered models coupled with microfluidic devices enable
temporal control of dose-dependent signals that can help recapit-
ulate these complex dynamics (Fig. 2). Tumor cells are character-
ized by peculiar adaptability and are prone to phenotypic
changes. These phenomena involve complex and often redundant
time-dependent molecular pathways, with the interplay between
the ECM, immune system, local vasculature, and primary tumor
regulating spatial and temporal gene transcription [35]. The adap-
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tive strategies of cancer cells enable them to shift between highly
proliferating to quiescent states, in response to temporal changes
in the local environments such as varying blood flow, transient
hypoxia and ECM remodeling [34,36]. Although the formation of
metastatic lesions can take months to years, transient cellular
properties such as the epithelial-to-mesenchymal transition
(EMT) and its reverse mesenchymal-to-epithelial transition
(MET) could be captured at shorter time frames [84].

3.1. Primary tumor models

Primary tumors are complex, heterogeneous organ systems
consisting of multiple cell types and dynamic extracellular matrix.
Over time, the interplay of these components creates mechanical
and nutrient gradients, intricate vascular networks, and differing
immune landscapes that comprise the complex ecosystem of the
tumor microenvironment. In the TME, cancer cells influence the
local environment to support the pathological shifts in the stromal
cells, ECM, and signaling molecules [71,85]. These shifts are out-
competing the surrounding healthy cells to favor the needs of
the rapidly growing tumor [28,86]. Thus, recapitulation of the
multi-dimensional structure, organization, and communication of
the TME is essential for bioengineering physiologically relevant
models of human tumors. These efforts rely on our understanding
of the in vivo conditions that maintain physiological tissue home-
ostasis and drive disease progression (Fig. 2).

In addition, dormancy and reawakening are regulated by com-
plex interactions between disseminating tumor cells and the hom-
ing niches. Residual disease can be associated with dormancy of
disseminated tumor cells (DTCs), characterized by reversible cell-
cycle arrest, or to tumor mass dormancy, featuring steady-state
proliferation balanced by cell death due to either angiogenic
impairment or immune pruning [87]. Relapse occurs once tumor
cells reactivate causing overt lesions. Thus, it is not surprising that
in vitro primary tumor models have been beneficial to the mecha-
nistic identification of factors inducing dormancy and reactivation.
Foundational studies by Ghajar et al. of bioengineered organotypic
models of the perivascular niche demonstrated the role of
endothelial-derived thrombospondin-1 in the induction of dor-
mancy. Stable vasculature that secretes this factor was identified
as a dormant niche, while sprouting neovasculature where this
cue is suppressed was shown to be a proliferative niche [56]. More
recently, it was found that lung epithelial cells interact with breast
cancer cells regulating their indolence through induced deposition
of fibronectin fibrils [88].

Interestingly, ECM remodeling was also identified as a key reg-
ulator of dormancy through cell culture on finely tuned substrates
[89]. While not necessarily related to disseminated tumor cells, the
role of mechanical stimuli in the modulation of dormancy and pro-
liferation of tumor cells emerged in a cancer-on-a-chip model of
non-small-cell lung cancer. In particular, indolence and therapeu-
tic resistance were found to be sustained by breathing motion
[30]. As recently reviewed by Montagner et al. [88], similar models
can be highly informative, however bona fide models of dormancy
including the immune components are still lacking. Since dormant
DTCs are immune evasive and subject to culling by cytotoxic
immune cells in some scenarios of tumor mass dormancy [41], it
is likely that the field will greatly benefit from this further level
of complexity.

3.2. Cancer metastasis models

A human tissue engineered cancer model that would accurately
model key aspects of metastatic progression would be transforma-
tive to cancer research and therapeutic discovery. As mentioned
above, OOC platforms may provide utility for modeling metastasis
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by offering controlled models of the key metastatic mechanisms,
from intravasation to extravasation [19] (Fig. 3). Multi-organ OOCs
may further enable systemic crosstalk to evaluate premetastatic
niche conditioning and tissue tropism of metastatic sites specific
to each cancer and patient subtype.

3.2.1. Premetastatic niche formation
The formation of the premetastatic niche, locus of homing for

cancer cells evading the primary tumor, is a complex and funda-
mental piece of the metastatic dissemination. It is now known that
the preparation of premetastatic niche involves tumor secreted
factors such as extracellular vesicles (EVs), capable of traveling
from the primary tumor to a secondary site [90,91]. The abun-
dance, cargo, surface presentation and overall behavior of EVs are
dependent on the cells of origin and microenvironmental cues such
as oxygen tension, ECM composition and mechanical properties of
the TME [92,93].

