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SUMMARY

Most cancer deaths are due to tumor metastasis rather than the primary tumor.
Metastasis is a highly complex and dynamic process that requires orchestration
of signaling between the tumor, its local environment, distant tissue sites, and im-
mune system. Animal models of cancer metastasis provide the necessary sys-
temic environment but lack control over factors that regulate cancer progression
and often do not recapitulate the properties of human cancers. Bioengineered
‘‘organs-on-a-chip’’ that incorporate the primary tumor,metastatic tissue targets,
and microfluidic perfusion are now emerging as quantitative human models of tu-
mormetastasis. The ability of these systems tomodel tumormetastasis in individ-
ualized, patient-specific settings makes them uniquely suitable for studies of can-
cer biology and developmental testing of new treatments. In this review, we
focus on humanmulti-organ platforms that incorporate circulating and tissue-resi-
dent immune cells in studies of tumor metastasis.

TUMOR METASTASIS

Despite enormous advances in our understanding of tumor progression, cancer incidence, mortality, and

cost of treatment continue to increase (Bray et al., 2018). Recent breakthroughs in cancer modeling and

therapy have been primarily directed at early intervention and eradication of the primary tumor, which

has limited success in the presence of metastatic disease. Although tumor metastasis accounts for

66.7% of the mortality related to solid tumors (Dillekas et al., 2019), few drugs are designed to specifically

target metastatic spreading. This unmet need is due, at least in part, to the lack of predictive humanmodels

that recapitulate physiological metastasis and can be used for mechanistic studies of metastatic progres-

sion and evaluation of drug candidates that can prevent or treat metastasis in patients.

Metastasis develops as cancer cells are leaving the primary cancer site to find a more suitable niche in the

body. This process involves cascades of multidirectional signaling between tumor cells, stromal cells, and

immune cells within the primary and secondary tumor sites. Tumor cells co-opt the immune system,

enabling escape from tumoricidal immune responses, and alter the primary tumor environment (TME) to

promote vascularization (Kitamura et al., 2015). Collectively, these changes facilitate tumor cell invasion

through the stroma and migration to nearby vessels, the first step of the metastatic cascade (Figure 1A).

Tumor cells then intravasate, via blood or lymphatic vessels, into the circulation, and survive as they traffic

to microvessels at distant, metastatic sites that have been primed for colonization. Arrested tumor cells

subsequently extravasate into the tissue and proliferate to form a secondary tumor. Two theories have

been proposed to explain organ-specific homing and selection of metastatic sites: (1) Paget’s ‘‘seed and

soil’’ theory, first described in 1889, which posits that circulating cancer cells preferentially ‘‘seed’’ distal

organs where the microenvironment (‘‘soil’’) favors their survival (Langley and Fidler, 2011); and (2) Ewing’s

‘‘flow and filter’’ theory, described in 1929, which posits that circulating tumor cells are mechanically driven

to metastatic sites by blood flow patterns that are governed by capillary bed sizes and adhesion. Recent

work has demonstrated contributions of both mechanisms to the establishment of metastatic sites

(Font-Clos et al., 2020).

Characterizing metastatic progression remains a challenge, both in clinical settings and in the existing tu-

mor models. The most common approaches to investigating tumor progression involve animal models,

in vitro culture of cancer cells, and patient-derived organoids and organ-on-a-chip models, with each sys-

tem having limitations. Animal models offer superior complexity and systemic interactions, but do not
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Figure 1. Overview of tumor metastasis

(A) The progression from primary to secondary tumor sites involves (1) remodeling of the primary tumor

microenvironment to support (2) intravasation of circulating cancer cells into vascular circulation. Steps (1) and (2) work in

conjunction with step (3) inter-organ communication between the primary tumor, bone marrow, and immune organs, to

prime the pre-metastatic niche in distant target tissues. The pre-metastatic niche facilitates (4) extravasation of cancer

cells from circulation into a tissue bed, and (5) targeted cell engraftment in the secondary metastatic site.

(B) Bioengineered systems can be leveraged to deconstruct each of the steps in metastatic progression and improve our

understanding of the dynamic interplay between the primary tumor, targeted tissue sites, and immune cells and organs.

Created with BioRender.com.

ll
OPEN ACCESS

iScience
Review
necessarily recapitulate human physiology and only rarely develop clinically seen skeletal metastasis (De La

Rochere et al., 2018). Compared with tumor cells in patients, cancer cell lines show significant mutational

and transcriptional drifts, abnormal ploidy, and loss of heterogeneity when expanded in vitro (Ben-David

et al., 2019). Cell lines also lack the pathophysiological milieu and growth conditions of the original tumor,

including the three-dimensional (3D) environment with cancer-specific extracellular matrix (ECM), stromal

cells, vascular and immune cells, and the associated molecular and physical signals. Over the last decade,

bioengineering is increasingly successful in providing physiologically relevant models of cancer growth.

However, some of the critical aspects of cancer pathophysiology (i.e., paracrine and endocrine interactions)

needed to model the full complexity of cancer progression are still missing in most models.

Although our understanding of tumor metastasis is constantly evolving, we have yet to recapitulate the in-

teractions underlying the systemic effects of tumors on the human body. Despite the growing appreciation

for immune cells as key orchestrators of metastasis, only a few models capture the contributions of these

cells—a fundamental limitation that must be addressed to develop experimental models of metastasis

mimetic of human disease. Bioengineeredmodels provide unique opportunities to decouple the contribu-

tions of microenvironmental and systemic components in a controlled, physiologically relevant manner,

and thereby advance precision medicine approaches to cancer treatment (Figure 1B). Engineering a pre-

dictive body-on-a-chip model of metastasis will depend on the inclusion of (1) primary tissues that are
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targeted by metastasis, (2) factors regulating tumor cell progression through the metastatic cascade, and

(3) immune organs and cells.

