


 

 

 

 

ABSTRACT 

Development of a High-Throughput  

3D Tumor Model for Bone Sarcomas 

by 

Marco Santoro 

Preclinical drug testing commonly relies on the use of two-dimensional (2D) 

cultures, which allow for rapid drug screening in vitro. However, 2D cultures are unable 

to capture the complexity of the native three-dimensional (3D) tumor microenvironment, 

resulting in a lack of correspondence between preclinical data and clinical trial outcomes. 

The establishment of high-throughput 3D models able to describe distinctive aspects of 

the tumor niche would advance our understanding of tumor biology and would allow for 

drug testing in a physiologically relevant setup.  

Along this rationale, this thesis focuses on the development of a high-throughput 

3D tumor model of bone sarcoma based on tissue-engineered polymeric scaffolds in 

combination with a flow perfusion bioreactor. 

First, we investigated the effects of flow perfusion on a 3D culture of Ewing 

sarcoma (ES) cells. We found that increasing levels of flow-derived shear stress 

promoted the secretion of insulin-like growth factor-1 (IGF-1) which, in turn, resulted in 

shear stress-dependent cell sensitivity to the IGF-1 receptor (IGF-1R) blockade, a central 

player in ES progression. 

We then leveraged these findings to culture ES cells on 3D-printed scaffolds under 

flow perfusion conditions. By designing 3D scaffolds with a defined porosity gradient, 

ES cells were exposed to a shear stress gradient that resulted in a gradient in cell 

response. In this way we sought to model variable levels of shear stress present within ES 

tumors due to intratumoral heterogeneity.  

In the final part of this thesis we investigated how the simultaneous presence of 

mesenchymal stem cells (MSCs) and flow perfusion affected drug sensitivity and



iii 

 

 

 

phenotype of ES cells. We showed that the presence of MSCs within the coculture 

induces a progressive inhibition of cell growth and resistance to the IGF-1R blockade, 

highlighting the role of mechanically-sensitive mesodermal stroma on ES drug resistance. 

Overall, in this thesis we present a tissue-engineered tumor model that reliably 

mimics key features of the bone microenvironment, specifically the effects of 

biomechanical stimulation and of tumor-stroma interactions. The model hereby 

developed is amenable to further mechanistic studies on tumor biology and allows for a 

more accurate high-throughput screening of novel drug candidates.  
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

Abstract 

The ability to treat cancer patients is critically dependent upon a robust drug 

discovery pipeline, where potential drug candidates are tested for their efficacy and safety 

before any advancement to clinical trial.
1
 Preclinical drug screening typically relies on 

the use of 2-dimensional (2D) culture systems, which are reproducible, fast, and 

inexpensive. 

Yet, tumor phenotype is dictated by its interaction with the surrounding 3-

dimensional (3D) microenvironment and therefore cannot be suitably described by 2D 

systems, in which cells are grown on culture dishes and deprived of the signaling cues 

present in vivo.
2
 As a result, the use of 2D systems resulted in preclinical findings that 

overstated drug activity when subsequently tested in human clinical trials, therefore 

inaccurately predicting the outcomes of drug development for cancer therapies.
1
 

In light of these shortcomings, several 3D tumor models have been proposed in an 

attempt to describe specific aspects of the tumor microenvironment in vitro. These 

systems have begun to bridge the gap between in vitro and in vivo testing in several 

aspects, such as cell growth,
3
 gene expression pattern,

4
 and chemoresistance.

5
  

Our laboratory is particularly focused on bone sarcomas, and specifically Ewing 

sarcoma (ES), an often-fatal bone affecting mainly adolescents and young adults.
6-8

 We 

have developed a bone tumor model in which ES cells are cultured on electrospun poly(ε-

caprolactone) (PCL)  scaffolds.
9
 These tissue-engineered scaffolds have been shown to 

reliably mimic the bone tumor microarchitecture and result in a more in vivo-like ES 

phenotype compared to 2D cultures with respect to the insulin-like growth factor-1 

receptor (IGF-1R) pathway, a key mediator of ES progression and drug resistance.
7, 9

 

However, additional features are still required in order to mimic in vivo ES biology 

and drug sensitivity. In particular, mechanical stimulation is a fundamental driver of 

tumor progression that has been overlooked thus far. Mechanical stimulation influences
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both tumor cells and the phenotype of non-malignant cells residing in the tumor 

microenvironment, which in turn affects tumor progression and drug resistance.
10

 

Along this rationale, the present thesis seeks to expand our bone tumor model 

previously developed by elucidating the effects of mechanical stimulation and tumor-

stroma interactions on ES drug sensitivity and IGF-1R signaling. The possibility to 

reliably mimic key features of the native tumor, such as biomechanical stimulation and its 

effects on mechanically-sensitive tumor stroma, is expected to advance our understanding 

of ES tumor biology and to improve the fidelity of our system as an in vitro platform for 

preclinical drug screening. 

1.1 Project Overview 

To begin, this thesis provided a background on Ewing sarcoma and on the 

development of 3D tumor models, with emphasis on the models currently used and their 

drawbacks. Specifically, in Chapter 2: we introduced the current state-of-the-art methods 

to fabricate biomimetic ES tumors, encompassing both the surrounding cellular milieu 

and the extracellular matrix (ECM), and suggested potential applications to advance our 

understanding of ES biology, preclinical drug testing, and personalized medicine. 

Next, in Chapter 3: we highlighted how fluid flow is an integral part of the tumor 

microenvironment and how its contribution to cancer progression remained to be fully 

elucidated. We presented the current status in the development of microfluidics as well as 

macroscale tissue-engineered tumor models and discussed the challenges involved in the 

development of perfused tissue-engineered tumor models. 

The remainder of the thesis (Chapters 4-6) elucidated the effects of flow perfusion 

and of tumor-stroma interactions on ES cells in an established 3D bone tumor model for 

in vitro drug screening and for mechanistic studies on tumor biology. The following 

Specific Aims were designed to investigate these hypotheses. 
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1.2 Specific Aim 1: The effects of flow perfusion and flow-derived 

shear stress on ES cell growth, phenotype, and drug response 

In this work, we cultured ES cells on electrospun PCL scaffolds under static or flow 

perfusion conditions according to three different flow rates. ES cells were profiled for 

biomarkers against the IGF-1R pathway and exposed to biological therapeutics against 

this key pathway. To further assess whether drug sensitivity and cell phenotype could be 

ascribed to the variable flow-derived shear stress or to the enhanced mass transport, we 

conducted an additional study, in which ES cells were cultured in static culture or with 

flow perfusion bioreactors under three different medium viscosities while maintaining a 

constant flow rate. To this end, we sought to evaluate the effects of increasing shear 

stress with negligible effects on mass transport under flow perfusion (Chapter 4).
11

 

The information gained from this study was used to design a second experiment, in 

which ES cells were cultured on 3D-printed poly(propylene fumarate) (PPF) scaffolds 

under flow perfusion conditions. In order to model the heterogeneity in mechanical 

stimulation that may arise within the tumor microenvironment,
12

 we cultured ES cells on 

scaffolds with different pore size gradients in order to expose ES cells to different shear 

stress gradients when cultured under flow perfusion (Chapter 5). In this case, ES cells 

were profiled for biomarkers against the IGF-1R pathway and for their proliferation. 
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1.3 Specific Aim 2: Effects of tumor-stroma interactions on ES 

phenotype and drug resistance under flow perfusion conditions  

In the second part of this thesis, we investigated how the simultaneous presence of 

mesenchymal stem cells (MSCs) and flow perfusion affected drug sensitivity and 

phenotype of ES cells cultured on 3D electrospun PCL scaffolds (Chapter 6). MSCs were 

selected as archetypal cells to model mechanically-sensitive mesodermal stroma present 

in ES tumor niche.
13-15

 ES and MSCs were cocultured on electrospun PCL scaffolds 

either under static or flow perfusion conditions. We investigated five different ES:MSC 

ratios as a surrogate to model a wide range of possibilities, from a stroma-rich tumor in 

its early development (low ES:MSC ratio) to a solid ES nodule almost deprived of any 

stromal cell (high ES:MSC ratio).
16

 Flow perfusion conditions and culture conditions 

were selected according to the findings of Specific Aim 1. 
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CHAPTER 2: 3D TISSUE-ENGINEERED MODEL OF 

