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SUMMARY

Tumor progression is profoundly influenced by interactions between cancer cells
and the tumor microenvironment (TME). Among the various non-neoplastic cells
present, immune cells are critical players in tumor development and have thus
emerged as attractive therapeutic targets. Malignant gliomas exhibit a unique im-
mune landscape characterized by high numbers of tumor-associated macrophages
(TAMs). Despite encouraging preclinical results, targeting TAMs has yielded limited
clinical success as a strategy for slowing glioma progression. The slow translational
progress of TAM-targeted therapies is due in part to an incomplete understanding
of the factors driving TAM recruitment, differentiation, and polarization. Further-
more, the functions that TAMs adopt in gliomas remain largely unknown. Progress
in addressing these gaps requires sophisticated culture platforms capable of
capturing key cellular and physical TME features. This review summarizes the cur-
rent understanding of TAMs in gliomas and highlights the utility of in vitro TME
models for investigating TAM-cancer cell cross talk.

INTRODUCTION

The term ‘‘glioma’’ encompasses a broad group of primary brain tumors that arise from glial stem or pro-

genitor cells. Glioblastoma (GBM) accounts for 70% of all gliomas and is the most malignant form of pri-

mary brain cancer in adults, with a median survival of less than 15 months (Goodenberger and Jenkins,

2012; Stupp et al., 2007). Current standard therapy for GBM includes maximal surgical resection followed

by radiotherapy and temozolomide chemotherapy and can include bevacizumab and tumor-treating fields.

Although standard treatment may prolong patient survival, it is not curative, and the majority of patients

experience tumor recurrence. In an effort to identify new therapeutic targets that are not cell-autonomous,

the tumor microenvironment (TME) has attracted much attention as a key regulator of glioma progression

and therapeutic resistance (Charles et al., 2011; Quail and Joyce, 2017; Tomaszewski et al., 2019). Gliomas

contain various non-neoplastic cells, such as vascular and immune cells, that co-evolve with cancer cells to

create an environment that fosters tumor growth.

Although the importance of investigating the individual and collective contributions of each stromal pop-

ulation is undeniable, the striking rise in US Food and Drug Administration-approved cancer immunother-

apies has motivated studies investigating the glioma immune microenvironment. Malignant gliomas are

one of the most immunosuppressive solid tumors (Thorsson et al., 2018). GBM tumors contain very few infil-

trating T cells and instead are dominated by brain-resident microglia and infiltrating monocytes/macro-

phages, collectively termed tumor-associated macrophages (TAMs) (Gieryng et al., 2017) (Figure 1A). To

date, immunotherapy has been shown to be most beneficial in patients with tumors containing high

numbers of infiltrating T cells, such as melanoma and lung cancer (Bonaventura et al., 2019). The relative

paucity of T cells along with the low mutation burden of GBM tumors has made the development of effec-

tive T cell-based immunotherapies challenging (McGranahan et al., 2019). TAMs are the most abundant

non-neoplastic cell type in the GBM TME and can comprise up to 40% of the total cells in gliomas (Ham-

bardzumyan et al., 2015). Clinical studies have shown a correlation between TAM accumulation and poor

patient prognosis for multiple cancer types, including brain tumors (Mantovani and Allavena, 2015; Müller

et al., 2017; Shih et al., 2006). There has been considerable interest in targeting TAMs for glioma immuno-

therapy, but despite encouraging results from preclinical studies, clinical success has been limited.

The slow translational progress of TAM-targeting therapies is, in part, due to an incomplete understanding

of the phenotypes and functions that macrophages adopt in gliomas (Pires-Afonso et al., 2020). Although
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Figure 1. Tumor-Associated Macrophages (TAMs) in Gliomas

(A) The cellular microenvironment of gliomas is composed of many unique cell populations including brain-specific cell

types such as astrocytes and neurons, as well as immune and vascular cells. TAMs are the most abundant non-neoplastic

cell population in gliomas, the majority of which are blood-derived infiltrating monocytes/macrophages that localize

primarily in the perivascular and necrotic regions. Microglial TAMs are more abundant in the peritumoral regions.

(B) TAMs arise from two distinct sources: bone marrow-derived monocytes and brain-resident microglia. In the tumor-

bearing brain, the blood-brain barrier is impaired, resulting in the infiltration of blood-derived monocytes into tumors,

where they differentiate into macrophages. Resident and infiltrating TAMs are recruited to the growing tumor in response

to a variety of tumor-secreted cytokines, including CCL2, GM-CSF, EGF, CXC3CL1, SDF-1, and CSF-1.

ll
OPEN ACCESS

iScience
Review
investigating intricate cell-cell interactions in vivo remains difficult, the emergence of novel in vitro tumor

models offers the ability to perform detailed mechanistic discovery and screening in a controlled environ-

ment. Engineered in vitro models have proven instrumental in identifying chemical and physical microen-

vironmental factors that regulate glioma invasion and therapeutic resistance, and with the addition of mul-

tiple cell types, they offer the possibility to study the contribution of stromal cell populations, such as TAMs,

on tumor progression (Bahlmann et al., 2020; Civita et al., 2019; Herrera-Perez et al., 2018).

In this review, we summarize the current understanding of TAMs in gliomas, with a focus on the regulation

of TAM polarization. We discuss current strategies to interrogate TAM-cancer cell interactions and outline

the advantages and limitations of each approach. Last, we highlight the potential of three-dimensional (3D)

experimental platforms to provide a deeper understanding of the precise role of TAMs throughout glioma

progression that will ultimately facilitate the development of novel TAM-targeting therapies.

Tumor-Associated Macrophages in Gliomas

TAM Ontogeny

TAMs in gliomas are believed to arise from two distinct sources: brain-resident microglia and bonemarrow-

derived monocytes (Hambardzumyan et al., 2015) (Figure 1B). Microglia are specialized immune effector

cells that populate the central nervous system (CNS) during early embryogenesis. They are the sole resi-

dent immune population in the healthy adult brain and perform various functions related to immune de-

fense and CNS maintenance (Ginhoux et al., 2013). In gliomas, the blood-brain barrier (BBB) is disrupted,

and there isan infiltration of inflammatory monocytes into the tumor where they differentiate into macro-

phages (Laviron and Boissonnas, 2019).