We discuss here the recent advances in modeling primary tumors, inclusion of immune cells into these

models, and themulti-organ-on-a-chip (OOC) systems designed to recapitulate the progression and organ

specificity of tumor metastasis. We focus on areas of cancer metastasis that are critical to mechanistically

understand therapeutic interventions and are difficult to experimentally model. Specifically, we highlight

how in vitro bioengineeredmulti-tissue models can be leveraged to recapitulate human immune-oncology

models of metastasis for predictive disease modeling and development of treatment regimens.
TUMOR MICROENVIRONMENT

Understanding the tumor microenvironment, the tumor-induced changes in the immune landscape, and

the events leading to pre-metastatic niche formation is critical for developing effective immunotherapies

that can improve patient outcomes. There is growing evidence that, similar to injury, tumor formation sys-

temically alters the body, even before metastasis occurs (Allen et al., 2020). Currently, it is poorly under-

stood how the systemic perturbations, which appear distinct from those occurring at the primary tumor

site (Cacho-Diaz et al., 2020; Klemm et al., 2020), contribute to tumor progression. Here, we present a brief

overview of the changes occurring locally within the primary tumor environment and peripherally at pre-

metastatic niches. Comprehensive reviews on these topics have been provided by others (Gupta and Mas-

sague, 2006; Hoye and Erler, 2016; Peinado et al., 2017).
Primary tumor microenvironment

Tumors are heterogeneous tissues containing proliferating cancer cells, stromal cells, vasculature, ECM,

and tumor-secreted factors. Unlike healthy cells, cancer cells acquire sustained and unlimited proliferative

capacity, while evading negative regulators of cell growth and programmed cell death (Hanahan andWein-

berg, 2011). Hyperproliferation of cancer cells causes hypoxia, cellular reprogramming, and activation of a

pathological angiogenic cascade that renders the tumor with unstable, leaky vasculature. Cancer cells not

only alter the local ECM, leading to increased interstitial pressure and tissue stiffness, but also co-opt the

immune system and the surrounding stromal cells that further mediate tumor metastasis. The initiation and

progression of tumorigenesis are dependent on tumor-promoting signals that result from a loss of micro-

environmental regulation at the primary tumor site. Therefore, the primary TME has been a focus of inves-

tigation for anti-cancer therapies.
Pre-metastatic niche

Primary tumors actively contribute to metastasis by secreting soluble factors and extracellular vesicles (EVs)

that enter the circulation and traffic to distant tissue sites to form a microenvironment conducive for tumor

cell engraftment and secondary tumor growth. These future sites of metastasis are referred to as pre-met-

astatic niches (Figure 1A) and are known to play critical roles in enabling extravasation and colonization of

circulating tumor cells (Bissell andHines, 2011). For instance, stromal expression of the gene encoding peri-

ostin, a component of the ECM, is required for colonization of some metastatic cells (Malanchi et al., 2011).

Pre-metastatic niches not only provide physical support enabling the tumor cells to anchor and populate

the tissue but also activate pro-survival signaling that prevents tumor cell death (Celia-Terrassa and Kang,

2018). Additionally, the pre-metastatic nichesmaintain tumor cell stemness and protection against immune

surveillance, further enhancing tumor cell survival. Vascular sprouting and ECM remodeling within the pre-

metastatic niche facilitate tumor cell proliferation and metastatic lesion outgrowth (Celia-Terrassa and

Kang, 2018).

A seminal study by Kaplan et al. (2005) demonstrated that tumors secrete high levels of vascular endothelial

growth factor (VEGF) and placental growth factor, which subsequently mobilize VEGFR1-expressing he-

matopoietic progenitor cells (HPCs) in the bone marrow to initiate pre-metastatic niche formation before

tumor cell arrival. These VEGFR1-expressing HPCs also express VLA-4, a fibronectin receptor integrin,

which enables adhesion of the bone marrow-derived cells to fibronectin-rich pre-metastatic niches—a

result of proliferation and activation of fibroblast-like stromal cells in response to the primary tumor. Bind-

ing to fibronectin has been shown to enhance expression of matrix metalloproteinases (MMPs), including

MMP9, which degrades basement membranes, releasing ECM-bound factors like VEGF that drive changes

in the local environment. For example, increased availability of VEGF can trigger the angiogenic switch that
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drives endothelial cells from a quiescent state to a metastasis-promoting activated state (Bergers et al.,

2000).

In addition to soluble factors, tumor-derived EVs are implicated in generating pre-metastatic niches, in part

due to the abundance of integrins on their surfaces (Hamidi and Ivaska, 2018). Upon entry into the distant

tissue sites, EVs co-localize with ECM-bound tissue-resident cells to remodel the ECM. Tumor-derived EVs

can also reprogram bone marrow-derived cells via transfer of tumor-promoting genes that increase their

metastatic behavior (Peinado et al., 2012). Recently, EVs released by non-tumor cells, such as recruited

bone marrow-derived cells, have been shown to deliver cargo that regulates pre-metastatic niches (Hsu

et al., 2020). Distinct, tissue-specific integrin expression profiles have been observed on EVs, suggesting

a link between integrin content and organ-specific metastasis (Hoshino et al., 2015). Consequently, EVs

can serve both as predictive markers of metastatic sites and as therapeutic targets.

EVs have also been implicated in changes in vasculature. For instance, micro-RNAs in tumor-secreted EVs

induce down-regulation of tight junctions expressed by endothelial cells, leading to increased vascular

permeability in distant organs and, consequently, metastatic progression (Zhou et al., 2014). Beyond

modulating the vascular barrier, EVs also promote vascular sprouting to promote pre-metastatic niche for-

mation (Grange et al., 2011). However, endothelial remodeling is not limited to EVs. Tumor cells have also

been shown to express genes that alter vascular functions to promote tumor cell intravasation, circulation,

and extravasation (Gupta et al., 2007). These metastatic gene signatures may work in concert with circu-

lating flow forces, which promote adhesion of circulating tumor cells to the endothelium, endothelial re-

modeling, and preferential metastasis to regions with lower perfusion (Follain et al., 2018). Recent work

(Ghouse et al., 2020) further suggests that angiogenic changes can contribute to premetastatic niche for-

mation, via recruited immune cells, before the arrival of tumor cells.