Signaling to secondary locations promotes vascular remodeling
towards a leakier phenotype, enabling tumor cells to more readily
escape the vasculature and colonize tissues [94,95]. These signals
further prime the metastatic site to enhance cancer cell attach-
ment, survival and stemness, and provide immune surveillance
[96]. The bidirectional signaling between the primary and sec-
ondary tumor sites enable the premetastatic niche to actively con-
tribute to tumor cell extravasation and colonization of target
tissues [97]. This time-dependent chain of events, impossible to
reproduce using standard in vitro models, could be emulated by
multi-component OOCs, capable of better reproducing each com-
partment and its characteristic factors [12,98–108]. The presence
of fluid flow not only serves as a connection between the individual
compartments and a shuttle for the delivery of the secreted factors,
but is also fundamental in adding physiological mechanical stimuli
[67]. In preparation of premetastatic niche, the target site under-
goes EVs-mediated changes such as ECM remodeling, activation
and cell recruitment, both locally and in the surrounding areas,
and modification to the vascular compartment such as increased
angiogenesis and permeabilization [109].

3.2.2. Intravasation
Intravasation occurs when cancer cells leave the primary tumor

microenvironment by crossing the endothelial barrier and entering
the bloodstream where they can subsequently migrate to sec-
ondary sites [110]. Cancer cells acquire mesenchymal like charac-
teristics, where they dedifferentiate to be better able to leave the
primary tumor, cross the vascular membrane, and invade down-
stream tissues [111]. The visualization of cancer cell morphology
and vimentin staining can be used to determine where a cell is
in the EMT process [112]. Engineered models that include both
the primary tumor and vasculature would be ideal to model this
stage of metastatic progression. In vivo, blood vessels become leaky
during cancer development, exposing the underlying cancer cells
to blood flow, which can cause them to dislodge and enter circula-
tion. Current OOC models with microfluidic flow and imaging are
well suited for these studies [70,113–124]. For example, a 3D tis-
sue engineered model with co-culture of primary tumor organoids
and perfusable microvessels was able to depict tumor-vascular
interactions of mosaic vessel formation, organoid entrapment of
microvessels, and organoid microvessel pulling, all of which are
known to drive intravasation [51].

3.2.3. Dissemination
Once cancer cells have entered the bloodstream, they must sur-

vive in circulation if they are to colonize a secondary organ site.
Thus, studies of circulating cancer cells (CTCs) are of high impor-
tance. It has been shown that cancer cells that survive in circula-
tion are able to exploit the biomechanics of blood flow to their



Fig. 3. Microfluidic models of tumor metastasis. Different models of primary tumors, vasculature and engineered tissues that are common targets for invasion of circulating
tumor cells can be utilized alone and in combinations, to model the key steps of metastasis (premetastatic niche, intravasation, dissemination, extravasation, metastatic
colonization, formation of secondary tumors). Created with BioRender.com.
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advantage towards supporting metastasis [125,126]. Microfluidic
OOC platforms offer unprecedented insights into how single versus
clusters of CTCs survive in circulation and interact with the sur-
rounding microvasculature [127–133]. While it has been demon-
strated that CTCs in clumps better survive the shear stresses
induced by blood flow than single cells, it is currently unknown
whether this advantage also translates to enhanced extravasation
[134]. Microfluidic models enable control over parameters of blood
flow shear, CTCs cell cluster size, vessel architecture and size, and
lymphatic versus circulatory endothelial cells.

3.2.4. Extravasation
CTCs that attach to the endothelium or arrest in microvascula-

ture subsequently extravasate into the surrounding tissue. The
arrest of CTCs is driven by the low shear forces and flow rates,
and geometrical constraints, ultimately supporting extravasation
[135]. OOC models with varying microvascular flow and specific
geometrical features can be deployed to decipher the parameters
influencing CTC extravasation. Similarly, these platforms enable
drug discovery and screening of anti-metastatic compounds that
would prevent CTC extravasation.

3.2.5. Metastatic colonization and organ tropism
Extravasated cells begin to proliferate and remodel the tissue

environment, co-opting it to support secondary tumor growth. This
is known as metastatic colonization. The mechanisms driving
organ specific tropism in metastatic colonization of secondary sites
are currently unknown. Suggested theories include Paget’s ‘‘seed
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and soil” hypothesis, where CTCs preferentially seed in secondary
sites that are more favorable to cancer cell growth by providing a
more fertile ‘‘soil” [136], and Ewing’s ‘‘flow and filter” hypothesis
[137], which posits that CTCs preferentially metastasize based on
vascular flow patterns governed by flow path, capillary bed size,
and adhesion. Both theories are widely accepted, each partially
explaining aspects of metastatic colonization and may coexist
[138].