There have been mixed reports of the abundance and composition of TAMs in brain malignancies relative to

other infiltrating leukocyte populations such as T cells. Two recent studies used a multi-omics approach to char-

acterize the TMEof patients with gliomas or brainmetastases and found that whereas TAMs comprise up to 80%

of infiltrating leukocytes in gliomas, the majority of infiltrating leukocytes in brain metastasis are T cells (Friebel

et al., 2020; Klemm et al., 2020). In the same studies, TAM composition was shown to depend on IDHmutational
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status; more aggressive gliomas (IDH1WT) displayed a greater abundance of infiltrating bone marrow-derived

TAMs than IDH1mut gliomas, which contained a higher proportion of resident microglial TAMs. In a patient-

derived xenograft (PDX) GBM model, immunofluorescent staining of CX3CR1 (microglia marker) and CCR2

(bone marrow-derived monocyte/macrophage marker) revealed that the majority of TAMs in GBM are infil-

trating bonemarrow-derivedmacrophages (Zhou et al., 2015). Similar results were found using a genetically en-

gineered mouse (GEM) model of GBM and combinatorial fluorescently activated cell sorting analysis (Chen

et al., 2017). Consistent with data obtained in glioma mouse models, histological examination and single-cell

RNA sequencing (RNA-seq) of primary human gliomas have also reported an abundance of monocyte-derived

macrophages over microglia (Müller et al., 2017; Venteicher et al., 2017). In addition, patients with mesenchymal

GBM, the most aggressive molecular subtype, have the greatest accumulation of infiltrating TAMs compared

with less agressive GBM subtypes and low-grade gliomas (Sørensen et al., 2018; Wang et al., 2017; Zeiner

et al., 2019). Resident and infiltratingTAMshavebeenobserved topreferentially colonize different regionswithin

GBM tumors. Microglia are predominately found in peritumoral regions, whereas bone marrow-derived mono-

cytes/macrophages occupy perivascular and necrotic regions (Chen et al., 2017; Darmanis et al., 2017). Eluci-

dating the dynamics of TAM composition and localization throughout brain tumor development remains an

active area of investigation.

TAM Phenotypic Diversity

Macrophages, in particular, are known for their ability to alter their behavior in response to distinct micro-

environmental cues through a process known as polarization. They are highly plastic cells that integrate

input from cytokines, growth factors, and other stimuli, to adopt a diverse range of activation states and

cellular functions. Macrophage polarization has traditionally been described using the M1/M2 classifica-

tion system in which M1 and M2 represent two extreme phenotypes along a continuum of activation states

(Murray, 2017; Sica and Mantovani, 2012) (Box 1). TAMs in gliomas are commonly portrayed as M2 macro-

phages due to their high expression of anti-inflammatory cytokines, scavenger receptors, pro-angiogenic

factors, and extracellular matrix (ECM)-related proteins, all of which are often associated with M2 macro-

phages (Hambardzumyan et al., 2015). Although the M1/M2 polarization model has proven to be valuable

for in vitro studies, its relevance to the in vivo functional states of macrophages in homeostatic and path-

ological settings is an ongoing topic of debate (Guilliams and van de Laar, 2015; Nahrendorf and Swirski,

2016; Sankowski et al., 2019). The maturation of high-dimensional characterization techniques including

single-cell RNA-seq and time-of-flight mass cytometry (CyTOF) has provided an unprecedented opportu-

nity to investigate the spatial and temporal dynamics of macrophage polarization in the CNS and other tis-

sues (Mrdjen et al., 2018; Sankowski et al., 2019; Sevenich, 2018). Over the past 5 years, several groups have

harnessed a combination of these techniques to phenotypically characterize TAMs isolated from human

and murine gliomas, and their findings have raised questions regarding the relevance of the M1/M2 clas-

sification system. Genome-wide transcriptomic analysis of TAMs isolated from GL261 glioma-bearing mice

identified distinct TAM activation states that only partially overlap with canonical M1/M2 gene signatures

(Maas et al., 2020; Szulzewsky et al., 2015). In human gliomas, single-cell RNA-seq analysis identified indi-

vidual TAMs displaying both pro-inflammatory (M1) and anti-inflammatory (M2) gene signatures (Darmanis

et al., 2017; Müller et al., 2017). Furthermore, several in vivo studies have highlighted TAM ontogeny (resi-

dent versus infiltrating) as a predictor of TAM activation, which may explain the heterogeneous phenotypes

reported in previous bulk TAM characterization studies (Bowman et al., 2016; Gabrusiewicz et al., 2016).

Macrophages are known as ‘‘professional phagocytes’’ for their ability to recognize and engulf foreign and

host-derived debris (Arandjelovic and Ravichandran, 2015). Interestingly, whereas all macrophages display

phagocytic activity, M2 macrophages exhibit enhanced phagocytosis of multiple substrates, including sil-

ica nanoparticles (Hoppstädter et al., 2015) and antibody-opsonized target cells (Leidi et al., 2009). Recent

studies have demonstrated that macrophages are capable of phagocytosing glioma cells (Hutter et al.,

2019; Saavedra-López et al., 2020); however, phagocytosis may also play a pro-tumoral role in the TME.

Phagocytosis is accompanied by the upregulation of matrix remodeling enzymes, including cysteine pro-

teases, serine proteases, and matrix metalloproteinases (MMPs) that render the TME more conducive to

cancer cell invasion (Porter et al., 2013). Phagocytosis-driven debris clearance and matrix degradation

may exceed the anti-tumor effects occurring when phagocytosis kills individual tumor cells; however,

this has not yet been explored in detail.

Given the multitude of chemical and biophysical signals within the TME, the phenotypic diversity and

complexity of TAMs is not surprising. It is likely that TAMs are transcriptionally driven along a spectrum
iScience 23, 101770, December 18, 2020 3
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of polarization states by integrating cues from their microenvironment that are reflective of tumor type,

location, and stage (Yang et al., 2018). It is also likely that even within an individual tumor, TAMs exhibit

regional variability in polarization with equally variable phenotypes and functions (Castro et al., 2017).

Despite recent progress in phenotypically characterizing glioma TAMs, the factors responsible for pro-tu-

mor TAM activation and maintenance are still unclear. Unraveling the complexity of macrophage polariza-

tion throughout tumor initiation and development will be instrumental in the design of novel TAM-targeted

therapies.

Numerous studies have revealed that TAMs are critical for tumorigenesis and continued tumor growth in

both low- and high-grade gliomas (Gutmann and Kettenmann, 2019). Tremendous progress has been

made over the last decade to elucidate some of the molecular pathways and signaling molecules orches-

trating TAM pro-tumor function. In brief, TAMs are active contributors to tumor growth, glioma cell inva-

sion, ECM reorganization, the generation of an immunosuppressive TME, and neo-angiogenesis (Figure 2).

TAMs have also been proposed to regulate tumor response to standard anticancer therapies (De Palma

and Lewis, 2013) and have been shown to participate in glioma resistance to radiation (Wang et al.,

2013) and anti-angiogenic therapy (Lu-emerson et al., 2013; Piao et al., 2012).

TAMs as Therapeutic Targets

Considering the multifaceted roles of TAMs in tumor development and their correlation with poor overall

survival, these cells are emerging as promising therapeutic targets. Major strategies targeting TAMs within

the glioma TME include inhibiting TAM recruitment, depleting accumulated TAMs, and reprogramming

pro-tumoral TAMs (Choi et al., 2018; Grégoire et al., 2020; Pires-Afonso et al., 2020). Multiple TAM-target-

ing agents are currently being investigated in early-phase clinical trials for patients with GBM (Table 1).