Hypoxia at the primary tumor site is also an established driver of pre-metastatic niche formation. Building

upon the findings that bone marrow-derived cells establish pre-metastatic niches, work by Erler et al.

demonstrated that lysyl oxidase (LOX), an enzyme secreted by hypoxic tumor cells, is required for recruit-

ment of bone marrow-derived cells to pre-metastatic niches in an MMP-dependent manner (Erler et al.,

2009). LOX cross-links collagen IV in basement membrane, leading to enhanced MMP2 activity, recruit-

ment, and invasion of bone marrow-derived and CD11b+ cells. This activity is regulated by hypoxia-induc-

ible factors (HIFs) (Wong et al., 2011), including HIF-1a, which is thought to promote aggressive tumor cell

phenotypes associated with metastasis (Yamamoto et al., 2008). As hypoxia increases the formation of me-

tastases, it also directly influences the metastatic sites, with bone marrow being both one of the most hyp-

oxic environments and a major target of metastasis (Hiraga, 2018).
IMMUNE CONTRIBUTIONS TO TUMOR METASTASIS

The tissue-resident and bone marrow-derived cells are key contributors to tumor progression, both locally

at the primary tumor site and systemically at pre-metastatic and metastatic sites. Of note, the tumor-pro-

moting or tumor-suppressive roles of these cells are also context-dependent, making it both more impor-

tant and more difficult to develop suitable in vitro models of the early pre-metastatic niches that may exist

in patients before diagnosis. To illustrate the complexity of immune contributions to tumor metastasis, we

will highlight some representative recent studies. Several excellent reviews on the roles of immune cells in

cancer progression have been recently published (Garner and de Visser, 2020; Hinshaw and Shevde, 2019;

Kitamura et al., 2015; Müller et al., 2020; Shelton et al., 2020; Thorsson et al., 2018).

Historically, focus on the tumor-immune microenvironment has been restricted to the primary tumor site

and is only recently extending to pre-metastatic niches. A recent report by Allen et al. demonstrates

that tumors systemically alter and reshape the immune landscape, possibly due to the increased levels

of circulating inflammatory factors interleukin-1a (IL-1a) and granulocyte colony-stimulating factor (G-

CSF). Strikingly, tumor resection restored the systemic immune landscape, demonstrating the plasticity

of the immune system and revealing an important role of the primary tumor in driving these changes (Allen

et al., 2020). This study complements earlier work that showed the potential of G-CSF andmacrophage col-

ony-stimulating factor (M-CSF) in directing the lineage commitment of HPCs in the bone marrow (Rieger

et al., 2009), where hematopoiesis gives rise to all blood cells (Figure 2). Indeed, tumor-derived G-CSF

and other inflammatory factors skewed the circulating HPCs toward the myeloid lineage (Wu et al.,

2014), leading to accumulation of myeloid-derived suppressor cells that promote tumor progression,
4 iScience 24, 102179, March 19, 2021



Figure 2. Bone marrow-derived blood and immune cells

All mature blood and immune cells originate from the hematopoietic stem cell (HSC) in the bonemarrow and differentiate

into myeloid and lymphoid progenitors, further maturing in the bone marrow or lymphoid organs (thymus, lymph node,

spleen). The traditional in vivo lifetime of each of these cell types ranges from hours to years. For example, neutrophils

only remain in circulation for a few hours. We list these timelines and required exogenous factors for each cell type, as well

as critical feeder ligand expression (such as Notch delta-like ligand 4 in T lymphocytes). Created with BioRender.com.
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including monocytes, macrophages, and neutrophils (Casbon et al., 2015). Many other tumor-derived fac-

tors have been implicated in altering bonemarrow-derived cells. For instance, tumor-derived IL-1b induces

IL-17 production by gd T cells, facilitating G-CSF-dependent neutrophil expansion and subsequent sup-

pression of anti-tumoral CD8+ T cells (Coffelt et al., 2015). Likewise, tumor-derived CCL2 cells recruit

monocytes that differentiate into metastasis-associated phenotypes and suppress CD8+ T cells (Qian

et al., 2011). In addition to tumor-derived signals, activated CD4+ T cells produce tumor necrosis factor-

alpha, promoting differentiation and accumulation of myeloid-derived suppressor cells (Al Sayed et al.,

2019). Regulatory T cells, responsible for maintaining homeostasis, have also been implicated as drivers

of metastasis (Tan et al., 2011).

Collectively, these reports provide compelling evidence that tumors induce systemic immune cell reprogram-

ming, even before their arrival at the pre-metastatic niche, to promote tumor progression and metastasis.

Importantly, Felix Hoyer et al. recently demonstrated systemic, tissue-specific immune cell activation in

response to local injury (Hoyer et al., 2019), reinforcing the longstanding notion that tumors resemble wounds

that fail to heal (Hua and Bergers, 2019). Nevertheless, the systemic immune contributions to tumor growth are

complex, dynamic, and remain incompletely understood. Given the inherent patient-to-patient variability of

immune responses, coupled with the patient-specific tumor heterogeneity, there is a growing interest in pa-

tient-specific approaches to study immune contributions to the progression and suppression of tumor metas-

tasis. Such bioengineered models of cancer would allow assessing the systems-level effects of tumors and

enable identifying checkpoints and master regulators of cancer progression in individualized settings.
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Figure 3. Model systems for studying primary or metastatic cancers