Tissue engineered cancer models can allow further deciphering
of the mechanisms behind metastatic colonization via microfluidic
flow [139,140]. The inclusion of secondary tissues, through the use
of multi-tissue OOC platforms where the tumor module is fluidi-
cally connected to the tissue modules representing the potential
metastatic targets, enables studies into organ specific tropism. Of
note, this model is suitable for reductionist approaches, facilitating
translation.
3.3. Secondary tumors

The liver is the main site of secondary metastasis, while primary
liver tumors are rarely seen [141]. The liver is thought to be a
favorable secondary tumor site because of its dual blood supply,
high vascular to tissue ratio, high total volume of blood flow, slow
blood flow rates, and leaky blood vessel structure that stems from
the innate high permeability of liver sinusoidal endothelial cells
(LSECs). A successful in vitro OOC model of liver metastasis recre-
ated the sinusoidal architecture on a two-channel device, enabling
both control over blood flow and tissue geometry [142]. This model
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was able to reveal the role of cancer-secreted extracellular vesicles
in remodeling the secondary tumor site, primarily by increasing
CTC binding to the LSECs, promoting secondary tumor
colonization.

Bone marrow microenvironment also offers a rich ‘‘soil” for sec-
ondary tumor colonization, with minerals and growth factors read-
ily available for cancer cells to utilize for their growth, to the
detriment of bone marrow [143–145]. It also has a ripe ‘‘flow
and filter” setting characterized by dense vasculature, high blood
flow, and permeable blood vessels that work together to facilitate
CTC extravasation.

Metastatic bone lesions are primarily osteolytic, where tumor
cells activate osteoclast breakdown of the bone to secrete growth
factors favorable to the secondary tumor [146]. Some cancers exhi-
bit an osteoblastic phenotype where osteoblasts are activated
instead, leading to enhanced bone nodule formation. Breast and
prostate cancers routinely show secondary metastasis to the bone,
with breast cancer showing an osteolytic phenotype and prostate
cancer showing a mixed or osteoblastic phenotype [146]. These
mechanisms remain highly unknown and the studies are hindered
by the lack of clinical bone and bone marrow samples. Thus, 3D
engineered bone tissue models can be used to study cancer cell
growth, recapitulating proper tumor markers only when cultured
in 3D bone matrices [11], and enabled predictive evaluation of
anticancer drugs [12].

Brain metastasis is similarly difficult to access in vivo, and the
development of engineered models of brain metastasis is of great
significance. Brain organoids and OOC cultures have provided
high-fidelity models of human brain regions [147] and can be fur-
ther leveraged to model the devastating pathological consequences
of brain metastasis. Brain metastasis occurs in 10–30% of cancers
and is characterized by dense vasculature and high blood flow, pro-
viding a highly favorable flow path for CTCs. Critically, CTCs must
pass through the restrictive blood–brain-barrier (BBB). Microflu-
idic OOC models have been leveraged to model both the healthy
BBB and the cancer modified BBB, showing how lung cancer cells
must co-opt their ability to attach to the BBB to support extravasa-
tion into the brain parenchyma [148].

While the lung was the first OOC developed [69], in vitromodels
of lung metastasis remain limited. The use of OOCmodels that con-
tain the relevant cell sources, mechanical strain induced by breath-
ing, and the air–liquid interface characteristic of the lung will be
critical for modeling lung metastasis in vitro.
4. Integration of immune components

Until recently, the immune system has been largely neglected
in OOC development. In the adult body, the immune system is
responsible for maintaining tissue homeostasis and largely
involved in the development of disease [149]. Further, the immune
system directly contributes to cancer cell survival and disease pro-
gression [150], making it a critical component of modeling a
patient that cannot be overlooked moving forward. Importantly,
the immune system is critical in maintaining the primary tumor
microenvironment, aiding in malignant metastasis, and responding
to therapeutic measures; the extent of immune system involve-
ment in cancer is summarized in other thorough reviews
[12,179,212,213,223].

The challenges in deriving and using immune cells include the
lack of protocols widely available to attain these cells via differen-
tiation from adult stem cells, and their limited life span in vitro. To
that end, iPSC-derived protocols are often laborious and have lim-
itations in modeling both myeloid and lymphoid progenitor matu-
ration in vitro [151–162]. Immune organs have been studied
extensively in murine models, while their human equivalents are
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markedly less developed. As OOCs are expanding, the emergence
of immune OOCs is of high interest to drug developers, as many
new cancer therapeutics take advantage of the human body’s
immune system [12,68,114,120,150,162,176,179,212,213].

4.1. Incorporating the immune system into OOC platforms

The innate immune system consists of myeloid cells which are
responsible for killing intruders and releasing signals triggering the
adaptive immune response[163,164]. The adaptive immune sys-
tem consists of cells from the lymphoid lineage and is responsible
for generating antigen-presenting cells, B and T cells, and memory
cells capable of re-recognizing the same foreign entity to trigger a
stronger response upon re-encounter [165–170]. To that end, engi-
neering models of cancer not only need to incorporate the CTCs
involved in systemic responses, like in metastasis or drug treat-
ment, but also must consider the tissue-resident immune cells,
which have major roles in promoting pro-tumorigenic microenvi-
ronment for primary tumor growth and dissemination. CTCs are
now being used in OOC systems [171–176], in parallel to the estab-
lishment of immune organs that can serve as a source of blood and
immune cells [68,175,177–181]. As engineered systems are being
developed, new technologies to model immune organs are becom-
ing more relevant for building complex and systemic multi-scale
cancer models (Fig. 4).