A common strategy of TAM-targeted therapies is to block the accumulation of monocytes and macro-

phages into the tumor by inhibiting pathways involved in macrophage recruitment, differentiation, and sur-

vival. A notable example is the inhibition of colony-stimulating factor 1/colony-stimulating factor 1 receptor

(CSF-1/CSF-1R), a critical signaling axis in the differentiation and survival of macrophages (Stanley and

Chitu, 2014). Administration of a small molecule CSF-1R inhibitor (BLZ945, PLX3397) blocked glioma pro-

gression and improved overall survival in multiple preclinical GBM models, including a PDGF-B-driven

transgenic murine model and intracranial xenografts (Pyonteck et al., 2013; Yan et al., 2017). Surprisingly,

the beneficial effect of CSF-1R inhibition was mediated by TAM reprogramming rather than TAM deple-

tion. The authors subsequently found that TAMs within the glioma microenvironment survived CSF-1R in-

hibition and were reprogrammed into anti-tumor TAMs through glioma-secreted factors including GM-

CSF and IFN-g. In a Phase II study of recurrent GBM, PLX3397 was well tolerated and readily crossed the

BBB but showed limited efficacy compared with standard-of-care treatment (NCT01790503) (Butowski

et al., 2016). Despite its modest clinical benefit as monotherapy, CSF-1R inhibition is gaining interest as

combination therapy and is currently under clinical evaluation in combination with immune checkpoint in-

hibitors in patients with GBM (NCT02829723, NCT02526017) (Cannarile et al., 2017; Wesolowski et al.,

2019).

Another signaling pathway that has gained recent attention for the treatment of multiple types of cancer is

the C-C Motif Chemokine Ligand 2 (CCL2)/C-C Motif Chemokine Receptor 2 (CCR2) axis (Lim et al., 2016).

CCR2 is expressed bymonocytes and facilitates recruitment to tumors in response to tumor-secreted CCL2

(Deshmane et al., 2009). CCR2 inhibition has yet to enter glioma clinical trials, but has shown promise in

preclinical models as well as in clinical trials for other types of cancer (Nywening et al., 2016). CCR2 inhibi-

tion in combination with immune checkpoint blockade (anti-PD-1) was recently shown to increase the accu-

mulation of tumor-infiltrating lymphocytes and extend overall survival in immunocompetent mice bearing

intracerebral KR158 and GSC005 tumors (Flores-Toro et al., 2020).

Although TAM-targeting agents have largely focused on TAM depletion, it is becoming increasingly

evident that TAM reeducation may be a more effective anticancer strategy. TAM reprogramming can be

achieved through multiple strategies: by suppressing tumor-promoting functions, stimulating anti-tumor

functions, or directly converting pro-tumor TAMs into anti-tumor TAMs (Kowal et al., 2019). The signal

transducer and activator of transcription 3 (STAT3) pathway has been identified as a potent regulator of

pro-tumor TAM polarization and has emerged as a potential therapeutic target to enhance antitumor im-

mune responses (Lee et al., 2011; Tugal et al., 2013). STAT3 blockade using the BBB-penetrant inhibitor
4 iScience 23, 101770, December 18, 2020



Figure 2. Pro-tumor Functions of Glioma TAMs

(A) TAMs facilitate glioma invasion through the secretion of various proteases and matrix-degrading enzymes including cathepsins, matrix

metalloproteinases (MMPs), tissue inhibitor of metalloproteinases (TIMPs), and a disintegrin andmetalloproteinase (ADAM)-family proteases, which create a

microenvironment conducive to cell invasion. TAMs also secrete various cytokines that promote glioma proliferation.

(B) TAMs foster an immunosuppressive TME through the secretion of anti-inflammatory cytokines, including IL-10, TGF-b1, and CCL17/18/22, which inhibit

cytotoxic T lymphocyte (CTL) survival and recruit immunosuppressive regulatory T cells (Treg). TAMs also directly participate in T cell exhaustion through the

PD1/PD-L1 signaling pathway.

(C) TAMs secrete pro-angiogenic cytokines and matrix-degrading enzymes, particularly MMP-9, which release matrix-bound cytokines and growth factors,

such as VEGF-A, to promote angiogenesis.
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WP1066 has been shown to induce pro-inflammatory activation in monocytes isolated from patients with

GBM (Hussain et al., 2007). In a GL261 orthotopic immunocompetent murine model, combination treat-

ment of radiotherapy (RT) and STAT3 inhibition reversed the immunosuppressive glioma environment,

increased cytotoxic T cell effector functions, and led to enhanced median survival relative to treatment

with RT or WP1066 alone (Ott et al., 2020). STAT3 inhibition with WP1066 is currently being investigated

in phase I clinical trials for patients with GBM (NCT01904123).

Onemajor hurdle in the development of TAM-targeted therapies is to minimize the occurrence of negative

side effects in patients. Macrophages play multifaceted roles in tissue homeostasis and host defense, and

as a result, systemic depletion may lead to increased risk of infection, tissue damage, and organ failure

(Cannarile et al., 2017). In patients with a compromised immune system, such as those undergoing chemo-

therapy, these harmful implications are exacerbated (Poh and Ernst, 2018). The identification of novel

markers andmolecules exclusively expressed by pro-tumor TAMs will enable the development of therapies

specifically designed to target pro-tumoral TAMs while preserving systemic macrophage function. An

additional challenge is determining the optimal reprogramming strategy to generate effective tumor-

fighting TAMs. A clearer understanding of the mechanisms underlying TAM polarization and function in

gliomas is critical in the design of effective TAM-targeted therapies.
EXPERIMENTAL MODELS TO INVESTIGATE TAMS

Both in vitro and in vivo studies have consistently demonstrated that TAMs accumulate within gliomas and are

educated by TME factors to adopt tumor-supportive phenotypes (Hambardzumyan et al., 2015). TAM-targeting

agents are emerging as promising anticancer therapies, but advancing these treatments to obtainmaximal clin-

ical benefit requires a detailed understanding of glioma-TAM interactions. In the remaining sections, we outline

experimental models that have been used to study cancer-macrophage cross talk ranging from traditional can-

cer models to novel engineered in vitro platforms, specifically highlighting models of glioma.
Traditional Experimental Models

Current preclinical glioma models include glioma cell line xenografts, PDXs, and GEMmodels (Miyai et al.,

2017; Xiao et al., 2017). GBM xenografts are often fabricated using commercially available GBM immortal-

ized cell lines U87, U251 T98G, and A172. Although relatively easy to grow, these cell line xenografts lack

some characteristic GBM features, most notability the heterogeneity and highly infiltrative character of the

tumor (Huszthy et al., 2012). PDXs utilize biopsied patient tumor tissue or cultured tumor spheres and,

compared with GBM cell line xenografts, better recapitulate the genetic and histological features of the

primary patient’s tumor (Wakimoto et al., 2012). To prevent tumor graft rejection, xenograft models
iScience 23, 101770, December 18, 2020 5