Traditional models to study primary tumors and resected secondary metastatic cells include 2D cell monolayers and

animal models, where cells are either implanted in vivo into an immunodeficient mouse or a transgenic mouse line is

created with a known mutational defect. Bioengineered models include 3D multi-cellular tissue-engineered models,

patient-derived organoids, organ-on-a-chip microfluidic devices, and recently, multi-organ-on-a-chip devices. We show

here the overview of each approach and its advantages and limitations in studying cancer. Created with BioRender.com.
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ENGINEERED MODELS OF CANCER

For decades, cancer research has relied on the use of monolayer cultures of cancer cells for studies of can-

cer biology and drug screening, followed by the use of genetically engineeredmice or patient-derived xen-

otransplants (PdX) for better understanding of the systemic aspects of the disease (Figure 3). The develop-

ment of engineered cancer models has beenmotivated by the need for re-creating in vitromany aspects of

the disease that are otherwise missed in these established in vitro and in vivomodels (Figure 3). While some

of the oldest 3D tumor models date back to more than 30 years, there have been major advances in intro-

ducing bioengineering methodologies into the field of cancer, toward developing increasingly accurate,

useful, practical, and complex models for studying metastasis (Sutherland et al., 1986).

Generally speaking, four approaches are currently utilized to model human cancer: (1) cancer cell culture in

3D scaffolds, (2) patient-derived organoids, (3) single organ-on-a-chip systems, andmost recently, (4) multi-

organ-on-a-chip systems. Among these approaches, the growth of cancer cells as self-assembled spher-

oids within hydrogels and scaffolds is most commonly used (Sutherland et al., 1986). However, given

that metastasis is a dynamic process that involves multiple tissues and relies on the systemic circulation

for its spread, microfluidic single- and multi-tissue OOC platforms have been proved to be most useful

for studying metastatic progression.

Cancer cell culture in 3D scaffolds

Arguably the most widely published approach using cancer cell lines has been to grow them in natural and

synthetic scaffolds providing a regulatory 3D setting for tumor cells. Complex techniques have since been

developed that enable the generation of scaffolds with distinct compositions, structures, and mechanical

properties. However, static culture of cancer cells in a 3Dmicroenvironment is inherently limited in its ability

to model the multiple stages of metastasis. Several recent reviews on engineering the 3D microenviron-

ment have been provided by others (Jiang et al., 2021; Micek et al., 2020).

Patient-derived organoids

Although practical for laboratory research, cancer cell lines fail to recapitulate the heterogeneity of the pri-

mary cancer cell populations. The development of patient-derived tumor organoids representing a wide

variety of primary cancer types has overcome this limitation. Critically, these tumor organoids have been
6 iScience 24, 102179, March 19, 2021
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shown to preserve inter-patient genetic diversity, both for the primary and metastatic tumor sites (Sachs

et al., 2018; Vlachogiannis et al., 2018; Weeber et al., 2015). They have also been proved to be successful

at modeling previously difficult to study cancer types, such as pancreatic and prostate cancers (Boj et al.,

2015; Gao et al., 2014). CRISPR-Cas9-mediated genetic engineering of healthy epithelial tissue organoids

has allowed for the investigation of driver oncogenes and tumor suppressors in tumorigenesis (Matano

et al., 2015). Perhaps of most relevance to metastasis and improving the poor clinical outcomes associated

with it, the development of patient-derived organoids has the potential for the personalization of cancer

treatment. For this reason, there has been wide interest in the use of tumor organoidmodels for drug sensi-

tivity testing (Driehuis et al., 2020). Unfortunately, most advances in the organoid field were with carcinomas

(epithelial cell-derived cancers), given their intrinsic ability to self-assemble into micro-tissues in culture.

This concept of using patient-derived materials has begun to be extended to modeling other cancer types.

One such case involved multiple myeloma, where bone marrow aspirates were taken from patients and re-

constituted in co-cultures of patient cancer cells and stromal cells within patient bone marrow ECM hydro-

gels (de la Puente et al., 2015).
Single organ-on-a-chip models

Static cultures of cancer cells, whether in scaffolds or as organoids, prevent the incorporation of biophysical

stimuli that cancer cells experience in the body. The microfluidic-based OOC systems incorporate fluid

flow, to recapitulate metastatic cell circulation and activate the associated biomechanical regulation path-

ways. For example, the physiologically relevant fluid flow in a model of the human bone perivascular niche

allowed for metastatic breast cancer colonization, with recapitulation of shear stress-induced increases in

metastatic resistance of breast cancer cells (Marturano-Kruik et al., 2018).

The use of microfluidic OOCs has also enabled investigations into the interactions of cancer cells with the

endothelium, which are known to mediate tumor survival and metastatic progression. Perfusion allows re-

creating in vitro stable and functional vascular networks that are capable of supportingmicro-tumors (Sobrino

et al., 2016). Microfluidic models have additionally empowered the ex vivo studies of clinically relevant intra-

vasation and metastasis. Remarkably realistic capillary networks can be formed to study metastatic cell intra-

vasation with high precision, as single cells have been visualized crossing engineered endothelial barriers (Eh-

san et al., 2014; Zervantonakis et al., 2012). Thedownstreamprocesses involved in extravasation have alsobeen

modeled using microfluidic OOCs for metastatic breast cancer cell circulation and extravasation into bone, a

common secondary tumor site (Jeon et al., 2015). Recent advances in these approaches have even allowed for

the evaluation of metastatic propensity of patient-derived cancer cells, as well as for the prediction of treat-

ment efficacies of drugs against tumors formed at metastatic sites (Wang et al., 2020; Yankaskas et al.,

2019). Finally, OOCs have been proved to be valuable for drug screening through their ability to re-create bio-

logical mass transport of drugs experienced by tumors adjacent to capillaries, and thereby allow studies of the

regulatory roles of microvascular endothelial cells (Haase et al., 2020; Shirure et al., 2018).
Multi-organ-on-a-chip systems

As the capabilities of microfluidic OOCs and the confidence in predictability of these systems have

increased, so has their complexity, with several groups creating interconnected multi-tissue platforms.