EWING SARCOMA
1
 

Abstract 

Despite longstanding reliance upon monolayer culture for studying cancer cells, 

and numerous advantages from both a practical and experimental standpoint, a growing 

body of evidence suggests more complex three-dimensional (3D) models are necessary to 

properly mimic many of the critical hallmarks associated with the oncogenesis, 

maintenance and spread of Ewing sarcoma (ES), the second most common pediatric bone 

tumor. And as clinicians increasingly turn to biologically-targeted therapies that exert 

their effects not only on the tumor cells themselves, but also on the surrounding 

extracellular matrix, it is especially important that preclinical models evolve in parallel to 

reliably measure antineoplastic effects and possible mechanisms of de novo and acquired 

drug resistance. Herein, we highlight a number of innovative methods used to fabricate 

biomimetic ES tumors, encompassing both the surrounding cellular milieu and 

extracellular matrix (ECM), and suggest potential applications to advance our 

understanding of ES biology, preclinical drug testing, and personalized medicine.  

                                                 
1
 This chapter was adapted from: Lamhamedi-Cherradi S.E., Santoro M., Ramammoorthy V., 

Menegaz B.A., Bartholomeusz G., Iles L.R., Amin H.M., Livingston A.J., Mikos A.G., Ludwig J.A., “3D 

Tissue-Engineered Model of Ewing Sarcoma,” Adv Drug Deliv Rev, 79-80, 155-171 (2014). 
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2.1 Introduction 

The Ewing’s sarcoma family of tumors (ESFT) is an aggressive form of childhood 

cancer that has historically included classic Ewing sarcoma (ES), Askin tumors, and 

peripheral primitive neuroectodermal tumors (PNET).
17-22

 Though previously considered 

to be distinct clinical entities, given subtle variation in their presenting sites and 

immunophenotype, the World Health Organization now advocates a simplified 

nomenclature using ES to represent the aforementioned tumors, as they consistently have 

a round cell morphology, ubiquitously express CD99, and harbor a near-universal 

pathognomonic chromosomal translocation—affixing the N-terminal EWSR1 gene to a 

C-terminal ETS gene.
23-25

 Although rare in comparison to carcinomas, ES is the second 

most common pediatric bone tumor, presenting in three cases per million.
26

 Racial and 

gender disparities exist; ES is nine times more common in Caucasians than in African 

Americans and slightly more prevalent in males than females with a 6:5 ratio.
27, 28

  

Clinically, ES is an aggressive, rapidly fatal malignancy that can develop in 

osseous and extraskeletal sites and naturally spreads to lung, bones, and bone marrow if 

not rapidly treated.
27-29

 In fact, even in the 60-70% of cases where a solitary site is 

visualized radiographically, micrometastatic disease is presumed to exist within the lung.
6
 

Fortunately, significant strides in multimodality treatment have enhanced the 5-year 

survival rate for those with localized tumors from 10% in the pre-chemotherapy era (prior 

to 1962) to about 75% today.
30

 Yet, for inexplicable reasons, this progress in curing 

patients suffering from localized disease has not extended to those with metastatic or 

rapidly recurrent disease, and less than 30% of these patients will survive.   

In an effort to change that dismal outcome, extensive research has defined key 

oncogenic events responsible for the growth and maintenance of ES. And not 

withstanding the lack of a conclusive cell of origin, experimental evidence suggests that 

ES emanates from a single pluripotent bone marrow-derived mesenchymal stem cell 

(MSC) that has neuroendocrine features and acquires a specific cancer-causing 

chromosomal translocation of the EWSR1 gene.
31-35

 EWSR1-FLI1, which occurs in 85% 

of ES, results from the apposition of the N-terminal portion of the EWS gene (located at 

22q12) with the C-terminal FLI1 gene of the ETS transcription factor family.
36-38

 Less 
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common translocations include EWS-ERG (5-8% of cases) and EWSR1-ETV1,
39, 40

 

EWSR1-EIAF,
41

 and EWSR1-FEV,
42

 which each occur in less than one percent of 

reported cases.
38, 43

 On rare occasions, FUS (one of three TET genes, also known as TLS) 

can occasionally substitute for EWSR1 to produce a FUS-ERG positive ES and non-ETS 

pairings with ZSG or NFATc2 have also been reported—the biological and prognostic 

significance of these exceedingly rare chromosomal aberrations is unknown.
44-46

 

While a number of innovative drugs in preclinical development are aimed squarely 

at the tumorigenic EWS-FLI1 fusion protein, it has been historically quite challenging to 

counteract this transcription factor, given its inaccessibility within the cell nucleus. Thus, 

in addition to conventional chemotherapies that clearly have a prominent role in 

treatment, most biologically targeted therapies used in the treatment of ES either target 

downstream signaling cascades induced by EWS-FLI1 activity (e.g., IGF1/IGF-1R, TGF-

, Hedgehog/GLI, Wnt/-catenin, and Notch/p53) or the surrounding tumor matrix upon 

which ES cells rely.
47-55

 Of particular relevance to the field of tissue-engineering, it is 

these latter targets and/or processes, which include the extracellular matrix (ECM), 

nascent blood vessel formation,
56, 57

 and cell migration or metastasis that will be of 

greatest relevance since they are poorly modeled by traditional monolayer culture 

techniques.
58

 

2D monolayer culture has, of course, been the mainstay for culturing cancer cells 

for at least five decades, and continues to be the predominant method for testing the 

antineoplastic drug candidates in the preclinical setting given its many advantages over 

more complex systems; 2D culture is readily performed using standardized methods, 

promotes rapid cell growth, uses translucent material amenable to monitoring cells in 

real-time using light microscopy, requires no special equipment, and is cost effective. 

Yet, as the cancer biology community can attest, cells placed upon chemically inert flat 

polystyrene tissue-culture plates under conditions of high oxygen tension and abundant 

glucose and nutrients poorly mimic how the cells would otherwise behave within their 

native in vivo host.
59

 As a direct result of this iatrogenic effect on cancer cells grown in 

the laboratory, it is not surprising that the precise protein targets and/or signaling 

cascades being interrogated in high-throughput anti-cancer drug screens are profoundly 

different from what occurs in patients and this, in part, explains why the majority of 
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biologically targeted therapies may succeed in the lab but ultimately fail in the clinic. 

This holds true for traditional cytotoxic chemotherapies as well, since most work by 

indiscriminately damaging DNA in rapidly dividing cells that grow in monolayers at 

unparalleled rates unheard of in even their fastest clinical counterparts. Thus, for all the 

advantages of 2D cell culture for cancer research, if the information gained is 

unreliable—or even worse, leads to expensive clinical trials that provide false hope to 

patients—one must reassess whether this preclinical approach is still appropriate when 

better options exist.
60-63

 

In recognition of the previously described shortfalls inherent in monolayer culture, 

and ease with which ES cells/explants can be cultivated in immunocompromised mice, 

there has been a recent resurgence in the use of mouse models.
64, 65

 In part, this gradual 

pendulum swing back towards tumor xenografts, which had favored in vitro testing over 

the last several decades, is occurring in an attempt to better mimic elements of the tumor 

microenvironment (e.g., tumor associated stroma, growth factors, and abundant 

heterotypic cells). Further, the use of low-passage number explants obtained directly 

from patients—rather than from long-established cell lines—appears to reduce 

phenotypic drift from corresponding human tumors and helps to preserve surrounding 

tumor-associated architecture.
66

 

Despite the advantages of these so-called patient-derived tumor explants (PDX), 

they are not without their own challenges: (i) xenografts can still behave differently when 

placed into a murine host, especially in subsequent generations of engraftment where 

mouse tissue has replaced the human tumor-associated stroma; (ii) monitoring can be 

difficult, particularly for orthotopic locations; (iii) specialized surgical skills are required; 

and (iv) engraftment rates are usually less than 75%. Additionally, because xenografts are 

placed into immunocompromised mice devoid of a functioning human immune system, it 

is all but impossible to use them to evaluate the growing list of immunomodulatory 

drugs, such as checkpoint inhibitors, gaining increased utility in the clinic. Last, PDX 

models are costly to generate since they require expensive core-needle or open biopsies 

of human tumors and, subsequently, incur substantial labor costs to perform drug testing. 
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Table 2:1. Methods used for ex vivo culture of ES cells. 