4.2. Bioengineered bone marrow

In the human body, the bone marrow is the site of adult hema-
topoiesis, where hematopoietic stem cells (HSCs) reside and pro-
duce myeloid and lymphoid progenitors in homeostasis and in
response to injury or disease [182]. Over the past few years, a num-
ber of groups have developed physiological models of human bone
marrow, creating a unique environment to study marrow toxicity
in chemotherapeutic drug delivery, as well as to study cancer
metastasis and colonization [183]. Chou et al. established one of
the first human, multicellular microfluidic models of bone marrow,
as a platform for studying radiation and chemotherapeutic toxicity
(5-FU), and disease modeling in the scope of blood disorder
Shwachman-Diamond Syndrome [184]. More recently, George
and colleagues developed a model of the human bone marrow
for specific studies of cancer cell migration, and in this case, the
migration of triple negative breast cancer within the bone marrow
niche as compared to acellular controls (MDA-MB-231) [131].

4.3. Bioengineered thymus

Only few studies have attempted to engineer the human thy-
mus, another critical immune organ regulating T lymphocyte
development and maturation. In ex vivo maturation of T lympho-
cytes from hematopoietic progenitors, many groups have demon-
strated the ability of scaffolds and stromal cells presenting delta-
like-1 notch ligand to mature T lymphocytes from human or mur-
ine origin [185–187]. However, few models exist to recapitulate
the thymus stromal cells (e.g. thymic epithelial cells, cytoreticular
cells, fibroblasts), extracellular matrix components, and reoccur-
ring ability to mature T lymphocytes outside the body [188].

4.4. Bioengineered lymph node

Similarly, there are a few emerging models to study human
lymph node tissue, including microfluidic platforms with for cul-
ture of lymph node slices ex vivo, as well as lymph-node-on-a-
chip platforms for studying antigen presenting cell – T lymphocyte
interactions in vitro [20,77]. Platforms like these enable develop-
ment of new therapeutics by eliciting antibody production from



Fig. 4. Incorporation of immune components into organs-on-a-chip models. Overview of the human immune organs that are of interest for in vitro models of cancer, with
their patho/physiological roles in the body. Created with BioRender.com.
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germinal center-like lymphoid tissues, though these studies have
not yet been extended to mechanistic studies of solid tumor inter-
actions. Future work towards integrating lymphoid immune com-
ponents is crucial to mimicking the systemic dissemination of
cancer cells during metastasis of the lymph nodes [76].
5. Framework for engineered models of cancer based on
biological question

Current preclinical studies of cancer rely primarily on animal
models or cancer cell lines cultured in monolayers. Specifically,
while animal models are inherently complex and enable systemic
studies of cancer formation and spread over time, their nonhuman
physiology hinders clinical translation. This is particularly true
when using animal models to predict human immune related
responses and metastatic spread [189]. Similarly, the predictive
utility of cancer cell lines is hindered by their loss of tumor cell
heterogeneity and significant transcriptional drift in culture.
Despite these limitations, these models have provided highly use-
ful tools for the field of cancer research, enabling mechanistic
study of cancer formation, insight into the drivers of cancer pro-
gression, and providing preclinical models for therapeutic
development.

Subsequently, engineered human cancer models were primarily
designed to serve as a complementary missing piece to these exist-
ing preclinical studies that enable enhanced insight into cancer
disease, rather than being designed to replace animal models.
These engineered models are designed to serve as tools for answer-
ing specific questions related to cancer physiology and therapeutic
development that current preclinical methods are not well suited
to address. They are well suited for applications requiring a
humanized setting, such as immunocompetent personalized can-
cer modeling, and for characterizing metastatic progression, a chal-
lenge both in the clinical setting and the existing preclinical
models. Overall, these engineered models are finding utility in can-
cer research, including mechanistic studies of cancer biology, drug
development, and precision medicine. Here we detail these use
cases in more detail and subsequently provide an example frame-
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work used to design each engineered model of cancer in the con-
text of a specific biological question (Fig. 5).
5.1. Mechanistic cancer biology