The incorporation of several tissue systems allows for studies of systemic effects, such as organ-specific

homing and metastasis (Aleman and Skardal, 2019; Skardal et al., 2016). Other advances have been moti-

vated by the need to improve preclinical evaluation of anticancer drugs, which are notorious for the low

predictability of both drug toxicity and efficacy. The expectation is that engineered malignant and healthy

tissues can better recapitulate human physiology and lead tomore accurate preclinical evaluation of candi-

date therapeutics. Using multi-tissue systems allows physiologically relevant ways of drug testing andmea-

surements of both ‘‘target’’ effects (on tumor tissue) and ‘‘off-target’’ toxicity (on healthy tissues) (Chramiec

et al., 2020; McAleer et al., 2019). This approach has shown promise in identifying clinically relevant resis-

tances to experimental small molecule treatments (Chramiec et al., 2020) and has been used to demon-

strate metabolism of such drugs, and the subsequent cardiotoxic effects of the metabolites within an

in vitro context (McAleer et al., 2019).
ENGINEERED MODELS OF CANCER WITH IMMUNE CELLS

Despite the abundance of engineered cancer models described in the literature, the number of reports

incorporating immune components pales in comparison. Models that integrate immune cells are generally
iScience 24, 102179, March 19, 2021 7
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aimed at either predictive drug studies for personalized immunotherapy screening or at recapitulation of a

single stage of the metastatic cascade (reviewed recently by Shelton et al., 2020). This is often achieved us-

ing endogenous immune cells contained within resected patient tumors or biopsies, which are then co-

cultured with tumor cells in the presence or absence of stroma. Building upon the existing models of can-

cer, most approaches involve spheroids, organoids, microfluidic culture, and OOC systems, implemented

individually or in combination (Table 1).

For example, several studies have demonstrated the utility of patient-derived tumors that retain autolo-

gous immune cells for screening immune checkpoint inhibitors. In one approach, patient-derived tumors

were dissociated to generate 40- to 100-mm spheroids, which were subsequently suspended in a collagen

hydrogel for ex vivo culture in a passive microfluidic device (Aref et al., 2018; Jenkins et al., 2018). Immune

checkpoint blockade via aPD-1 and aCTLA-4 induced immune-mediated tumor cell death and altered the

immune cell population landscape, inferred using RNA sequencing and CIBERSORT (Aref et al., 2018). In a

study designed to model immune checkpoint blockade, patient-derived tumors were minced and resus-

pended in a collagen gel layered on top of a pre-solidified collagen gel in a transwell insert, to generate

an air-liquid organoid culture (Neal et al., 2018). This approach preserved tumor architecture and stroma,

as well as diverse immune cells, although these outcomes declined over time.

In addition to static cultures, microfluidic perfusion systems have been used to model cross talk between

patient-derived tumor fragments and circulating autologous tumor-infiltrating lymphocytes that were iso-

lated from the tumor (Moore et al., 2018). In response to aPD-1 treatment, circulating lymphocytes infil-

trated the tumor fragments, enhancing tumor cell death. Importantly, although these models recapitu-

late features of the local tumor-immune microenvironment, the contributions of peripheral immune

cells were not captured, despite their critical roles in metastasis. These include circulating cells and cells

residing in the hematopoietic bone marrow niche and secondary lymphoid organs, where T cell priming

occurs.

To model aspects of tumor-lymph node interactions, Shim et al. developed a dual-compartment microflui-

dic device with continuous recirculating flow to enable cross talk between ex vivo tissue slices of a murine-

derived tumor and a tumor-draining or non-draining lymph node. The use of tissue slices preserved the

complex architecture and microenvironment of the excised tissue and captured the contributions of im-

mune cells residing in both the lymph node and TME. Notably, tumor-lymph node communication induced

T cell immunosuppression, which was also observed in vivo (Shim et al., 2019), suggesting an important

paracrine role for tumor-lymphoid communication. Additional studies are needed to confirm translation

of these findings to the human system and to capture cell migration between the tumor and the draining

lymph node.

As mentioned earlier (Figure 1A), one of the steps in the metastatic cascade is tumor cell extravasation,

during which circulating tumor cells migrate through the vascular endothelium to enter a distant tissue

site. To better understand the role of immune cells in this process, Boussommier-Calleja et al. developed

a microfluidic model with a perfusable vascular network within fibrin gel, which enabled inflammatory

(CCR2-expressing) monocyte trans-endothelial migration from the intravascular space into the surround-

ing matrix. The authors demonstrated reduction in tumor cell extravasation when tumor cells were

perfused together with monocytes, providing evidence for immune cell-mediated extravasation (Boussom-

mier-Calleja et al., 2019).

It is worth noting that although the OOC systems can help elucidate interactions between the tumor and

the immune system, they offer an incomplete view of tumor progression and overlook the tumor-induced

changes at distant tissue sites that occur before metastasis is diagnosed. To observe such system-wide

changes, a new generation of multi-organ models is required. A complete model would (1) include tissues

that are targeted as secondary tumor sites, such as the bone, brain, liver, and lung, and the vasculature; (2)

enable tumor cell progression through the metastatic cascade, and (3) incorporate physiologically relevant

immune components. Considering that metastasis requires extended culture on the order of weeks to

months, maintaining the presence of short-lived immune cells (Figure 2) presents a challenge. Leveraging

engineered bone marrow niches and current multi-organ OOC models would enable the controlled study

of tumor-driven changes in hematopoiesis, recruitment of bone marrow-derived cells to pre-metastatic

niches, and long-term modeling of tumor metastasis.
8 iScience 24, 102179, March 19, 2021