 Patient PDX 3D scaffolds MCTS 2D 

Complexity Organism Xenograft Organ/tissue Multicellular 

aggregate 

Cellular 

Substrate NA Orthotopic/ 

heterothopic 

Synthetic fibers Biological gels Plastic/glass 

Cell type NA Homotypic/ 

heterotypic 

Homotypic/ 

heterotypic 

Homotypic/ 

heterotypic 

Homotypic 

Tumor niche Physiologic Chimeric: 

animal/human 

Yes Limited No 

Biology studies Limited Yes 

(costly) 

Yes 

(specialized techniques) 

Limited No 

Preclinical drug testing 

(correlation with human 

trials) 

NA High 

(low throughput) 

Intermediate 

(intermediate throughput) 

Intermediate 

(high throughput) 

Low 

(high throughput) 

Biomarker development Yes Yes Unknown No No 

Personalized medicine 

(CLIA-certified) 

Yes Yes No No No 
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Overall, challenges associated with current 2D and xenograft tumor models have 

motivated researchers to develop innovative ex vivo 3D cell culture systems that provide 

a more physiologically relevant cellular environment that meets the needs of the basic 

science and clinical research community (Table  2:1).
9, 67

 Prominent examples include the 

culture of cells in relatively simple spheroids,
68

 pellet cultures,
69

 or cell-matrix 

interactions (using protein gels or synthetic polymer scaffolds).
70-72

 More complex 3D 

cancer models that rely upon co-culture or hybrid culture systems have included 

encapsulated protein gels seeded with multiple cell types,
73

 hybrid methods with 3D 

scaffolds layered upon 2D monolayers,
74

 and heterotypic cell populations grown as tumor 

spheroids.
75

 Many of the strategies developed originally for tissue-regenerative purposes 

have recently been adapted for the purpose of modeling human tumors in the preclinical 

setting, and the increased control of tumor microenvironment has revealed significant 

advantages over 2D and xenograft culture. 

 

 

Figure 2:1. Principal components and key cell effectors present in the tumor 

microenvironment. 

(A) Principal components of the tumor microenvironment that affect cell behavior. 

Signaling factors include ECM, GFs, etc. Biomechanical forces include 3D architecture 

and mechanical loading. Hypoxia, pH, nutrients and stress affect malignant cell 

phenotype. (B) Key cell effectors in tumor microenvironment. Abbreviations: GF, growth 

factor; ECM, extracellular matrix; MMPs, metalloproteinases; IGF-1, insulin growth 

factor 1; IGF-1R, insulin growth factor 1-receptor; FAD, focal adhesion kinase; PI3K, 

phosphatidylinositide 3-kinases; ATP, Adenosine triphosphate; mTOR, mammalian 

target of rapamycin; NHE-Flux, sodium-proton exchanger; HIF-1, hypoxia inducible 

actor-1; ROS, reactive oxygen species; and ICAM, intercellular adhesion molecule 1. 
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In fact, it is this ability for tissue-engineered systems to devolve complex 

microenvironmental themes (e.g., signaling molecules, biomechanical forces, and 

metabolic factors) from poorly controlled native/self-organizing cell aggregates that 

makes their use so appealing. As shown in Figure  2:1, each component of a tumor’s 

microenvironmental niche can be varied experimentally to determine the relative impact 

on the cancer cell. 

3D culture, for example, can be designed to resemble the in vivo malignancy’s 

shape and environment, which in turn, can influence the behavior and gene expression of 

the cell, as has been demonstrated in a colorectal cancer model.
76

 Further, by 

manipulating not only the 3D architecture itself, but also the heterotypic cell composition, 

one can selectively reintroduce key interactions between tumor cells and surrounding 

stromal cells within an in vivo-like human tumor microenvironment. By creating a more 

biomimetic 3D environment of cancer, these 3D in vitro models provide important 

alternatives to both 2D culture and in vivo models by, (i) delivering the applicable matrix 

constituents in a 3D configuration found clinically, (ii) co-culturing cancer cells, 

endothelial cells and other stromal associated cells in spatially adequate manner, (iii) 

examining and adjusting hypoxia to mimic levels found in native in vivo tumor 

environment and (iv) censoring the release of angiogenic factors by cancer cells in 

response to hypoxia.  

As we delve more deeply into the steady rise of tissue-engineered tumors, and 

highlight both current applications and future directions they may take in helping to 

advance our collective understanding of tumor behavior, we take care to distinguish a 

cancer cell’s innate behavior to self-organize (i.e., to form spheroids and other cell 

aggregates) from their capacity to form complex 3D relationships upon exogenous non-

biologically derived tissue-engineered substratum. Though this chapter highlights the role 

of tissue-engineered models of ES, we acknowledge the relatively rarity of this bone 

cancer and, therefore, suspect the concepts presented herein will find more broad spread 

utility as they relate to other sarcoma subtypes or carcinomas that metastasize to bone or 

lung. 
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2.2 Tumor structures and ECM generation intrinsic to the cancer cells 

2.2.1 Tumor Spheroids 

Multicellular tumor spheroids (MCTS) are spherical aggregates of tumor cells that 

autonomously form when cultured in non-adherent substrates that are devoid of requisite 

ECM or growth factors. Since their discovery, MCTS have been demonstrated to more 

closely resemble the phenotypic behavior of human tumor tissues and, for that reason, 

have been used extensively to model key elements of malignant tumor behavior.
77

 

Among numerous examples, they have proven useful to study avascular tumor growth, 

intracellular tumor hypoxia, and the effects of cell-ECM communication upon drug 

sensitivity. Within this subsection, we discuss common methods of spheroid formation, 

highlight their phenotypic resemblance to human tumors, and describe real-world 

applications that are helping to decipher the complex biology of ES and cancer more 

broadly.   

Since Inch et al. first described the formation of nodular carcinoma MCTS in 1970 

using the spinner flask method, the number of methods capable of yielding MCTS has 

grown significantly and generally fall into two broad categories.
78, 79

 The first group 

relies upon equipment that induces turbulence into the cell culture medium and, thereby, 

prevents cells from adhering to solid surfaces. In contrast, the second group achieves a 

similar effect simply by altering the extracellular environment to make it incompatible 

with cell-ECM adhesion. Prominent examples of the former ‘mechanical’ group include 

the original spinner flask and rotary wall vessel reactors (Figure  2:2A), which suspend 

cells between rotating cylindrical walls to that mimic some elements microgravity.
67, 80

 

Whereas the latter ‘intrinsically non-adherent group’ places cell suspensions onto non-

adherent micro-etched nano-culture plates (NCP) (Figure  2:2B) or agarose coated Petri 

dishes (Figure  2:2C) that prevent cell binding. Newer production techniques include 

hanging drops (Figure  2:2D) and microfluidic chips,
81-83

 which can produce more 

uniform spheroid size at the risk of being more specialized and difficult to master. 
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Figure 2:2. Multicellular tumor spheroids in vitro production techniques of ES. 