The advent of iPSCs and gene editing technologies provided
opportunities to mechanistically study specific gene mutations
and their functional consequences [190–195]. The information
gleaned from these experimental studies is invaluable in structur-
ing biologically relevant computational models which in turn drive
the development of algorithms that can make biological predic-
tions of enhanced accuracy. While the advances in technology have
greatly reduced the cost of genetic sequencing and allowed
patients to obtain their genomic data, we still do not fully under-
stand how genetic and epigenetic changes lead to acquired dis-
eases and patient specific responses to environmental changes
and therapeutic interventions. Engineered tissue models enable
investigations of stromal populations and their roles in the tumor
microenvironment [196,197]. Engineered model systems have
been used in conjunction with new technologies, like CRISPR/
Cas9 gene editing, to run multiplexed genetic screens of known
tumor suppressor pathways and identify checkpoints and thera-
peutic targets [198,199]. For example, sequential gene editing of
iPSCs with known mutations in leukemia helped identify early tar-
gets of myeloid leukemia progression in vitro [200]. Parsing out the
contributions of malignant cells and their microenvironment is
instrumental for mechanistic cancer-on-a-chip studies, identifying
potential new biomarkers of metastatic progression [201,202].

The first step in designing a framework for using engineered
cancer models for mechanistic cancer biology is to think about
the model and strategy in the context of the specific biological
question intended. The model can then be simplified to focus on
the key aspects of the biological question, where input variables
can be directly evaluated and interrogated, through either their
direct removal/addition or genetic under/overexpression, thereby
providing direct evidence for the importance of each input variable
on the resulting biological response. The strategy should include
assays that provide insight into these biological responses and



Fig. 5. Framework for designing engineered models of cancer. Mechanistic cancer biology, drug development, and precision medicine are three major areas of application of
engineered cancer models. The workflow for key studies in each field of research can be summarized identifying the biological question of interest to the investigators and the
fundamental elements of the model and strategy adopted to answer it. Created with BioRender.com.

K. Ronaldson-Bouchard, I. Baldassarri, Daniel Naveed Tavakol et al. Advanced Drug Delivery Reviews 184 (2022) 114181
allow meaningful data extraction. The inclusion of quality control
measures, such as using a defined cell response to a known pertur-
bation, serves to validate the platform and provides a baseline for
subsequent perturbations which are less well understood. To detail
the framework for evaluating mechanistic cancer biology through
engineered cancer models, we will use the work of Hajal et al
[203]. The drivers of brain metastasis are largely unknown, in part
because of the inaccessibility of the brain-blood-barrier (BBB) for
in vivo studies. To overcome this, an engineered cancer model of
11
the BBB was developed with the specific goal of enabling evalua-
tion of extravasation mechanisms in vitro. The model system there-
fore needed to focus on recapitulating the BBB and subsequent
cancer cell migration. This was accomplished by using a BBB cocul-
ture model of the relevant cell types in a barrier system. The strat-
egy relied on real time tracking of cancer cells as they migrate
across the barrier, and characterization of the TME through
immunostaining and supernatant assays. The experimental data
were analyzed using computational models and validated by com-
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paring to the corresponding in vivo response. Overall, this frame-
work provided support for the CCL2-CCR2 astrocyte-cancer cell
axis as a key driver of brain metastases [203].

5.2. Drug development

The development of a new drug often costs over $1 billion, takes
an average of 10 years, and still results in only one out of every
nine drugs that have passed preclinical studies making it to market
[204]. Among the drugs that have advanced through Phase III into
patients, the top 10 drugs only work in 4–25% of the patient pop-
ulation [205]. The high costs and risks associated with drug devel-
opment are partly due to the use of inadequate models to predict
drug behavior in humans [206–208]. The drug fialuridine (FIAU)
is an example of how animal testing can lead to disastrous effects
in humans, with no toxicities during animal screening but five
deaths due to liver failure when the drug was administered to
patients [209]. It was later shown that these deaths occurred due
to species-specific drug induced mitochondrial toxicity, that would
only be identified by the use of preclinical human models. Subse-
quently, it has been shown that human in vitro liver models were
capable of detecting FIAU induced liver toxicity [210], further sup-
porting the need to include human models in drug development.
Similarly, the drug TGN1412, a CD28 superantagonist antibody
that was safe in all animal studies, caused life-threatening side
effects in the first six healthy volunteers enrolled in the clinical
trial [211].

To bridge this large unmet need in drug development and pre-
dict how a drug will work in human patient populations, there is a
need for drug testing in models that are human, systemic, incorpo-
rating an immune component, and capturing the heterogeneity of
the patient responses [196,212]. Engineered human cancer models
will further enable preclinical evaluation of potential therapeutics
towards selecting those with the highest likelihood of clinical suc-
cess [27,45]. Human mimics of metastasis are most critically
needed. A paradigm shift towards human tissue models of meta-
static cancer would tilt the cancer therapeutic pipeline towards
treating cancer metastasis, from the current focus on primary
tumors. Bioengineered cancer tissues are beginning to serve as
the missing link in developing human therapeutics for cancer
treatment. By providing human data at early time points during
drug development, the engineered cancer models would decrease
the time and costs of getting a drug to market, while also ensuring
only safe drugs to get to patients.