Table 1. Engineered models of cancer incorporating immune components

Model Description Purpose

Cancer

type

Non-immune

cells Immune cells Major findings Advantages Limitations Ref

Organotypic

culture

Patient- or murine-

derived organotypic

tumor spheroids in

collagen hydrogels

� Recapitulate
patient-
specific tumor
biology

� Personalized
immunotherapy
screening

Diverse

primary

solid tumors

Patient-derived

tumor and

stromal cells

Endogenous

immune

cells in excised

tumor

Demonstrated using

RNA sequencing and

CIBERSORT an

increase of CD8+

T cells and M0

macrophages in

response to aPD-1 +

aCTLA-4

Retains complexity

of autologous

tumor-infiltrating

immune cells

Analysis restricted

to immune cells

in excised TME;

immune cell

populations

inferred from

bulk sequencing

(Aref et al.,

2018)

Organotypic culture

of tumor cells,

fibroblasts, and

macrophages on

collagen gels

� Model tumor-
immune cell
interactions to
identify the role of
macrophages in
tumor progression

Human

squamous

cell carcinoma

A-5 RT3 cell line;

primary human

dermal

fibroblasts

Human

monocytes

isolated from

blood

Cultures induce

M2-like activation

after 3 weeks; IL-4

stimulation increased

MMP-2 and -9

production, causing

reduced thickness

of dermal equivalents

Macrophages

can be sourced

from patient or

activated to M1

or M2 before

seeding

Exogenous stimuli

may alter all cells

(Linde et al.,

2012)

Patient-

derived

organoid

Epithelial tumor

organoid co-culture

with PBMCs

� Expand tumor-
specific T cells

� Personalized
immunotherapy
screening

Human

non-small

cell lung

cancer;

colorectal

cancer

Patient-derived,

surgically

resected

tumors

Human

lymphocytes

isolated from

blood

Tumor organoids

induced autologous

CD8+ T cell

reactivity, causing

tumor cell apoptosis

Autologous

circulating T cells

are easily sourced;

small patient

samples needed

Generation of

tumor-reactive

T cells variable

across patients;

lack of stroma

(Dijkstra et al.,

2018)

Air-liquid interface

PDOs of primary

tumor epithelia and

native embedded

immune cells in

collagen matrix

� Model tumor-
stroma-immune
cell interactions

� Personalized
immunotherapy
screening

Diverse

primary and

metastatic

tumors

Patient-derived,

surgically

resected tumor

and stromal

cells

Endogenous

immune

cells in excised

tumor

CD3+, CD8+,

CD4+ T cells, B cells,

NK cells, NKT cells,

and macrophages

integrated in PDOs,

which recapitulated

TCR repertoire of

tumor biopsy and

response to anti-

PD-1/anti-PD-L1

immune checkpoint

blockade

Streamlined tandem

gene expression

and immune

profiling of single

cells

Populations of

immune and

fibroblast stroma

progressively

decline over time

(Neal et al.,

2018)

(Continued on next page)
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Table 1. Continued

Model Description Purpose

Cancer

type

Non-immune

cells Immune cells Major findings Advantages Limitations Ref

Combination tumor-

lymph node patient-

derived in HA/

collagen-based

hydrogels

� Model tumor-
stroma-immune
cell interactions

� Personalized
immunotherapy
screening

Human

Melanoma

Patient-derived,

surgically

resected

heterogeneous

tumors

Endogenous

immune

cells in excised

tumor and

lymph node;

PBMCs

Lymph node immune

cells required for

checkpoint inhibitor

efficacy; clinical

responses to inhibitors

recapitulated;

potential to generate

patient-specific

adaptive immunity

Rapidly recapitulates

patient-specific

tumor-immune

interactions

Heterogeneous,

uncharacterized

immune

populations

tested

(Votanopoulos

et al., 2019)

Microfluidic

culture

Multiplexed micro-

fluidic perfusion

system with patient-

derived tumor

fragments and

circulating autologous

lymphocytes

� Model dynamic
tumor-immune
interactions

� Personalized
immunotherapy
screening

Human

non-small

cell lung

cancer

Patient-derived,

surgically

resected

heterogeneous

tumors

TILs TILs infiltrate tumor

fragment in response

to anti-PD-1 treatment,

leading to increased

tumor cell death

over time

Scalable for high-

throughput analysis

of diverse patient

tumor fragments

Omits effects

of inter-fragment

cross talk

(Moore et al.,

2018)

3D microfluidic model

of tumor- DC

interactions in collagen

� Track immune
cell-tumor
interactions for
DC-based
immunotherapy

Human

colorectal

cancer

SW620 cell line Human dendritic

cells isolated

from blood

Interferon alpha-

stimulated DCs

preferentially migrate

via CXCR4/CCL12

toward and

phagocytose drug-

treated cancer cells

Device design mimics

spatiotemporal

biochemical-driven

DC-tumor cell

interactions

Proof-of-concept

using cell line

(Parlato et al.,

2017)

Micro-fluidic co-

culture of murine

spleen cells and

murine melanoma

cells

� Model migratory
patterns of cancer
and immune cells
and their cross talk

Murine

melanoma

B16.F10

metastatic

melanoma cells

Splenocytes

derived

from IRF-8KO

or WT mice

Splenocytes lacking

IRF-8 displayed

uncorrelated random

walks not directed

toward melanoma

cells; WT

splenocytes move

in a highly coordinated

motion toward

melanoma cells

Model can be easily

applied to study

specific immune

cell-cancer cell

interactions

Lack of

biomimetic matrix/

tissue components;

murine-based

(Agliari et al.,

2014)

(Continued on next page)
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Table 1. Continued

Model Description Purpose

Cancer

type

Non-immune

cells Immune cells Major findings Advantages Limitations Ref

3D vascularized

microfluidic model

of human monocyte

migration and tumor

cell extravasation

� Characterize
the effects of
monocyte trans-
endothelial
migration on
tumor cell
extravasation