(A) Spinner flask spheroid cultures. (B) Micro-etched nano-cultures. (C) Biologically 

(e.g. collagen gel) derived 3Dmatrices cultures. (D) ES hanging-drop cultures. (D1) ES 

cell line counting using Beckman Coulter Vi-Cell XR Cell Viability Analyzer. (D2) 20 

μL of cell suspension (100 ES cells) plated on the lid of a Greiner 96-well plate. (D3) The 

lid was placed back on the 96-well plate containing 100 μL of RPMI (cell culture 

complete medium) and carefully placed in the incubator for 72 h. (D4) The lids were 

removed and 300 μL of RPMI was added to a Nano-Culture® Plate (Scivax NCP-LS) to 

allow the drop to come in contact with the media, reincubate for 1 h and remove 100 μL. 

(D5) Spheroids were imaged using the GE InCell Analyzer 6000. (D6) Images of ES 

spheroids cells at 2 × 10
4
 cells/mL and 5 × 10

4
 cells/mL. 

 

 

Regardless of the chosen method to produce them, MCTS evolve from 

disorganized cell aggregates in the first week into highly symmetric spherical structures 

by two weeks that have distinct zones: (i) a central core of necrotic cells or ones 

undergoing apoptosis, (ii) an inner layer of non-proliferating quiescent cells, and (iii) an 

outer nutrient-rich layer of proliferating cells capable of interacting, albeit in a limited 

fashion, with surrounding ECM.
68, 77

 Though subtle cell-type dependent differences in 

morphology exist, ranging from simple spheroids uniformly coated in ECM to more 

intricate structures that have glandular structures resembling ductal tissues, as a class 

MCTS appear to better mimic human tumors than 2D monolayers with respect to 

proteomic and genomic expression profiles.
84-92

 Lawlor et al., for example, have noted 

that growth rates, cell morphology, cell-cell junctions, and kinase activation of ES 
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spheroids closely mimic those of primary Ewing tumors.
93

 Further, given their contrasts 

in pH, oxygen tension, and proliferative rates that exist between the inner and outer 

layers, MCTS can be used to determine layer-dependent antineoplastic effects that 

couldn’t otherwise be observed using traditional monolayers.
68, 94-98

 

As such, ES spheroids have been used extensively to judge the effectiveness of 

chemotherapeutic and biologically targeted drugs (Figure  2:3),
67, 80, 93, 99, 100

 to study the 

impact of cell signaling pathways that regulate ES cell proliferation,
67, 93, 101

 to investigate 

the effects of tumor architecture upon immune cell function, and to identify suitable 

antigens for immunotherapeutic strategies.
102, 103

 ES MCTS have also proven useful for 

modeling micrometastatic disease, contributed to our understanding of anoikis (a form of 

cell death that results from lost ECM contact),
67, 101

 and served as a platform to evaluate 

heterotypic interactions between tumor cells and vascular progenitor cells responsible for 

angiogenesis.
92

 

 

 

Figure 2:3. Chemotherapeutic and biologically targeted drug sensitivity testing ES 

monolayers and spheroids. 

ES were cultured as both monolayers and spheroids in the presence of chemotherapeutic 

and biologically targeted drugs. Cell viability data are shown. (A) Response to 

doxorubicin (CID: 31703) (B) Response to fully humanized monoclonal antibody R1507 

antihuman IGF-1R (Roche). 
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2.2.2 Tumor organoids  

Though MCTS grown in nonadherent conditions can reproduce some features of 

human tissues and/or tumors (e.g. oxygen and drug diffusional gradients, cell-cell 

contact, etc.) their spherical self-organized structure cannot be said to truly mimic the 

more complex patterns observed in vivo. Surprisingly, a flurry of research reports 

published since 2013 have revealed an enormous untapped potential for noncancerous 

human embryonic pluripotent stem cells (PSC) and/or induced pluripotent stem cells 

(iPSC) to self-organize into lab-grown organ-like structures (i.e. organoids) when coaxed 

to do so by external spatiotemporal perturbation using nutrients, growth factors, or rarely 

heterotopic cells. Prominent examples include ex vivo models of embryonic human 

brain,
104

 functional liver buds that resemble human liver,
105

 and ureteric buds that 

differentiated towards the renal collecting system (Table  2:2).
106

 Additionally, a lung 

organoid has been described that forms beneath the renal capsule of mice in vivo.
107

 That 

human PSCs intrinsically retain the capacity to self-assemble into spatially-complex 

higher-ordered organ-like structures ex vivo is truly amazing and suggests the genomic or 

epigenetic information contained within the PSCs is enough to drive organ-level 

differentiation if augmented by the ‘correct’ microenvironmental cues. 

Whilst the referenced organoid models could revolutionize the tissue engineering 

and regenerative medicine fields by restoring or replacing diseased organs, we foresee 

novel opportunities to use organoids to study bidirectional regulatory feedback that exists 

between tumors and their supporting microenvironmental ECM. Among just a few of the 

examples, one could imagine an ex vivo study of organ-specific malignancies (i.e. brain 

cancer, colon cancer, etc.) using surrogate organoids that have been corrupted by site 

directed mutagenesis or less-specific radiation-induced genomic damage to produce 

tumors. Resulting 3D tissue/tumor hybrids could then be used to screen promising drug 

candidates, to study metastasis to and from the organoid, and to determine stromal 

growth factors necessary for tumor maintenance. 
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Table 2:2. Organoids used to study normal physiology and diseases. 

Organoid type Disease modeling Cell type Scaffold type Bioreactor Factors/nutrients 

Brain Microcephaly hESC, hPSC Matrigel Spinning hbFGF, RA 

Liver Cirrhosis iPSC-LB, iPS-Hes, 

HUVECs, hMSC 

Matrigel/collagen IV NA hbFGF, hBMP4, HGF, 

oncostatin-M 

Kidney Polycystic kidneys hESC, iPSC Matrigel coated plate NA BMP4, FGF2, RA, 

activin A, BMP2 

Eye (retinal) Degenerative 

diseases 

hESC, hiPSC Laminin coated dishes NA BMP4, WNT3a 

Intestinal Gut defects, IBD, 

transplantation, colon 

rectal cancer 

hESC, iPSC, colorectal 

tumor cells 

Matrigel, 

Collagen coated dishes 

NA FGF4, WNT3a, activin 

A, R-spondin-1, 
noggin, EGF, bFGF 

Lung Lung cancer AEC, E14.5 lung 

single-cell suspension 

in vivo kidney capsule NA NA 

Abbreviations: IBD, inflammatory bowel disease; hESC, human embryonic stem cells; hPSC, human pluripotent stem cells; iPSC-LB, 

induced pluripotent stem cells-liver buds; iPSC-Hes, induced pluripotent stem cells-hepatic endoderm cells, HUVECs, human 

umbilical vein endothelial cells; hMSCs, human mesenchymal stem cells; hbFGF, human basic fibroblast growth factor, hBMP4, 

human bone morphogenetic protein 4; HGF, human growth factor; FGF2, fibroblast growth factor 2; RA, retinoic acid; BMP2, Bone 

morphogenetic protein 2; Wnt3a, wingless-type MMTV integration site family member 3A; FGF4, fibroblast growth factor 4; EGF, 

endothelial growth factor; and AEC, alveolar epithelial cells. 
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2.2.3 Biologically derived 3D substrates  

Despite the advantage spheroids and organoids have over their 2D counterparts, it 

can be challenging to model their interaction with surrounding ECM, as most are devoid 

of supporting cells (endothelial cells, fibroblasts, etc.) or soluble growth factors. In an 

attempt to overcome those limitations, 3D models of ES have integrated naturally 

occurring substrates derived from human tumors, elements of the basement membrane, 

and/or gels rich in collagen or laminin.
35, 108-111

 By adding back key elements of the 

surrounding ECM, one can also invoke membrane-bound integrin signaling and, thereby, 

activate a diverse array of downstream signaling cascades including those responsible for 

angiogenesis,
108, 109, 112

 cancer cell motility,
110, 113

 and drug sensitivity.
114, 115

  

Of those mentioned above, collagen-supplemented 3D matrices predominate and 

have been used extensively in several models of metastasis and cancer cell migration that 

require interaction between cancer cells and physiological cross-linked networks of 

collagen.
116-120

 Collagen 3D matrices can be reproducibly manufactured and modified by 

a number of factors including their source, crosslinking chemistry, pH, temperature, and 

monomer concentration without affecting their microstructure. However, minor changes 

in these factors can significantly alter the resulting matrices and lead to inconsistent 

results from one laboratory to the next. To minimize these environmental variations and 

reduce one’s reliance upon ill-defined biological derivatives that can lead to 

irreproducible results, an attractive alternative is to fabricate the tumor niche directly.
121

 

2.3 Engineering the tumor niche  

The tumor niche, i.e. local microenvironment composed of stromal cells and ECM, 

plays a well-recognized role in cancer development.
122-124

 And just as the niche can 

influence malignant cells, tumor cells can alter the physical, biochemical, and 

biomechanical properties of their surroundings to reinforce their malignant phenotype. 