Macrophage Target Modality Drug Name Additional Treatment Phase Study Identifier

CSF-1R inhibitor TAM Depletion Cabiralizumab Nivolumab (anti-PD-1) I NCT02526017

CSF-1R inhibitor TAM Depletion BLZ945 PDR001 (anti-PD-1) I/II NCT02829723

CXCR4 inhibitor TAM Depletion USL311 Lomustine II NCT02765165

PD-L1 inhibitor Molecular Target Avelumab MRI-guided LITT therapy I NCT03341806

PD-L1 inhibitor Molecular Target Avelumab RT + TMZ II NCT03047473

STAT3 inhibitor TAM Reprogramming WP1066 I NCT01904123

GM-CSF TAM Reprogramming VBI-1901 I/II NCT03382977

GM-CSF TAM Reprogramming Leukine Poly I:C + RT I NCT03392545

GM-CSF TAM Reprogramming Leukine ERC1671 + bevacizumab II NCT01903330

MIF inhibitor TAM Reprogramming Ibudilast TMZ I/II NCT03782415

Table 1. Current Clinical Trials Targeting TAMs in GBM

Patterned after Pires-Afonso et al. (2020).

CSF-1R, colony-stimulating factor-1 receptor; CXCR4, C-X-C chemokine receptor type 4; PD-L1, programmed death-ligand 1; STAT3, signal transducer and acti-

vator of transcription 3; GM-CSF, granulocyte-macrophage colony-stimulating factor; MIF, macrophage migration inhibitory factor; RT, radiotherapy; TMZ, te-

mozolomide; LITT, laser interstitial thermal therapy; poly(I:C), polyinosinic-polycytidylic acid
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typically utilize genetically immunocompromised mice and therefore do not fully recapitulate cancer-im-

mune cell interactions that occur in humans. GEM and syngeneic mouse models use immunocompetent

mice and are thus superior for analyzing potential anti-tumor activity of novel therapeutics (Noorani,

2019; Oh et al., 2014).

Mouse models have greatly facilitated the field’s understanding of TAM ontogeny, localization, and gene

expression in gliomas (Bowman et al., 2016; Chen et al., 2017). Despite these significant advances, there is

increasing concern over the utility of mousemodels to predict clinical outcomes (Tao and Reese, 2017). Pre-

vious studies have reported discrepancies in innate and adaptive immune responses between mice and

humans, including leukocyte composition, cytokines and cytokine receptors, as well as costimulatory mole-

cule expression and function (Mestas and Hughes, 2004). Additionally, in vivomodels are often impractical

for mechanistic investigation of cell-cell interactions due to the influence of heterogeneous cell popula-

tions and additional TME complexity.

In vitro experimental models provide the opportunity to investigate molecular mechanisms governing cell

behavior in a relatively simple and controllable environment. A traditional and widely used approach to study

macrophage/glioma interactions involves culturing one cell type in the presence of conditioned media from

another cell type, typically on a two-dimensional (2D) substrate, such as plastic or glass. Using this approach, re-

searchers have demonstrated that glioma-derived factors are capable of polarizing macrophages into immuno-

suppressive M2-like macrophages characterized by increased transforming growth factor (TGF)-b1 and inter-

leukin (IL)-10 expression and aberrant phagocytic capacity (Walentynowicz et al., 2018; Wu et al., 2010).

Although conditionedmedia experiments have facilitated our understanding of some of the soluble andmolec-

ularmechanismsgoverning glioma-TAM interactions, this culture system is limited in its ability to recapitulatedy-

namic and reciprocal cell-cell interactions found in vivo. Additionally, there is growing awareness that traditional

2D models do not accurately reflect the dimensionality and mechanics of in vivo cellular microenvironments.

Modified versions of the Boyden chamber or Transwell assay are also commonly used to investigate macro-

phage-glioma cross talk. In this co-culture model, macrophages and cancer cells are separated by a porous

membrane that allows the diffusion of soluble factors between the upper and lower chambers while main-

taining physical separation between the two cell populations. To assess the influence of paracrine signaling

on cell invasion, the membrane can be coated with a layer of ECM, often Matrigel or collagen, to facilitate

cell migration to the underside of the membrane for a quantifiable readout of chemotaxis. This co-culture

platform has been used to demonstrate that glioma invasion is stimulated by microglia-derived factors

such as EGF (Coniglio et al., 2012), TGF-b1 (Ye et al., 2012), IL-10 (Qi et al., 2016), and IL-1b (Lu et al.,

2020). Transwell assays have also been used to identify glioma-secreted factors regulating TAM
6 iScience 23, 101770, December 18, 2020
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recruitment and polarization, including immunity-related GTPase family M protein (IRGM) (Xu et al., 2019)

and periostin (POSTN) (Zhou et al., 2015). Although the physical separation of cell types is useful when

studying paracrine signaling, this system is less suited to investigate macrophage-cancer cell juxtacrine in-

teractions. Additionally, Transwell assays offer limited control over the size, number, and distribution of

cellular compartments and are challenging to use for live imaging of cell-cell interactions or cell migration.

3D Engineered Models

3D culture platforms have emerged as useful paradigms to bridge the gap between conventional 2D sys-

tems and animal models. Current 3D in vitro tumor models differ in their complexity, advantages, and lim-

itations and have been comprehensively reviewed elsewhere (Katt et al., 2016; Lv et al., 2017). Advanced

glioma models have been developed that include various cell types, ECM proteins, and soluble factor gra-

dients to recapitulate multiple aspects of the TME (Wolf et al., 2019). Although the development of 3D TME

models is an area of rapid expansion, the integration of macrophages and other immune cells in these plat-

forms is still in its infancy (Di Modugno et al., 2019). In the following sections, we review current 3D engi-

neered platforms to study macrophage-cancer interactions and outline the contributions that these

models have made to our understanding of TAMs, emphasizing glioma models.

Hydrogel-Based Systems

Hydrogels, cross-linked polymer networks with high water content, are commonly employed as matrices

for 3D cell culture. They can be assembled from a broad range of natural and synthetic polymers, enabling

the fabrication of scaffolds with a broad spectrum of chemical and physical properties. Hydrogel scaffolds

based on biological polymers typically usemammalian ECM components such as collagen, fibrin, hyaluron-

ic acid (HA), or non-mammalian structural components such as chitosan and alginate (Tibbitt and Anseth,

2009). Perhaps the majority of scaffold-based tumor models utilize collagen I or Matrigel, a heterogeneous

basement membrane matrix derived from Engelbreth-Holm-Swarm mouse sarcoma (Bahlmann et al.,

2020). Although these commercially available hydrogels are relatively simple to use, the resulting compo-

sition and mechanics of Matrigel and collagen hydrogels differ significantly from that of brain tissue. Brain

matrix is relatively soft (300–3,000 Pa), has a low abundance of fibrous collagens, and is rich in glycosami-

noglycans, proteoglycans, and glycoproteins (Novak and Kaye, 2000). HA, a polyanionic glycosamino-

glycan, is the most abundant component of brain ECM, and as with many tumors, its abundance is

increased in high-grade gliomas compared with healthy tissue (Liu et al., 2019). HA hydrogels have been

used to identify microenvironmental cues driving glioma invasion and therapeutic resistance (Cha and

Kim, 2019; Chen et al., 2018; Nakod et al., 2020; Wolf et al., 2018; Xiao et al., 2020); however, there are

very few studies investigating macrophage-glioma cell interactions within an HA-rich environment.