To provide an example framework for designing engineered
cancer models for drug development, we will use the work by
McAleer [213]. The biological question they sought to model was
the preclinical efficacy and safety of anti-cancer drugs, where there
is a specific need for a human liver module to actively metabolize
the drugs and capture the subsequent effects of both the parent
drug and its metabolites. The model system they chose included
the use of cancer cell lines with known drug sensitive and resistant
phenotypes, to enable direct evaluation of the ability to replicate
on-target anti-cancer drug responses, and a simple psuedo-3D cul-
ture of the cells to recreate a TME that enables tracking cancer cell
proliferation and viability. The systemic nature of anti-cancer
drugs, acting on both the intended cancer cells and being both
metabolized by the liver and causing off-target toxicity in the liver
and heart, necessitated the inclusion of multiple organs using a
pumpless multi-organ-on-a-chip system with shared recirculating
medium. This simple model and strategy enabled efficient preclin-
ical drug testing in a human setting, replicating both the on-target
efficacy and off-target toxicity of anti-cancer drugs and their
metabolites.

When designing the framework for drug development applica-
tions it is of utmost importance to include quality control mea-
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sures into the strategy. Here they accomplished this by using
cancer cell lines with known drug responsiveness, enabling the
researchers to validate their model by replicating these known
responses in the model. As these model systems become more
developed, it will be of increasing importance to establish a stan-
dard panel of negative and positive control drugs and recapitulate
the known tissue responses, as a basis for predictive screening of
new drugs. Further, adapting these engineered systems for study-
ing primary tumor samples will be crucial for assessing personal-
ized approaches to cancer therapeutics.

5.3. Precision medicine

As prevention and therapy continue to progress, we live longer
and better than ever, prompting the healthcare to enter the era of
precision medicine. Rather than reactive medicine aimed at treat-
ing patient symptoms as they arise, precision medicine (focused
on a specific cohort of patients) is becoming personalized (focused
on a specific patient). The evolving personalized medicine
approaches seek to individualize patient healthcare so that dis-
eases can be predicted, prevented when possible, and treated in
a personalized manner that involves participation of the patient
[214]. This forward-thinking approach will greatly benefit from tis-
sue engineering, where patient cells and engineered tissues can
serve as patient specific in vitro models of disease progression
and treatment.

For large patient populations, tissue engineering provides mod-
els that help test preventative medicine modalities for reducing the
burden of diseases known to affect specific cohorts. For each
patient, a specific disease could be modeled using the patient’s
own cells so that the treatment regimen can be customized. It is
for the first time that we can go beyond population studies into
determining the effects of sex, race, age and conducting ‘‘patient
on a chip” studies of drugs. This approach can inform the design
of clinical trials by determining patient populations that will most
benefit from the drug and those that may be at risk. Overall, the
long-term impact of engineered human cancer models directly
relates to their patient specificity, enabling the optimization of
the therapeutic treatment regimen for each individual.

Focus on patient specific models of drug resistance and metas-
tasis puts the emphasis on the patients most vulnerable to disease,
a piece missing in the current paradigm. The proposed synergy
between clinical, bioengineering, and computational expertise is
expected to enable the optimization of drug dosage, combination
therapy, and drug development in a way that prioritizes the indi-
vidual therapeutic outcome for each patient. Patient-derived orga-
noids have been used to predict patient specific response to cancer
treatments by directly screening cell responses to drug panels [46].
While many patients have specific mutations for which drug prior-
itization is straightforward, more than half of patients are ineligi-
ble for targeted treatments [215]. However, by leveraging
patient-specific engineered cancer models, clinicians could deter-
mine the best treatment for each patient even when traditional
genomic biomarkers are absent.

The model system for precision medicine studies should (i)
ensure efficiency to effectively impact treatment regimens, and
(ii) be based on patient-derived cells in order to inform personal-
ized responses. The strategy should rely on a robust, controlled
approach where multiple model replicates can be screened by
the full library of available cancer treatments and have a meaning-
ful readout of drug response, such as cell viability. Organoid mod-
els are well poised for this framework as they are patient derived
and can be engineered to create reproducible model arrays in a
well-plate format that is compatible with existing drug screening
approaches. It is particularly important to include quality control
measures when working within a precision medicine framework,
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as these efforts have the potential to directly influence patient out-
comes and therefore require direct benchmarking to evaluate
whether the patient-derived cells change in culture and whether
their drug responses mimic that of the patient in the clinical
setting.