125-130
 The resulting dysregulated ECM can promote cancer progression by facilitating 

malignant transformation, local tissue invasion, and subsequent metastasis.
131
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Additionally, tumor-induced anomalies in the ECM can alter the behavior of stromal cells 

and lead to angiogenesis and inflammation that generates a tumorigenic 

microenvironment.
132-148

 An in-depth understanding of the dynamic interplay between a 

tumor and the niche in which it’s found will be critical in the effort to develop innovative 

antineoplastic therapies that act upon the tumor niche and deprive tumors of oncogenic 

stimuli. 

As a method to delineate the most important interactions between a cancer and its 

tumor-associated microenvironment, particularly ones that profoundly influence a cancer 

cell’s response to biologically targeted therapy, our laboratory has adapted methods 

normally employed in the field of regenerative medicine.
9
 Surprisingly, the simple 

transfer of ES cells from a monolayer to 3D scaffold resulted in striking changes in ES 

cell morphology, behavior, growth kinetics, and sensitivity to antineoplastic drugs. 

Though we have taken just the first few steps to understand how the tissue-engineered 

scaffolds achieved those profound effects, we anticipate a tissue-engineered bone tumor 

niche will better mimic human ES tumors and retain many of the advantages inherent in 

ex vivo preclinical cancer models.
149-152

  

2.3.1 Tissue-engineered 3D scaffolds 

As applied to oncology research, the main purpose of tissue-engineered 3D 

scaffolds is to recapitulate essential architectural, mechanical, and biochemical elements 

of the tumor microenvironment in a way that promotes tumor cells to behave as they 

naturally would if present within a human tumor.
153-157

 Also, the tissue-engineered 3D 

scaffolds should support physiological exchange of nutrients, oxygen, and metabolic 

waste byproducts, and ideally be compatible with standard experimental techniques (e.g. 

microscopy, immunohistochemistry, cell proliferation assays). While no scaffold material 

achieve all of those traits, several have proven useful for oncology research.
158

 

Defined generically as three-dimensional solid or porous biomaterials conducive 

for cell growth, the scaffolds can be native or synthetic, permanent or biodegradable, and 

can vary by other traits, such as porosity or surface functionality that influence their 

appropriateness for specific preclinical models (Table  2:3). 
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Table 2:3. Methods, factors and biomedical application of scaffolds. 

Method Examples Polymers Properties Application 

Biodegradable porous scaffold: 

polymeric porous scaffolds with 

homogenous network 

Casting, leaching, 

foaming methods 

PLLA, PLGA, 

PDLLA, collagen, 

Controlled structure 

and production 

Drug delivery, 

bone and cartilage 

tissue engineering 

Fibrous scaffolds: 

mimicking the architecture of natural 

human tissue at the nanometer scale (nano, 

micro and nonwoven fiber) 

Electrospinning, 

self-assembly, 

phase-separation 

PCL, PGA, PLA, 

PLGA 

Biomechanical and 

biocompatible high 

surface area 

Tissue 

engineering, drug 

delivery and 

wound healing 

Hydrogel scaffold: 

shape-retentive polymeric network 

swollen with a high percentage of water 

Microfluidics, 

micromolding, 

photolithography, 

emulsification 

PGS, PEG, PDMS, 

silicon, PMMA, 

HA,  alginate, 

PAA, fibronectin, 

chitosan 

collagen, gelatin 

Biological, 

mechanical and 

physical complexity 

of structure, shape, 

and size 

Microdevices, 

biochips, cell-

based 

microreactors 

Microsphere scaffold: 

prepared from a large variety of 

biodegradable materials, enabling easy 

control of porosity and pore 

interconnection 

Thermal induction, 

particle 

aggregation, 

solvent 

evaporation, 

freezing & drying,  

PEG, PLLA, 

chitosan, HAP, 

PLGA, collagen, 

Highly porous for 

cell transplant, 

mechanical stability, 

high cellular density, 

durable and flexible 

structure 

Bone tissue 

engineering 
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(continued) 

 

Method Examples Polymers Properties Application 

Ceramic scaffold: useful due to their 

similarity to bone mineral & their 

osteoconductivity and 

biocompatibility 

Sponge replication 

calcium phosphate 

coating 

TCP, BCP, PU 

sponge, calcium 

phosphate, 

PLGA, PS, PP, 

collagens, silk 

and hair fibers 

Enhanced 

biocompatibility and 

bioreactivity 

Bone tissue 

engineering and 

orthopedic 

application 

Functional scaffold: 

delivering of substances inducing 

cell growth 

Growth factors, 

hormones and ligands 

release 

Alginate, 

gelatin, 

collagens, fibrin, 

PLGA, PLA 

Variable structure: 

hydrogels, 

membranes, 

microspheres, foams 

Endothelium 

interaction, tumor 

vascular interactions, 

bone regeneration 

and wound healing 

Acellular scaffold: 

elimination of the cellular 

composition without  affecting the 

composition, mechanical integrity 

and biological activities of the 

remained ECM  

Decellularization Biological 

organs (e.g. 

lung) 

Retain biomechanical 

properties, anatomical 

structure and native 

ECM 

Tissue engineering 
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(continued) 

 

Method Examples Polymers Properties Application 

“Tissue scaffold”: 

assist in the production of ECM, 

and possible integration with in 

vivo tissue growth 

Robotic and automated 

deposition of cells in 

3D space 

Tubular collagen 

gel sodium 

alginate 

Layers deposition of 

ECM or cells, 

multicellular 

composition 

reconstituting tissues 

Printing 3D organs, 

acellular polymeric 

scaffolds and biochips 

development 

Abbreviations: PLLA, polylactide; PLGA, poly lactic-co-glycolic acid; PDLLA, poly-D,L-lactide; PCL, Polycaprolactone; PGA, 

polyglycolide; PLA, polylactide; PGS, poly glycerol-sebacate; PEG, Poly ethylene glycol; PDMS, Polydimethylsiloxane; PMMA, 

polymethylmethacrylate; HA, hyaluronic acid; PAA, Poly acrylic acid; TCP, Tricalcium phosphate; BCP, Biphasic Calcium 

Phosphate; PU, Polyurethane; PS, Polystyrene; and PP, Polypropylene. 
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Moreover, the methods used for fibrous scaffold fabrication can also determine the 

level of control scientists have over scaffold architecture, with more disordered weaving, 

knitting, braiding, and electrospinning techniques on one end of the spectrum (defined in 

Table  2:4), and well-ordered computer controlled 3D-printed scaffolds on the other. 

Though less common, scaffolds intended for implantation into animal models must also 

be safe to the host and biocompatible with the site in which it is inserted. Though a 

comprehensive discussion of the myriad scaffolds types is beyond the scope of this 

publication, several reviews cover this topic extensively.
159, 160

 

 

 

Table 2:4. Fibrous scaffold fabrication methods. 