Accumulating evidence suggests that macrophages are sensitive to matrix-mediated cues, such that the

choice of material may strongly influence macrophage phenotype (Jain et al., 2019). In fact, matrix compo-

sition (Delcassian et al., 2019; Kim et al., 2019a), stiffness (Adlerz et al., 2016; Blakney et al., 2012; Sridharan

et al., 2015), and cross-linking density (Hsieh et al., 2019) have all been shown to influence macrophage po-

larization. A previous study cultured macrophages in 3D matrices of low- and high-density collagen and

found that high-density collagen induced gene expression profiles in macrophages resembling immuno-

suppressive TAMs (Larsen et al., 2020). The transcriptional changes also had functional consequences, as

macrophages cultured in high-density collagen were less efficient at recruiting cytotoxic T cells and more

capable of inhibiting T cell proliferation compared with macrophages encapsulated in low-density

collagen hydrogels. Another study exploited mixed collagen-HA 3D matrices to investigate the influence

of HA on macrophage phenotype (Hyebin Kim et al., 2019a). Compared with cells embedded within

collagen hydrogels, macrophages in mixed collagen-HA hydrogels exhibited increased expression of

traditional M2 markers, suggestive of an immunosuppressive, tumor-supportive phenotype.

Tumor Spheroids. Tumor spheroids are 3D cellular aggregates of uniform or heterogeneous cell pop-

ulations and have emerged as promising in vitro platforms for disease modeling and drug screening.

Spheroids have been shown to mimic some histological features of human gliomas, such as their multicel-

lular structural organization, hypoxic core, and gradient distributions of oxygen, nutrition, pH and meta-

bolic wastes (Tevis et al., 2017b; Xiao et al., 2017). Glioma cells can be cultured as tumor spheroids using

multiple approaches, such as agitation- and microwell-based systems, liquid overlay techniques, or the

hanging-drop method, all of which can be adapted to form heterotypic spheroids (Nunes et al., 2019). Tu-

mor spheroids can be maintained in suspension culture, placed upon an ECM-coated surface, or fully
iScience 23, 101770, December 18, 2020 7
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embedded in a 3D ECM scaffold (Tevis et al., 2017b). Macrophages can be incorporated into tumor spher-

oids by directly forming spheroids from a mixed macrophage/cancer cell suspension. Alternately, macro-

phages have been reported to spontaneously infiltrate tumor spheroids, offering an arguably more phys-

iologically relevant method of macrophage incorporation (Herter et al., 2017; Pang et al., 2016). The use of

embedded spheroids offers additional flexibility, as macrophages can be encapsulated within thematrix as

either single cells or spheroids, or seeded on top of the matrix. The modularity of this approach provides

the opportunity to develop multiple application-specific models.

Using mixed microglia/glioma cell spheroids embedded in collagen, Mora et al. demonstrated that upon

pro-inflammatory stimulation (lipopolysaccharide [LPS] + interferon [IFN]-g), primary murine microglia ac-

quire cytotoxic potential and kill tumor necrosis factor (TNF)-a and tumor necrosis factor-related

apoptosis-inducing ligand (TRAIL)-resistant glioma cells (Mora et al., 2009). The authors subsequently

found that this anti-tumor effect was mediated by microglia-secreted factors that induce autophagy-driven

cell death in glioma cells but have no toxicity toward primary cultures of astrocytes or neurons. A related

study reported that inactivated primary murine microglia, when seeded as single cells within a 3D collagen

matrix, increased the invasiveness of a mixed microglia/GBM cell spheroid (Cisneros Castillo et al., 2016).

However, despite exhibiting a traditional anti-tumor cytokine profile, classically activated microglia (LPS +

IFN-g) had no effect on spheroid invasion compared with mixed spheroids embedded in a cell-free

collagen matrix. Using a similar platform, Tevis et al. investigated the influence of direct macrophage-can-

cer interactions on macrophage polarization (Tevis et al., 2017a). Macrophages were either incorporated

directly within tumor spheroids or diffusely seeded throughout the 3D collagen hydrogel (Figure 3). Inter-

estingly, only the macrophages included in the tumor spheroids displayed tumor-promoting phenotypes.

Compared with cultures in which the macrophages were embedded in the surrounding matrix, mixed

spheroids exhibited increased expression of the M2-associated cytokines IL-10 and EGF, rapid oxygen

consumption, and resistance to the chemotherapeutic drug paclitaxel. These results reflect the importance

of direct macrophage-cancer cell contact on TAM activation, tumor progression, and resistance to treat-

ment. Although this study was designed to investigate TAM-breast cancer cell interactions, GBM cells

and macrophages can be co-cultured in a similar platform to study TAM-GBM cell dynamics. It should

be noted, however, that brain and breast tissue have slightly different mechanics and compositions, the

latter displaying a higher abundance of fibrillar collagens (Insua-Rodrı́guez and Oskarsson, 2016; Rauch,

2004). Thus it is crucial to consider both cell-cell and cell-matrix interactions when designing and validating

in vitro experimental models.

Tumor Organoids. Tumor organoids are self-assembled 3D aggregates generated from pluripotent

stem cells or fresh tumor specimens. GBM organoids are commonly fabricated by dissociating and

culturing fresh human tumor specimens or PDX tumors, often in the presence of Matrigel and exogenous

growth factors. Although this approach can generate heterogeneous organoids with gradients of stem cell

density and hypoxia (Hubert et al., 2016), it results in a limited preservation of immune and stromal cell

types. Additionally, the low and regionally variable growth rates of tumor organoids require time-

consuming procedures, which may be impractical for high-throughput screening assays. Recently, dissoci-

ation-free methods have been developed to generate patient-derived GBM organoids from fresh tumor

specimens (Jacob et al., 2020). These organoids captured the cellular diversity, gene expression, andmuta-

tional profiles of their parental tumors and contained bothmicroglia andmacrophages, noting a decreased

abundance of immune cell populations over time. The preservation of immune cell quantity and phenotype

in GBM organoids will require a careful tuning of organoid culture conditions, which have likely been opti-

mized to maintain glioma cell viability, growth, and invasiveness (Neal et al., 2018).