To provide an example framework for designing an engineered
cancer model for precision medicine, we will use the work by Kop-
per et al [216]. They created patient-derived organoid models from
32 patients, to yield 56 successful organoid lines. These organoids
were used for high throughput screening where on-target drug
efficacy responses were evaluated using a cell viability assay. Qual-
ity control measures were included by performing genomic analy-
sis of the organoids over time. The results demonstrated that
organoids maintained the diverse molecular and genetic traits of
the original tumor, further supporting the use of organoids as a
suitable engineered cancer model for precision medicine. This is
in stark contrast to what is seen with standard patient cell line
development, which rapidly lose the molecular and genetic charac-
teristics of the original tumor due to in vitro selection during 2D
culture [217]. Overall, patient-derived organoid models, which
capture patient-specific responses and maintain tumor hetero-
geneity, and high throughput screening strategies, coupled with
quality control measures, provide an exciting engineered model
of cancer for personalized medicine.
6. Future directions

6.1. Increased complexity

With respect to biological complexity of tissue models of can-
cer, a major limitation is the current lack of methods to form tumor
vasculature from appropriate endothelial cells and to attain high
permeability comparable to that in native tumors, an important
component for studies of cancer progression and responses to
drugs. Biological value of engineered tissues, such as those being
targets for metastasis (liver, lung, brain, bone) would markedly
increase from establishing perfusable vasculature, innervation, tis-
sue interfaces, and microbiome. The immune and endocrine sys-
tems are particularly important, both for their direct relevance to
cancer research and the inability to model cancer-immune-
endocrine interactions in animal models. Bioengineered models
of lymphatics and immune organs are just beginning to be devel-
oped, and they are important for having sustained production of
immune cells and lymphatic flow. While progress with the model
of human bone marrow with hematopoietic function is encourag-
ing, generation of lymphoid cells matching the patient remains
challenging. As both the adaptive and innate immune systems
are critical to cancer progression and treatment of primary tumor
tissue, there still is an intense need to recapitulate the multifaceted
interactions of immune cells in vitro [218,219]. Current tissue engi-
neering models lack vasculature perfusable by blood, a key compo-
nent to cancer disease biology and drug responses. In particular,
the tumor vasculature needs to consist of not only tissue-specific
ECs, but ECs that are able to adapt to tumor-inducing signals to
drive high permeability of vasculature, comparable to that of a
native tumor. As dysregulated angiogenesis is a hallmark of cancer,
it is important that the choice of ECs reflects that of microvascula-
ture found in individual organs, rather than commonly used
macrovascular ECs such as those from the human umbilical vein.
New protocols to establish iPSC-derived equivalents may help cir-
cumvent this challenge, producing high quantities of endothelial
progenitors that may further adopt phenotypic changes of tumor
tissue [220].
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6.2. Benchmarking and validation

Benchmarking and validation of bioengineered models against
retrospective and prospective clinical data and appropriate animal
models will be critical to building models of primary and meta-
static tumors capable of predicting clinical outcomes. It remains
to determine what are the required levels of authenticity of molec-
ular, structural and functional tissue phenotypes, and which exact
readouts are relevant for validation. While the use of patient
derived human iPS cells enables the development of patient speci-
fic in vitro models, their use in precision medicine is currently lim-
ited by the lack of understanding of how in vitro models correlate
to their clinical patient counterparts. Future research utilizing clin-
ical data and patient matched experimental in vitro data will be
critical to building higher throughput models capable of accurately
predicting clinical outcomes. By identifying commonalities and
irregularities in matched clinical and in vitromodel generated data,
we can determine the limitations of in vitro models and subse-
quently optimize these models to properly match the in vivo data.
The use of tissue engineered models also enables systematic inves-
tigations in the human context, where current mechanistic inves-
tigations are limited to clinical observations, animal models, or
simple cell culture. The future use of engineered models to obtain
patient-specific clinical predictions can facilitate identification of
shared mechanisms related to disease risk, discovery of early-
stage biomarkers of cancer, and optimal, patient-specific therapeu-
tic regimens.

To validate the clinical predictive capacity of engineered models
of cancer, tumor cells studies in OOC platforms should be treated
with the same therapeutics and directly compared using similar
metrics. Such ‘‘clinical-trial-on-a-chip” studies will be instrumen-
tal to quantify the predictive power of these models, and to iden-
tify gaps in their translation that need to be overcome or taken
into account when interpreting the experimental results. Example
matched data include patient-specific tumor response to drugs,
maintenance of tumor phenotype within the engineered model,
and demonstrated secondary tumor metastasis to sites seen within
the patient. Opportunities to extract large datasets from these
matched studies enable the use of artificial intelligence to correlate
patient and model responses and extrapolate how engineered
models can be used to decipher the complex biology of cancer
in vitro. This aligns with current approaches that leverage the
advances in transcriptomic and multiplexed assays to generate
large patient specific datasets that can be further used to train pre-
dictive algorithms for next generation models.