Method Definition 

Electrospinning 

   

Fibers are drawn under an applied electric 

field and deposited on a surface forming 

a fibrous scaffold 

Knitting 

   

Fibers are connected in series of loops 

Braiding 

   

Fibers are braided by intertwining 

three or more fiber strands 

Weaving 

   

Fibers are weaved by interlacing warp 

and weft fibers in perpendicular directions 
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Naturally, given this wide assortment of scaffold options, several have proven value 

in culturing malignant tumors. This includes poly(ε-caprolactone) (PCL), polylactide 

(PLA), polyglycolide (PGA), and co-polymers (PLGA: poly lactic-co-glycolic acid), 

which are biodegradable and able to form various structures such as fibers, mesh, 

sponges (Table  2:5).
161, 162

 Cancer cell lines have been shown to adhere and grow on 

these synthetic scaffolds and appear capable of forming 3D structures that are 

morphologically and histologically similar to in vivo tumors.
9, 163-165

 Our own laboratory 

has employed electrospun PCL as the preferred biomaterial to model the bone niche and 

found it useful to study ES cell growth kinetics, drug sensitivity, and mechanisms of 

acquired drug resistance.
9
 In our hands, cells attached to the PCL fibers and proliferated 

throughout the uppermost portion of the scaffolds, reaching a maximum cell number of 

about 300,000 cells/scaffold and depth of 150m. 

Although the parameters we selected to culture ES within PCL scaffolds would 

almost certainly need to be adapted if used to model other sarcoma subtypes, this study 

provides proof of concept that ES cells can attach and grow on unmodified microfiber 

scaffolds that lack ancillary bioactive moieties (Figure  2:4). It also brings to light several 

common findings we have encountered when growing osteosarcoma and ES cells within 

3D PCL scaffolds. First, when grown in static culture ES cells eventually reach a 

maximal cell number and depth of penetration, with preferential growth in the uppermost 

section that is well oxygenated and more accessible to nutrients.
166-171

 Under static 

conditions, oxygen and nutrient levels drop dramatically as distance from the scaffold 

surface increases, and viable cell growth is often limited to only about 200 m.
172, 173

 

After micropipetting ES cells onto 3D PCL scaffolds, they start to proliferate and 

eventually migrate throughout this oxygenated zone until a maximum density is reached. 

More deeply seeded cells within the scaffold will be under metabolic stress and exhibit 

slower proliferation rates. 
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Figure 3. Bioengineered 3D PCL scaffold model of ES. (A) ES cell 
proliferation on PCL microfiber scaffolds in static culture at two different 
seeding densities. High = 250,000 cells/scaffold, Low = 25,000 cells/

scaffold. (B and C) Light micrographs of scaffold vertical cross-sections at 
day 16 of culture after H&E stain. (B) Low seeding density, (C) High seeding 

density. (Scale bar = 200 µm). 
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Table 2:5. Properties of polymers used for bioenginereed substrates.  

Polymer Biological activity Biodegradation rate 

(months) 

Biomechanical properties Area of application 

PGA Inert: anticoagulant, antiviral 

and plasma cleaning 

6-12 Compressive and flexible 

tensile strength 339-394 MPa 

Tissue engineering and 

orthopedics 

PLLA Inert: improvement of tensile 

and suture, injectable form 

>24 Tensile modulus 1.2-16 GPa Orthopedic and HIV 

infection 

PLDLA Inert: stimulate regeneration 

of the whole meniscus 

12-16 Tensile modulus 1.9-2.4 GPa Orthopedic 

PCL Inert: bone and cartilage 

repair 

>24 Compressive and modulable 

tensile modulus up to 340-

360 GPa 

Suture coating, dental and 

orthopedic implants 

PEU Inert: bio- and blood-

compatible materials 

1-2 Tunable 5-40 MPa Cardiovascular devices, 

artificial organs, tissue 

replacement, and in vivo 

restoration of body joints 
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(continued) 

 

Polymer Biological activity Biodegradation rate 

(months) 

Biomechanical properties Area of application 

HA Inert: angiogenesis, vehicle for 

osteogenesis, osteoconductive 

1-2 Tensile strength 40-100 

MPa, Bend strength 20-80 

MPa, Compressive 

strength 100-900 MPa 

Bone graft 

PLGA Inert: delivery of small 

molecules, proteins, and other 

macromolecules in commercial 

and research application 

1-12 Compressive and strength 

highly tunable  

Drug delivery vehicle 

and tissue engineering 

PLGA-collagen Active: transdermal delivery 1-12 Compressive and strength Skin tissue engineering, 

bone substitutes, and 

artificial blood vessels 

and valves 

Collagen Active: nanoparticles for gene 

delivery and basic matrices for 

cell culture systems 

Hours elastic modulus of native 

fibrils around 9 GPa 

Gel formulation with 

liposomes for sustained 

drug delivery 

Abbreviations: PGA, polyglycolide; PLLA, polylactide; PLDLA, poly-L/D-lactide; PCL, polycaprolactone; PEU, polyesterurethanes; 

HA, hyaluronic acid; and PLGA, poly lactic-co-glycolic acid. 
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Figure 2:4. Scanning electron micrographs (SEM) of PCL microfiber scaffolds. 

(A) SEM before cell seeding, (B) after 2 days in static ES cell culture, and (C&D) after 

24 days in static ES cell culture. After 24 days of static culture, ES cells exhibit 

significant 3D cell–cell and cell–matrix contacts. 

 

 

As cell number and ECM deposition increases, uneven distribution of nutrients, 

oxygen, and metabolic waste by-products can emerge even in the uppermost 200 m of 

the scaffolds. This, in turn, promotes cell apoptosis/death within unfavorable pockets 

within the scaffold – a problem exacerbated by the high metabolic demands of cancer 

cells.
174-176

 As previously reported, diffusion gradients within tumor spheroids have been 

shown to produce this type of varied cell structure and are widely used to study the 

growth kinetics and hypoxic effects of tumor cells present within avascular tumor micro-

regions within irregular tumor vasculature.
85, 177, 178

 When grown under static growth 

conditions, ES impregnated PCL scaffolds could, therefore, equally serve to mimic the 

varied stress and oxygenation gradients experienced by ES tumors.  

A second notable finding in our scaffold-based model of ES was that cell 

proliferation within PCL scaffolds more closely approximated the growth kinetics of 

human tumor xenografts, which were both significantly less than monolayer cultures.
9
 As 
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expected, since the majority of cytotoxic chemotherapies act in common upon cells 

undergoing DNA synthesis or cell division (i.e., actively progressing through the cell 

cycle), the faster mean doubling time of ES cells cultured as monolayers (24 hours) tends 

to overstate the true clinical activity later determined if/when a drug reaches the clinic.
179

 

Thus, if for no other reason than accurately modeling antineoplastic activity in the 

preclinical setting, scaffold-based cell culture appears to be advantageous over 

monolayer-based options.
180

 

In actuality, however, scaffold culture not only affects the proliferative rate but also 

profoundly impacts the ES morphology, internal signaling patterns, and oftentimes the 

response to biologically targeted therapies that have become increasingly common for the 

treatment of all cancer types. Illustrating this fact, our laboratory confirmed that ES cells 

acquire an in vivo-like round cell morphology when they are placed within PCL scaffolds 

and continue to express immunohistochemical biomarkers normally expressed by human 

ES tumors (CD99
+
, IGF-1R

+
, keratin

-
, and SMA

-
).

9
 Though more extensive testing is 

required in other pathways, the proteomic expression profiles along the IGF-

1R/PI3K/mTOR signaling pathway, as measured by Western blotting and flow 

cytometry, would suggest that 3D PCL scaffolds and murine xenografts can reliably 

mimic critical signaling cascades of known importance in human ES tumors, a finding 

also observed in breast cancer cells grown in 3D cultures.
181

 Taken together, an 

engineered ES tumor model reliant upon electrospun PCL fibers scaffolds appears to 

adequately mimic the morphology, growth kinetics, and protein expression profile of 

human tumors. Ultimately, one of the most important questions to be resolved is whether 

the 3D model shares enough fidelity with its human counterpart to advocate its use in a 

preclinical high-throughput drug-testing platform. 