To overcome the limited expansion potential of primary tumor-derived immune cells, organoids can be co-

cultured with autologous peripheral immune cells (Dijkstra et al., 2018). Similar to heterotypic spheroid

fabrication, macrophages can be directly incorporated into organoids during fabrication, allowed to infil-

trate established organoids, or seeded into the surrounding matrix of embedded organoids (Baker, 2018).

Despite the successful implementation of these approaches for other cancer types (Neal et al., 2018), pa-

tient-derived organoids have not been extensively used to investigate glioma cell-TAM cross talk. The

rapid development of induced pluripotent stem cell (iPSC)technology has provided an additional model

system, termed cerebral organoids, to study brain development and disease (Qian et al., 2019). To specif-

ically model GBM tumors, cerebral organoids can be genetically manipulated to develop oncogenic prop-

erties (Bian et al., 2018; Ogawa et al., 2018), or co-cultured with tumor spheroids to study tumor cell invasion
8 iScience 23, 101770, December 18, 2020



Figure 3. Embedded Cancer Cell/Macrophage Spheroid Model

(A–C) (A) Four model systems were used to assess the influence of TAM localization on TAM function and cancer

progression. A tumor-only model consists of MDA-MB-3231 breast cancer spheroids embedded in a collagen gel (10C).

RAW 264.7 macrophages were incorporated into the spheroid at a ratio of 2:1 (cancer cells: macrophages) to form a

heterospheroid (10C5M) or were seeded in the collagen gel surrounding the cancer spheroid (10Cd5M). In the

macrophage-only model, macrophages were distributed within the 3D collagen gel (d5M). Inset shows fluorescently

labeled cancer cells (green) and macrophages (red) in a heterospheroid model (scale bar, 100 mm). The heterospheroid

(10C5M) model exhibited the highest (B) EGF and (C) IL-10 concentrations detected by ELISAs, indicative of an M2

activation pathway associated with TAMs. Reprinted with permission from Tevis et al. (2017a). **p < 0.005; *p < 0.05.
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(da Silva et al., 2018; Linkous et al., 2019). To date, iPSC-derived cerebral and glioma organoids containing

microglia andmacrophages have not yet been established, although the generation of both cell types from

iPSCs has been described (Rajab et al., 2018). We anticipate that multicellular glioma organoid technology

will provide exciting opportunities to study TAMs during multiple stages of cancer development.

Microfluidic Systems

Microfluidic devices rely on the use of micron-sized channels to handle small fluid volumes (Whitesides,

2006). Using this technology, in vitro culture platforms can be designed to recapitulate complex physiolog-

ical microenvironments due to the ability to precisely control cellular, biochemical, and physical compo-

nents. Microfluidic platforms have been successfully used to study cell migration, angiogenesis, and other

cancer-associated phenomena, and are increasingly being leveraged to model cancer-immune cell inter-

actions (Boussommier-Calleja et al., 2016; Ma et al., 2018; Sung and Beebe, 2014).

Models of Monocyte Extravasation. To enter the glioma microenvironment, monocytes must first

extravasate the BBB. The BBB is an endothelial permeability barrier that serves as the brain’s first line of

defense against blood-borne pathogens and is composed of multiple cell types, including microvascular

endothelial cells, pericytes, and astrocytes. This complex structure has remained difficult to model faithfully

in vitro; however, the available models of microvasculature are rapidly expanding. Engineered microves-

sels are commonly fabricated by casting a polymer or hydrogel around a steel needle that, upon removal,

forms a channel that can be seeded with endothelial cells (Polacheck et al., 2019). Needle-based methods

can formmicrochannels with varying diameters (20–400 mm) depending on the geometry of the needle (Lin-

ville et al., 2016; Zhang et al., 2013). Using this approach, researchers investigated monocyte-endothelial

cell interactions by perfusing monocytes throughout an endothelialized channel embedded in polymethyl
iScience 23, 101770, December 18, 2020 9
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siloxane (PDMS) (Zhang et al., 2013). Monocyte attachment increased in channels that were pre-treated

with TNF-a, a pro-inflammatory cytokine that has been shown to facilitate monocyte transmigration by

increasing the expression of surface adhesion proteins in endothelial cells (Sedgwick et al., 2000). Micro-

fluidic microvessel platforms can bemodified to include various ECM components, soluble factors, or addi-

tional cell types to investigate monocyte adhesion and transmigration in disease-specific conditions. For

example, a 3D vascularized microfluidic device containing five channels was deployed to study the effects

of monocytes on cancer cell extravasation (Boussommier-Calleja et al., 2019). The central channel con-

tained a fully vascularized 3D hydrogel, fabricated by cultivating endothelial cells and fibroblasts together

within a 3D fibrin gel. A monocyte suspension was introduced into one of the two reservoirs adjacent to the

hydrogel to create a transient pressure drop and to facilitate monocyte extravasation through the vascular

network. The platform recapitulated multiple hallmarks of transmigration observed in vivo, including endo-

thelial wall permeability and extravasation patterns of distinct monocyte subsets. In particular, this study

reported that inflammatory monocytes had an increased tendency over patrolling monocytes to extrava-

sate the vascular network and differentiate into macrophages, a phenomenon that has been shown to

occur during infection (Shi and Pamer, 2011) and glioma progression (Chen et al, 2017, 2019). Researchers

have begun to incorporate additional cell types, primarily pericytes and astrocytes, into microfluidic de-

signs to fabricate a more realistic BBB model (Brown et al., 2015; Xu et al., 2016). These platforms provide

additional opportunities to investigate immune cell trafficking into the CNS; however, the increased

complexity is accompanied by additional validation and standardization challenges (van der Helm et al.,

2016).

Models of Cancer Invasion. High-grade gliomas are characterized by a rapid and highly invasive growth in

which glioma cells individually or collectively migrate away from the central tumor into the surrounding healthy

brain tissue. Targeting invasion has been proposed as a potential therapeutic strategy for GBM; however, trans-

lational progress has been slow primarily due to an incomplete understanding of the mechanisms driving inva-

sion. Conventional cell migration and invasion assays, such as Boyden and Transwell chambers, are helpful to

understand broad trends in cell migration but are unable to provide detailed information about individual

cell behavior. Researchers have harnessed the power of microfluidics to visualize and identify cancer cell-auton-

omous and microenvironmental factors driving glioma invasion (Lin et al., 2018; Rianna et al., 2020). A previous

study used a 3Dmicrofluidic cell invasion assay to demonstrate that the presence ofmacrophages enhanced the

speed andpersistence of cancer cell invasion through a collagen Imatrix in anMMP-dependent fashion (Li et al.,