6.3. Scaling

Another critical challenge in recapitulating the physiological
demands of multiple tissues integrated on a chip is matching the
metabolic and organ-organ interactions seen in vivo [221]. Approx-
imating the appropriate cell numbers and ratios between individ-
ual tissue masses remains an important area for consideration, as
the number of cells may dictate the impact cell–cell interactions
(i.e. circulating cells) and cell secretome signaling may have on
an off-target tissue. In addition, the liver, known as the site of
metabolism in the body, may have differential responses to drugs
depending on the in vitro tissue size and function. Therefore, for
studies of drug efficacy and personalized responses, we must
attempt to try to match the functional load of the liver in a healthy
individual, as to match the drug metabolism demands in vitro. In
many current multi-OOC systems, tissues have been engineered
individually and linked with a common perfusing channel, though
there have been a number of proposed frameworks for integrating
scaling into the design of multi-OOC platforms [222]. In modeling
tumor burden and metastasis, future models will have to better



K. Ronaldson-Bouchard, I. Baldassarri, Daniel Naveed Tavakol et al. Advanced Drug Delivery Reviews 184 (2022) 114181
recapitulate the metabolic demands of cancer, benchmarking and
paralleling the simplicity of cancer cell migration in vitro to the
metastatic cascade in vivo. Not only in scaling of solid organs, but
the scaling of the complex vascular and immune networks seen
in vivo will remain an important challenge in developing new
human OOC platforms [19,188].

6.4. Regulatory and stakeholder adoption

To advance biological research and drug development, tissue
culture platforms for modeling cancer will need to become broadly
available, cost-effective and user friendly. The simplest models,
such as organoids, are already widely used, while more complex
systems (engineered tissues, OOCs) reside in laboratories where
they were developed, and are just starting to be used in collabora-
tions between scientists, engineers, clinicians and pharmaceutical
companies [120]. Further progress development of modular, con-
figurable platforms would greatly facilitate standardization and
adoption of even complex systems. Longitudinal studies are
invaluable for improving the rigor and consistency of experimenta-
tion, removing sample-to-sample variability and capturing the bio-
logical dynamics of cancer. To this end, noninvasive real-time
measurements are emerging as one of the important technical
requirements for the further development of cancer models. The
adoption of engineered models beyond academic use will rely on
their increased robustness and throughput, a more defined view
of their predictive capacity for various use cases, and their accep-
tance by regulatory agencies for therapeutic development and clin-
ical utilization. The tradeoff between model complexity, system
control, and ‘‘time-to-results” continues to be further evaluated,
positioning these models as a mostly academic research tool for
the meantime. To drive industry adoption of these models, various
regulatory agencies and government funding initiatives have
established concerted efforts to standardize, qualify, and validate
these models in a coherent manner [223].

6.5. Individualized approach

Patient-specificity of bioengineered tissue models of cancer
remains a major need in the field. Tissue niches for the formation
of primary and metastatic tumors are typically formed using
blood-derived iPSCs that are differentiated into tissue specific
and supporting cells and induced to form tissues. iPSCs provide
defined genetic background that is a basis for patient specificity,
allow parsing out the effects of genetic and environmental factors,
and enable studies of biologic diversity. Tissues derived from iPSCs
are being matured in culture towards adult-like phenotypes. A
major challenge in establishing patient-specific models of cancer
is the introduction of the patient’s tumor cells and immune cells,
matching with all tissues in the model. While myeloid cells do
not have to be matched, matching of lymphoid cells is needed.
Also, there is no alternative to using the patient’s cancer cells,
because of the heterogeneity of tumor cell populations not only
from one patient to another, but also within the same tumor. It
is possible that this challenge can be addressed by generating
immune-agnostic tissues and combining these with the patient’s
immune cells and cancer cells.
7. Summary

Modeling integrated human physiology in vitro is a rapidly
expanding area, where bioengineered models of human tissues
are used to study development, regeneration, disease and
responses to drugs in human physiological context. The unique
feature of these models is that they consist of micro-sized human
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tissues, cultured alone or linked to each other, in a way that allows
recapitulation of organ-level and systemic responses [119]. This
technology has emerged from converging advances in tissue engi-
neering, microfabrication and cell biology. The ability to establish
patient-specific tissue models is offering unique advantages over
simple cell culture and small animal models in a number of areas,
and most critically in cancer where patient-to-patient differences
can largely determine the progression of disease and response to
drugs.

As the adoption and use of these models by the research com-
munity and pharma are increasing, we review here their state of
the art, current designs and applications, advantages and limita-
tions. We focus on the complexity of human tissue models of can-
cer, and how the level of complexity relates to the biological
fidelity and functional outcomes of the models, and their utility
in biological and pharmacological studies. We ask how simple a
model can be to provide sufficient complexity for studying a speci-
fic question. We discuss a framework for designing the model of
the right type and complexity for meeting a specific study goal.
Thinking forward, we outline some of the research gaps and ongo-
ing developments that may overcome the current challenges and
further increase the adoption of human tissue models.
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