2.3.2 Exogenously derived ECM that supplements tissue-engineered scaffolds 

Though the aforementioned experience culturing ES cells as spheroids or 3D 

scaffolds was limited to growth upon unmodified surfaces, they serve to lay the 

groundwork in our understanding of how ES and other cancerous cell types intrinsically 

interact with a spatially complex biologically inert microenvironment. As these models 

fail to adequately represent the richer complexity of human biology of proven importance 
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for cancer growth, invasion, and metastasis the next challenge would be to add back key 

components of the ECM to inert scaffolds and/or employ decellularized biological tissues 

devoid of cells to isolate the specific effects induced by the residual ECM.
149, 182-188

  

With respect to the former approach, in which biological ECM supplements the 

tissue-engineered microenvironment, both Matrigel (a poorly defined gelatinous complex 

of proteins derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells) and 

peptides rich in Arginine-Glycine-Aspartic acid (RGD) motifs have been widely reported 

to affect cell behavior and alter cell self-organization. Matrigel, for example, can induce 

interconnected capillary-like networks of endothelial cells that would not otherwise form 

in monolayer culture and, interestingly, ES-secreted VEGF165 enhances this process. As a 

specific recognition site of integrins for their respective ligands, RGD is a ubiquitous 

biomimetic peptide present within plasma and ECM that is capable of promoting cell 

motility and stimulating adhesion between tumor cells and their supporting stromal cells 

and/or ECM. A number of excellent publications exist that expand on the important roles 

Matrigel and RGD motifs play in the tumor microenvironment.
189-191

  

With respect to ES and the other sarcoma subtypes, little is known about the ex vivo 

cell-derived ECM and this inquiry remains a burgeoning avenue of investigation. Several 

reports have described the composition of fibronectin, laminin, and collagen in ES cell 

lines and/or clinical samples.
192-194

 Vijayakumar et al., for example, demonstrated low 

levels of beta-catenin (Wnt-pathway) in monolayer ES cultures.
195

 Others have reported 

ECM/scaffold-related effects of the E-cadherin expression, with high expression by ES 

cells grown within scaffolds, intermediate expression in spheroids, and low expression in 

monolayer cultures.
67

 Since E-cadherin-dependent co-expression of ErbB4 in ES 

spheroids appears to up regulate the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, 

and secondarily resistance to anoikis and cytotoxic chemotherapy, it is intriguing whether 

a similar phenomenon is occurring in our 3D PCL-based scaffold architecture.
196

 ECM 

deposition by human tumors can clearly induces an adverse autocrine effect that 

promotes malignant cell invasion and metastasis. Thus, the ability to mimic this 

tumorigenic regulatory loop in ex vivo models of the tumor microenvironment may 

advance our understanding of dynamic interplay that occurs between tumors and their 

http://en.wikipedia.org/wiki/Sarcoma
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surrounding ECM, and potentially aid in the development of drugs that target the tumor 

microenvironment.
197, 198

 

Accurately isolating the effects of tumor-associated ECM from the effects of 

surrounding stromal cells would be nearly impossible using conventional 2D or xenograft 

preclinical models but can readily be accomplished in tissue-engineered systems. 

Decellularized connective tissues, usually obtained after perfusion with detergents, 

provide an example of this approach and have recently gained in popularity for cancer 

research given their unique ability to evaluate the oncogenic effects of naturally derived 

ECM. The effects of bone-specific ECM has been reported using decellularized PCL 

scaffolds that had originally supported osteogenic cells, and direct chemical conjugation 

of specific ECM proteins or proteoglycans to the surface of PCL fibers can allow 

controlled release of high-affinity ligands (e.g., heparin sulfate binding growth factors or 

cytokines) from the 3D scaffolds.
199-201

 

2.4 Applications for cancer biology and preclinical drug testing  

Though a longstanding goal of tissue engineering has been to fabricate artificial 

tissues and organs capable of replacing diseased human tissues, as of yet, there are still 

no FDA approved substitutes for major organ systems. Nevertheless, considerable 

progress has been made and many of the principles used to further that aim have been 

adapted to model the human tumor niche. As discussed previously, our laboratory has 

had the greatest success using electrospun scaffolds composed of PCL, a resorbable 

aliphatic synthetic polymer that has been extensively used by the tissue engineering and 

the biomedical community. It offers a number of highly desirable properties, including 

the following: (a) lacks intrinsic biological or biochemical activity, (b) is inexpensive (c) 

is readily manipulated to produce fibers of precise diameter, (d) has superior rheological 

and viscoelastic attributes, (d) is considered safe by the FDA, and (e) exhibits very slow 

in vivo degradation, which can be finely tuned using copolymer blending to achieve the 

intended biological effect. Both normal and cancerous cells adhere to PCL, and when 

electrospun, non-woven mats of 10 m diameter PCL fibers can be made to resemble the 

native ECM,
202

 including physiological bone trabeculae and the bony ES tumor niche.
9
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Perhaps most important for our applications, micrometer size electrospun PCL fibers 

provide the requisite porosity to enable cell infiltration and are compatible with flow 

perfusion bioreactors.
203-208

 As specifically used to model ES, the 3D pattern of 

electrospun fibers appear to induce pronounced changes in ES cell morphology, growth 

kinetics, and expression of cancer-related pathways, which in turn, promotes 

chemosensitivity patterns more closely observed in xenografts and human tumors. 

Excellent reviews exist that highlight the broad applicability of PCL for tissue 

engineering, drug delivery, and medical devices.
209, 210

 

2.4.1 Morphologic characterization of 3D tumor models 

Despite the aforementioned benefits, PCL 3D scaffolds also have their drawbacks. 

Cells grown within 3D scaffolds can be difficult to dislodge; isolation of RNA, DNA, and 

protein can be difficult; and low melting temperatures (60°C for PCL) preclude standard 

tissue embedding with paraffin. And as a class, polymeric 3D scaffolds are usually 

opaque and poorly amenable to routine light microscopy even when polystyrene or other 

clear substrates are used. Naturally, this poses a major challenge to monitoring cell 

morphology and proliferation in real time, which in turn, impairs ones ability to 

continuously monitor the health and viability of cultured cells. This disadvantage can be 

mitigated to some extent by simply culturing ES cells on multiple scaffolds concurrently 

then sectioning some at various time intervals. Once sectioned, they can be evaluated by 

scanning electron microscopy (SEM) or immunohistochemistry (IHC). Flow cytometry 

(FC) can be used to complement SEM and IHC analyses but, as with those techniques, 

interrupts the experiment in the course of completing the analysis (Figure  2:5). Since the 

cells are removed from the scaffolds prior to analysis, one cannot evaluate the spatial 

interrelationship of the cell-cell interaction. Theoretically, the cells extracted from 

scaffolds for FC analysis could be handled aseptically and replaced within a new scaffold 

but, in practice, this is uncommon and only performed in the rare case where a distinct 

subset of cancer cells is required. 
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Figure 2:5. IHC staining of human ES tumor. 

IHC staining of human ES tumor for VE-Cadherin under low- (A) and high-power (B) 

magnification confirming the coexistence of EC and ES cells. 

 

 

2.4.2 3D models used to assess chemosensitivity 

Though cell culture monolayers will continue to offer value to the cancer research 

community, particularly when used in high-throughput drug screening programs, the data 

resulting from their use can prove unreliable, or worse, contradictory to what one 

eventually observes when tested in xenografts or human tumors. Emblematic of this 

limitation, the NCI-60 (a well characterized set of 60 diverse cancer cell lines) has been 

extensively used to identify novel antineoplastic agents but poorly predicts whether any 

single drug will be effective in treating specific cancer type. While this incongruence 

may, to some extent, stem from artificially high cell division rates that overestimate the 

benefit of cytotoxic chemotherapies, marked phenotypic variation between monolayer 

and 3D culture systems (and human tumors) provides another explanation.
9, 67

 In support 

of this hypothesis, the proteomic signature of human tumor spheroids and 3D scaffold 
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models can be readily distinguished from equivalent cells maintained in monolayer 

culture. This appears to hold true for ES as well, as cells grown within spheroids or 3D 

scaffolds (natural and synthetic) more closely approximate the protein expression pattern 

of human tumors than do cell monolayers cells.
9, 67, 93, 99, 103

  

Drug companies have taken note and many have added 3D cell culture models to 

their preclinical testing pipeline while continuing to rely extensively upon xenograft 

testing to determine a drug candidate’s activity, toxicity, and pharmacokinetic profile 

(i.e., absorption, distribution, metabolism, and elimination). As biologically targeted 

cancer therapies continue to garner a large share of the drug marketplace, one can 

anticipate an even greater need for preclinical culture models that more accurately 

replicate the signaling pathways responsible for cancer progression. 