2017). Further investigation revealed that macrophage-secreted TNF-a and TGF-b1 synergistically induce nu-

clear translocation of nuclear factor-kB in cancer cells, leading to increased cancer cell MMP-1 expression

and enhanced cancer cell invasion persistence. Macrophage-released TGF-b1 was also shown to promote can-

cer cell invasion speed by upregulating MT1-MMP expression in cancer cells. An engineered 3D pre-metastatic

microfluidic device illustrated a role of macrophage-drivenMMP signaling in facilitating cancer cell invasion (Hy-

unhoKimet al., 2019b).Monocyteswere seeded in amicrochannel layeredwith endothelial cells and surrounded

by a 3D collagen matrix to mimic the process of monocyte extravasation and entry into the surrounding ECM,

which was found to be mediated by MMP-9 (Figure 4). Furthermore, the pre-invaded monocytes and macro-

phages enhanced cancer cell invasion within the collagen matrix by forming tunnel-like structures, termed ‘‘mi-

crotracks,’’ which enabled persistent invasion of subsequent cancer cells. One advantage of this microfluidic

design is the ability to temporally and spatially control the introduction of multiple cell types within a single plat-

form. A similar approach can be taken to investigate macrophage-dependent and independent mechanisms of

glioma cell invasion through brain-relevant matrices, including HA hydrogels.

Models of Tumor Angiogenesis. Angiogenesis, the formation of novel blood vessels from pre-existing

vessels, is indispensable for tumor growth beyond a critical size and has been an ongoing therapeutic

target for solid tumors (Lugano et al., 2020; Viallard and Larrivée, 2017). The ability to precisely control fluid

flow, soluble factor gradients, and cellular compositions has positioned microfluidics as useful in vitro

models to study interactions between glioma cells and blood vessels (Lewis and Gerecht, 2016; Truong

et al., 2020; Wolf et al., 2018). 3D angiogenesis platforms are typically fabricated by seeding endothelial

cells (ECs) into an open vessel-like channel embedded within an ECM-like matrix (Nguyen et al., 2013).

To investigate macrophage-mediated angiogenesis, macrophages can be embedded within the matrix

surrounding the EC channel, seeded within the EC channel, or seeded in an adjacent parallel channel. In

one such study, A 3Dmicrofluidic platform was utilized to investigate the proangiogenic capacity of glioma

TAMs by fabricating two parallel channels embedded within a collagen matrix (Cui et al., 2018). The study

found that co-culturing uncommitted macrophages (M0) with GBM tumorspheres steered macrophage
10 iScience 23, 101770, December 18, 2020
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polarization toward an M2-like phenotype characterized by the secretion of the anti-inflammatory cyto-

kines TGF-b1 and IL-10. To characterize the functional consequences of M2-like TAMs on angiogenesis,

pre-polarized macrophages (M1, M2a, M2b, M2c) were seeded in different locations relative to ECs within

themicrofluidic device (Figure 5). Similar to previous studies, secreted factors from bothM1- andM2-polar-

ized macrophages resulted in increased capillary area and sprouting length of ECs compared with un-

treated controls (Spiller et al., 2014). However, when M1-like macrophages were seeded within the hydro-

gel directly in contact with the ECs, they inhibited angiogenesis, suggesting that the anti-angiogenic

capacity of M1-like macrophages depends on direct macrophage-EC interactions. The study found that

M2-like macrophages promote angiogenesis through soluble secreted factors, primarily TGF-b1, as well

as direct avb3 integrin-dependent EC-macrophage interactions. These findings highlight the possibility

of targeting TAMs to arrest GBM angiogenesis and improve anti-angiogenic therapeutic efficacy.
CONCLUSIONS AND PERSPECTIVES

Although the development of 3D glioma TME models is expanding rapidly (Wolf et al., 2019), the integra-

tion of macrophages and other immune cells in these platforms is still in its infancy (Di Modugno et al.,

2019). Multicellular culture systems are gaining increasing popularity, and when combined with relevant

ECM-like scaffolds, these platforms allow for the investigation of heterotypic cellular interactions in

near-physiological environments. Hydrogels better capture the 3D geometry of a brain tumor than 2D cul-

ture or Transwell assays, but they too lack many of the components found in the TME and therefore are still

relatively simplified model systems. A reductionist approach in developing TME models is useful to mimic

in vivo tumor dynamics while minimizing cost and complexity. However, it remains unclear which minimal

components are needed to recapitulate in vivo mechanisms. Despite great efforts focused on designing

novel scaffolds to mimic various aspects of brain tissue, the majority of models utilize Matrigel or fibrillar

collagen-based matrices. Although commercially available and relatively easy to use, these matrices do

not sufficiently mimic the brain microenvironment and could limit the predictive power of discovery and

screening platforms (Bahlmann et al., 2020; Di Modugno et al., 2019).

Access to patient-derived TAMs is limited; therefore the majority of in vitro studies use primary or immor-

talizedmacrophages to model TAMs. Macrophages can be derived frommultiple sources, most commonly

human peripheral blood mononuclear cells (PBMCs), the leukemic cell line THP-1, murine bone marrow

mononuclear cells, or murine RAW 264.7 cells. Many studies have equated TAMs to M2 macrophages

and thus have generated in vitro TAMs using M2 macrophage polarization protocols, sometimes in the

presence of cancer cell conditioned media (Benner et al., 2019). The field is currently lacking a reliable

and standardized protocol to generate in vitro TAMs, which will likely differ between tumor location, stage,

and grade.

There is growing awareness that in vitromacrophage behavior and response to stimuli may differ between

cells obtained from different sources. Previous studies have reported differences in gene expression pro-

files between mouse and human macrophages after pro-inflammatory (M1) and anti-inflammatory (M2)

activation (Martinez et al., 2013; Schneemann and Schoeden, 2007; Schroder et al., 2012). Furthermore,

there are notable differences between human PBMC-, THP-1-, and iPSC-derived macrophages, although

in a previous study macrophages derived from PBMCs and iPSCs behaved more similarly to one another

than they did to those derived from THP-1 cells (Spiller et al., 2016). Some limitations of PBMC-derived

macrophages include low proliferative capacity, limited accessibility, and donor-to-donor genetic vari-

ability. Although iPSC-derivedmacrophages also contain donor-to-donor variability, they could potentially

yield unlimited numbers of human macrophages and are amenable to genetic perturbation (Gutbier et al.,

2020; Zhang et al., 2015). It is therefore of great importance to consider macrophage source and polariza-

tion protocol when designing experiments and interpreting results from previous studies.

As the field’s understanding of TAM phenotypic complexity and heterogeneity expands, it will be impor-

tant to incorporate these advances in experimental TME models. TAMs in gliomas arise from two popula-

tions, resident microglia and bone-marrow derived macrophages. Although there have been multiple

studies investigating the role of each population in glioma progression, both TAM populations are not

regularly incorporated into a common experimental model. The standard method of characterizing macro-

phage phenotype has primarily relied on the M1/M2 polarization model. Over the years, this nomenclature

has led to an extensive list of cytokines and surface receptors that are generally considered to define M1 or

M2 macrophages. Researchers typically characterize macrophage polarization by selecting a few markers
iScience 23, 101770, December 18, 2020 11



Figure 4. Microfluidic Model of TAM-Mediated Cancer Cell Invasion

(A) Schematic of microfluidic design containing media, cell culture, and hydrogel injection inlets. Inset 1 shows monocyte migration through EC monolayer

and subsequent macrophage differentiation within the collagen hydrogel. Inset 2 shows cancer cell invasion following pre-invaded macrophages.