Human

melanoma

and breast

cancer

HUVECs; normal

human lung

fibroblasts; MDA-

MB-231 and

MDA-MB-

435 cell lines

Human

monocytes

isolated from

blood

Demonstrated

extravasation of

inflammatory

(CCR2+), but not

patrolling (CCR2-)

monocytes; co-

perfusion

of monocytes

with MDA-MB-231

reduced cancer

cell extravasation

Models

physiologically

relevant human

micro-vessels

Absence of flow

influences cell

arrest on and

extravasation

across

endothelium

(Boussommier-

Calleja et al.,

2019)

Tissue slice

culture

on-chip

Dual-tissue slice

microfluidic chip

with continuous

recirculating flow

� Model tumor-
lymph node
interactions,
including lymphatic
drainage from
tumor to
TDLNs and blood
flow from lymph
nodes to tumor

Murine

Breast

Cancer

Murine-derived

4T1 tumors,

TDLNs &

contralateral

NDLNs

Endogenous

immune cells in

excised lymph

nodes

Demonstrated

dual-slice protein

communication

and T cell

immunosuppression

in TDLN and NDLN

Preserves complex

microenvironment

and enables

controlled

biomimetic flow

Model limited

to paracrine

tumor-lymph

node; murine-

based

(Shim et al.,

2019)

PBMC, peripheral blood mononuclear cells; PDO, patient-derived organoid; PD-1, programmed cell death protein 1; PD-L1, programmed cell death-ligand 1; TIL, tumor-derived infiltrating lymphocytes; DC,

dendritic cell, WT, wild-type; HUVEC, human umbilical vein endothelial cells; TDLN, tumor draining lymph nodes; NDLN, non-draining lymph nodes.
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A FRAMEWORK FOR DEVELOPING METASTASIS-ON-A-CHIP SYSTEMS

The current emphasis in cancer treatment is toward removal of the primary tumor, which fails to consider

the systemic inter-organ changes, immune landscape, and circulating tumor cells that drive the subtle pro-

gression to metastatic disease. To develop approaches aimed at treating metastasis, we must develop the

appropriate tools for modeling this complex, systemic disease that are both accessible and physiologically

relevant. By combining previous advances in tumor organoids and organ-on-a-chip engineering, we can

design ‘‘Metastasis-on-a-Chip’’ (METoC) systems to fuel the development and translation of successful

therapeutics.
Envisioned conceptual design for METoC systems

In studying metastasis in vitro, single-tissue perfusion systems mimic only some aspects of intravasation or

extravasation, often limited to the primary tumor site and the vascular entry site. In contrast, multi-tissue

OOC systems, composed of multiple engineered organ systems connected by vascular perfusion to reca-

pitulate a body-on-a-chip, enable the study of multiple facets of metastatic progression and drug develop-

ment in vitro using human-equivalent model systems (Figure 4) (Low et al., 2020; Ronaldson-Bouchard and

Vunjak-Novakovic, 2018; Sharma et al., 2020). Although the idea of a body- or animal-on-a-chip was first

conceptualized in the late 1990s (Aaron et al., 2001), we are only beginning to realize their application in

cancer research. Multiple human organs connected in vitro, with a primary tumor and/or circulating tumor

cells, provide the basis of the envisioned METoC system—an entirely human environment for studies of

pre-metastatic niche conditioning, immune cell cross talk, and metastatic site colonization over time.

Human

Human and animal models differ significantly in their immune populations, cytokines, and antibodies ex-

pressed in both cancer and immune cell populations. Efforts to ‘‘humanize’’ animals have led to the devel-

opment of breakthrough treatments (Chambers et al., 2001; Schreiber et al., 2011), whereas the majority of

therapeutics developed in mice fails to translate into clinical success (Mak et al., 2014). This paradigm has

led to a median of $648 million cost of cancer drug development (Prasad and Mailankody, 2017), which is

reasonable compared with other therapeutic areas; however, the resulting clinical trial success rate of only

3.4% is the lowest of all treatment areas (Wong et al., 2019). Recent advances in deriving patient-specific

induced pluripotent stem cell (iPSC) and organoids provides human cell sources for both healthy and

cancerous cells, enabling a fully isogenic METoC. The use of human cells is critical when developing tools

that can be used in parallel with existing animal models to provide complimentary insights.

Systemic

Tumor metastasis is systemic in nature. Consequently, the METoC models should be systemic and include

both the primary tumor and the metastatic sites. Additionally, the inclusion of non-metastatic organs, such

as the heart, can serve as a negative control to ensure that cancer cell extravasation is driven by factors

other than microfluidic flow and also enable modeling of off-target drug effects. In particular, these models

need to include the components of immune system, which consists of immune cell organs (bone marrow,

thymus, spleen) and the lymphatic circuit (lymph nodes, lymphatic vasculature). Engineering functional im-

mune organs and the differentiation of immune cell types is still in its infancy (Chou et al., 2020; Mengus

et al., 2018; Moura Rosa et al., 2016; Sasserath et al., 2020), and we expect this area to be a major focus

in the development of physiological METoCs. Although this work is not trivial, collaborative efforts across

many fields will enable the realization of these goals toward achieving a true functional METoCmodel, from

which all subsequent goals will be enabled.

Device designs

The development of translational METoC models will rely on their ease of use with minimal training and

their ability to provide high-content data. The incorporation of on-line readouts enables spatiotemporal

tracking of biological events without disturbing the system, reduces variability, and allows conduction of

longitudinal and dynamic (signal-response) studies. Examples include the fluorescent or bioluminescent

labeling of both immune and cancer cells and the subsequent tracking of their locations within the system.

Monitoring when the immune and cancer cells cross the endothelial barrier and enter/exit the tissue space

is necessary for tracking metastatic progression. These same tools can be used to track tumor cell size and

immune cell infiltration, both as metastasis progresses and in response to drug treatment. Similarly, super-

natant sampling over time enables analysis of secreted factors and biomarkers that can be directly
12 iScience 24, 102179, March 19, 2021



Figure 4. Emerging technologies for metastasis-on-a-chip platforms

Recent advances in bioengineering technologies help in engineering patient-specific organotypic models that are able to recapitulate some aspects of

organ-level function in vitro, as well as derivation andmaintenance of primary tumor tissue (e.g., organoids). In translational applications, the convergence of

bioengineering, immunology, systems biology, and drug development is key to utilizing organs-on-a-chip in both understanding the mechanisms of disease

and personalized medicine. Created with BioRender.com.
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compared with the clinical data and help benchmark and validate these platforms. Design considerations

should also include the realistic tumor and tissue environments. In particular, designs that enable hypoxic

gradient control and inclusion of advanced biomaterials (i.e., native biomaterials, stiffening biomaterials)

will increase the biological fidelity of the model. Of note, increased physiological relevance of the METoC

usually increases the device complexity. The trade-off between complexity and biological fidelity can be

reassessed according to the specific research question, providing the user with an engineering toolbox

to add biological complexity as needed.

METoC models for preclinical screening

Bioengineered multi-organ models can be used to directly determine drug safety, on- and off-target

toxicity, and potential immunogenicity. Systemic human models of cancer metastasis (METoC) can greatly

accelerate and streamline the therapeutic developments by identifying immune modulating drugs and

vaccines that harness the tumoricidal capabilities of the immune response. Recent drug advances are shift-

ing from small molecules or radioactive therapies toward biologically active agents that work in conjunction
iScience 24, 102179, March 19, 2021 13
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with the body to achieve therapeutic results. Testing these new therapies requires human models that are

systemic and include functional immune components to adequately predict clinical responses. Although

PdX models represent the gold standard for patient-specific drug development, the lack of tumor micro-

environment, human cell stromal interactions, and human immune cell populations greatly reduces their

clinical translation. The practical utility of these models is also an issue, with a range of 2%–40% of injected

cells actually taking hold in the host tissue (engrafting). Drugs developed using PdX models fail in Phase II/

III clinical trials, the costliest phase, more than 50% of the time. Overall, METoC systems include both on-

target organs for evaluating the drug efficacy and off-target organs that may be susceptible to drug

toxicity. Similarly, the inclusion of multiple connected tissues facilitates proper pharmacokinetic/pharma-

codynamics (PK/PD) modeling, with engineered liver tissues proving effective at metabolizing drugs (Low

et al., 2020). Modeling the complex immune profile of the primary tumor and metastatic site will enable in-

sights into how the immune landscape changes to prevent or support metastasis and inform the develop-

ment of targeted, patient-specific therapies.

METoC models for mechanistic research

Bioengineered models can be leveraged within the METoC to directly control various parameters toward

elucidating their distinct mechanistic contributions to disease progression. As new bioinformatic technol-

ogies have already demonstrated the power of targeting the molecular mechanisms of cancer progression

and reoccurrence, tools like single-cell RNA and DNA sequencing can be used in tandem with patient-spe-

cific bioengineered human models to study metastasis and immune cell invasion in a clinically relevant and

unbiased context (Figure 4). These tools have already enabled the generation of a human map of organ-

specific metastasis (Jin et al., 2020). Likewise, Oliver et al. (2019) recently applied live cell imaging modal-

ities coupled with artificial intelligence to a blood-brain barrier-on-a-chip model for predicting metastatic

potential of tumor cells. Ultimately, the marriage of bioengineering with cancer and systems biology can

help identify key mechanisms behind metastatic progression and the specific role of each cell type at

play and can lead to new therapeutic targets in an entirely human, systemic equivalent to animal models.

Patient-specific METoC models for advancing precision medicine

As the development of human models of metastasis increases our mechanistic standing of the underlying

biology, these models can be further leveraged to provide patient-specific models for precision medicine.

These tools will enable clinicians to insert patient cells into bioengineered models capable of recapitu-

lating the patient’s specific cancer for drug screening. This approach allows clinicians to identify the ther-

apy for which the patient will have the highest likelihood of success and use this knowledge to personalize

each patient’s treatment. The use of patient-specific cells enables development of disease models where

animal models fail to recapitulate the disease, thereby enabling mechanistic studies to enhance drug

target identification and optimization.

iPSC technologies enable patient-specific tissue engineering, toward ‘‘cancer patient-on-a-chip’’ models.

For these models, incorporation of hematopoiesis still remains a challenge (Chou et al., 2020; Chramiec

and Vunjak-Novakovic, 2019; Tavakol et al., 2020). As differentiation of many iPSC-derived immune cell

types is under development, the inclusion of these cells into an isogenic, human systemwill further advance

studies of metastatic progression in vitro (Figure 4). Patient-specific METoC models can be developed to

initially predict which therapeutics will be the most efficacious, and then to subsequently screen for down-

stream metastatic potential. This new generation of METoCs would help recapitulate patient-specific or-

gan tropism and test the potential of therapeutics to treat or prevent metastasis in these organs. These

technologies may also be used more broadly to perform ‘‘clinical trials-on-a-chip’’ and inform the design

of subsequent clinical testing by determining the patient populations that will most benefit from the

drug and those that may be at risk. This approach can be similarly used to identify which drug combinations

are most efficacious, including the specific timing and dosages that maximize therapeutic effect—in both

population-specific and individualized manners.
CONCLUSIONS

We are only beginning to appreciate the critical role of the systemic immune response in metastatic pro-

gression. To further our understanding, bioengineered systems can be leveraged to identify key features of

tumor metastasis that are unable to be decoupled in vivo. Integrating the primary tumor, secondary target

sites, and immune organs and cells together on a perfusable platform to model metastasis-on-a-chip will
14 iScience 24, 102179, March 19, 2021
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have important implications for patient-specific treatment, in terms of efficacy and toxicity, as well as iden-

tification of novel drug targets. As researchers learn more about the advantages and limitations of engi-

neered human models, we encourage the continued collaboration between biologists, engineers, and cli-

nicians to solve cancer metastasis.
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