(B) MDA-MB-231 breast cancer cell invasion speed through collagenous ECM in the absence or presence of pre-invaded macrophages measured every 2 h.

Data represent mean G S.E.M.

(C) Time-lapse images of GFP-tagged cancer cells in the absence (i, top) or presence (ii, bottom) of pre-invaded macrophages (scale bar, 150 mm).

(D) Confocal fluorescence images of collagen fibers (green), F-actin (red), and nuclei (blue) showing cancer cells (white dotted line) in the presence of pre-

invaded macrophages (yellow line). Yellow arrowheads indicate the microtracks generated by macrophages (scale bar, 10 mm). Reprinted with permission

from Hyunho Kim et al., 2019b.
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in each category and assessing their gene and protein expression using standard molecular biology tools

such as quantitative reverse transcription polymerase chain reaction (RT-qPCR), immunocytochemistry, or

enzyme-linked immunosorbent assays (ELISAs). While this approach has historically worked well for assess-

ing M1/M2 polarization in vitro after traditional cytokine-induced activation (LPS + IFN-g, IL-4), macro-

phage polarization in engineered TME models and in vivo may require more extensive characterization.

As a result, future studies should utilize novel high-throughput analysis techniques, including gene set anal-

ysis, RNA-seq, and CyTOF to assess macrophage phenotype. These techniques can also be harnessed to

identify potential ligand-receptor interactions that occur in the TME, which serve as potential therapeutic

targets (Kumar et al., 2018). Retrieving and isolating individual cell populations from 3D scaffold-based

models for downstream analysis is possible but not straightforward. We anticipate that combining sophis-

ticated 3D experimental models with advanced transcriptomic analysis will prove instrumental in eluci-

dating TAM polarization and heterotypic cellular interactions within the TME.

Validation is a critical step in the development of 3D TME models and ensures that in vitro discoveries

generate useful predictions of clinical relevance. Although not yet fully standardized, validation methods

for cell-embedded hydrogel platforms generally include verifying that the matrix properties (stiffness,

composition, porosity) closely mimic that of native tissue, and correlating cell behavior (morphology,

migration, gene/protein expression) with analogous measurements made in murine or human tumors.

Ideally, validation should be performed at multiple time points throughout model development to system-

atically test mechanistic and phenotypic predictions against the in vivo response. Close collaboration
12 iScience 23, 101770, December 18, 2020



Figure 5. Microfluidic Device to Study TAM-Mediated Angiogenesis

(A) Schematic of microfluidic device consisting of two parallel open channels within a collagen hydrogel.

(B) Quantified 3D sprouting length (normalized to untreated ECs) under different EC-macrophage interactions with the

presence of different macrophage subsets. *p < 0.05; Data represent mean G S.E.M.

(C) Representative 3D fluorescent projections of confocal image stack showing distinct 3D EC-macrophage interactions.

Raw 264.7 murine macrophages labeled red and C166 endothelial cells labeled green (scale bar, 200 mm). Reprinted with

permission from Cui et al. (2018).
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between academic researchers, clinicians, and pathologists will prove fruitful in the creation of engineered

models to greatly improve drug discovery and validation.

Scaffold-based platforms provide the opportunity to study cancer and stromal cells within a 3D biomaterial

that partially resembles the dimensionality and mechanics of human tissue; however, these models offer

limited control over the spatial distribution of heterogeneous cell populations at the single-cell level.

Themicroscale dimensions and compartmentalization of microfluidic devices are better suited for multicel-

lular cultures, but some complex microfluidic designs are not well suited for scaffold-based 3D cell culture.

3D bioprinting represents an especially promising and increasingly accessible technology for addressing

these challenges. 3D bioprinting innovates upon 3D printing used in additive manufacturing by employing

living cells, ECM components, biomaterials, and biochemical factors as ‘‘inks’’ to fabricate living, 3D struc-

tures with complex architectures and multiple cell types (Zhang et al., 2016). Although the use of 3D bio-

printing in tumor models has tended to focus on breast cancer (Belgodere et al., 2018; Grolman et al.,

2015), a recent study printed a mini-brain with spatially controlled populations of glioma cells and macro-

phages (Heinrich et al., 2019). The gelatin-based 3D model recapitulated features of TAM recruitment,
iScience 23, 101770, December 18, 2020 13



Box 1. M1/M2 Polarization Model

Macrophage polarization refers to the process by which macrophages adopt distinct functional phenotypes in

response to microenvironmental stimuli (Murray, 2017; Sica and Mantovani, 2012). The M1/M2 polarization model

was first introduced to systematically describe macrophage activation in response to a particular stimulus (Mills et al.,

2000). Since then, the model has evolved to include multiple macrophage subtypes that are distinguished by as-

sessing the gene and protein expression of a relatively standardized list of phenotypic markers (Guilliams and van de

Laar, 2015). In brief, classically activated macrophages, termed M1, arise from stimulation with toll-like receptor li-

gands, such as lipopolysaccharide (LPS), and interferon-g (IFN-g). M1 macrophages secrete pro-inflammatory me-

diators (TNF-a IL-1b, and IL-12), have antigen-presenting and co-stimulatory abilities, and play an instrumental role in

host response to pathogens. M2 macrophages, also known as alternatively activated macrophages, occur after

stimulation with IL-4, IL-10, or IL-13. Alternatively activated macrophages secrete immunosuppressive cytokines (IL-

6, IL-10, TGF-b1) and mediate ECM remodeling and angiogenesis. M2 macrophages are further subdivided into M2a

(type II inflammation, allergy), M2b (immunoregulation), and M2c (immunoregulation, matrix deposition, tissue re-

modeling). With regard to tumor immunity, it is generally thought that M1 macrophages are anti-tumorigenic,

whereas M2 macrophages are pro-tumorigenic (Mantovani, 2014). The M1/M2 paradigm is recognized as a simpli-

fication of macrophage polarization in vivo and its relevance toward understanding macrophage phenotype and

function in homeostasis and disease is controversial (Guilliams and van de Laar, 2015; Nahrendorf and Swirski, 2016;

Sankowski et al., 2019).
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polarization, and induction of GBM invasion, and it demonstrated the potential of harnessingmacrophage-

glioma interactions to enhance therapeutic response. We anticipate that this family of advanced fabrica-

tion techniques will become increasingly useful for recapitulating the 3D TME architecture while accommo-

dating its rich diversity of cell types.
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M., Delneste, Y., Jeannin, P., Hindré, F., and
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