2.4.3 3D models amenable to high throughput drug screening 

Toward that end, a number of techniques—such as hanging drops, micro-etched 

nano-cultures using NCP, and liquid overlay methods—are among just a handful capable 

of producing uniform ES spheroids amenable to high throughput drug screens (HTS). 

Although there is no consensus on what qualifies as a HTS, robotic automation of plate 

handling and drug administration has made it easier than ever to screen hundreds, if not 

thousands, of compounds per week in commercial scale laboratories. Such mechanization 

has also permitted complementary methods, such as RNA interference, that can be used 

to identify putative mechanisms of resistance. Our laboratory, as an example, has 

performed spheroid-based HTS in 384-well micro-etched NCP to identify several likely 

mechanisms by which ES evade mTOR inhibitor activity.  

As expected, the use of HTS is critically dependent biometric measurement of drug 

effects, and at least four main types of assays have emerged for that purpose: (i) assays 

that measure morphological changes in spheroid volume using automated or semi-

automated imaging, (ii) cytotoxicity and cell viability assays that measure cell membrane 

integrity or intracellular metabolic activity under robust detection readouts (e.g., 

absorption, luminescence, and fluorescence), (iii) apoptosis assays that reliably assess 

drug-induced apoptosis and cell death, and (iv) gene expression assays that evaluate 

specific phenomena like metastatic potential. 
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2.5 Future directions  

As discussed in the introduction, 3D models ES come in two major varieties: cell 

aggregates capable of intrinsic self-organization (i.e., tumor spheroids) and 

multidimensional cell aggregates that grow within artificial substrates. The latter 

implementation should be especially well suited to answer scientific questions that relate 

heterotypic cell-cell interactions and provide a unique opportunity to explore autocrine or 

paracrine effects upon oncogenesis, angiogenesis, metastasis, and immunomodulation. 

Advances in biomaterials, such as scaffolds and gels, have provided the essential building 

blocks necessary to recreate selected aspects of the tumor microenvironment. 

2.5.1 Heterotypic co-cultures 

Though the ES cells grow as monotonous sheets that lack features of intrinsic self-

organization (ductal structures in breast cancer, for example), microscopic review of ES 

tumors finds other connective tissue cells (fibroblasts and adipocytes), inflammatory cells 

(lymphocytes, macrophages, natural killer cells), and vascular cells, including pericytes 

and endothelial cells (Figure  2:5). Together with the associated ECM, the tumor 

microenvironment has been identified as a major factor influencing tumor survival, 

growth, invasion, metastasis, and response to chemotherapy.
64, 108, 211-214

 Because these 

heterotypic cell interactions, and surrounding ECM, can be selectively introduced into the 

tissue-engineered 3D scaffolds they serve as ideal platform to study the dynamic effects 

of cell-cell and cell-ECM contact.  

2.5.1.1 ES-MSC co-culture for modeling Ewing sarcoma  

As reported earlier, a wealth of information suggests ES originates from a single 

primitive MSC that acquired a tumorigenic EWSR1/FLI1 translocation, and as such, this 

cell type has been extensively used to elucidate the genetic perturbations that promote 

malignant transformation.
31, 34, 35, 108, 211-213, 215-218

 Equally well-documented, ectopic 

expression of the resulting EWS/FLI1 fusion protein in permissive MSCs is necessary but 

insufficient of inducing malignant transformation without co-expression of other 

dysregulated proteins.
219
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Given these facts, and taking into account the profound effects that the cell culture 

microenvironment has upon the collection, purification, and differentiation of human 

MSC, confusing or frankly incorrect scientific conclusions could be reached by studying 

EWSR1-FLI1-transfected hMSCs in monolayer cultures devoid of the relevant 3D 

architecture, ECM, growth factors, and support cells.
220

 Our own experience, albeit 

starting from pre-established ES cell lines, demonstrated the simple transition from 

monolayer culture to biologically inert PCL scaffolds induced salient changes in the very 

same proteins (IGF-1, for example) that are required for malignant transformation. This 

would suggest that, at the very least, one should consider a more physiological bone 

tumor niche, whether natural or processed, in prospectively deciphering the critical 

interchange that exists between EWS-FLI and its coconspirators.  

2.5.1.2 ES-EC co-culture and angiogenesis modeling 

Endothelial cells are indispensible to the healthy formation of rich vascular 

networks, which occurs through a process of angiogenesis, vasculogenesis, and/or tumor 

cell vascular mimicry.
221

 To mimic those processes within a synthetic tissue grown in the 

laboratory, and thereby improve tissue viability and function, ECs have been used in a 

wide range of tissue-engineering applications. Unexpectedly, even before a mature 

vascular network is formed, ECs can affect co-cultured cells and influence the 

surrounding microenvironment. When mixed with MSCs, for example, ECs enhance 

osteogenic matrix production within 3D PCL scaffolds.
222, 223

 

As expected, EC-mediated angiogenesis/vasculogenesis also plays an incredibly 

important role in tumorigenesis. As occurs for other tumors, ES tumors have been shown 

to possess the capacity to regulate their own survival and appear to do so by secreting 

soluble vascular endothelial growth factor (VEGF) that secondarily recruits bone marrow 

derived cells, pericytes, and endothelial cells into ES tumors.
108, 211-213

 A similar 

phenomenon occurs in preclinical models of ES, as co-culture of human EC and ES cells 

within an ECM gel can induce vascularized endothelial tubes.
64

 Indirectly tied to VEGF 

expression, the insulin like growth factor-1 receptor (IGF-1R) has also been implicated in 

the modulation of angiogenesis and vasculogenesis and dual targeting of IGF-1R and its 

ligand elicits anti-angiogenic effects.
64, 224
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To our knowledge, ECs have not been used in co-culture within ES cells within 3D 

scaffolds but this system would be expected to provide a unique opportunity to decipher 

the two-way feedback that exists between these cell types. A step in this direction, human 

MSCs, which could serve as a precursor for ES, and human umbilical vein endothelial 

cells (HUVECs) were co-cultured in 3D PCL-scaffolds under conditions of flow 

perfusion. Superior proliferation of both cell lines was achieved and the spatial 

distribution was more uniform throughout 3D-PCL scaffolds.
223

 Since VEGF secretion 

by human ES tumors has been shown to encourage CD38- primitive MSCs to migrate 

from the bone marrow to the tumor, where they differentiate into ECs and/or pericytes 

capable of angiogenesis and vasculogenesis,
108, 211-213

 it would be intriguing to know 

whether a similar effect could be replicated within a tissue-engineered ES model. If 

achievable, one could directly measure the effect of ES-produced IGF-1 and VEGF 

ligands upon ex vivo vasculogenesis and possibly use this novel model to develop and test 

antineoplastic agents that intercede with the ES’s ability to self-regulate their 

microenvironment. 

2.5.1.3 Use of the 3D ES model to study immune-mediated therapy  

Immune cells, including tumor-infiltrating lymphocytes, macrophages, dendritic 

cells and NK cells, can either maintain or suppress ES tumor growth depending upon the 

context in which they interact.
225-230

 And though beyond the scope of this review, a 

handful of biologically targeted therapies designed to stimulate the immune system—

either directly or by down-regulating immune checkpoints such as programmed cell death 

1 (PD1) or cytotoxic T-lymphocyte antigen 4 (CTLA-4)—have generated incredible 

acclaim for their remarkable antineoplastic activity in appropriately selected patients. 

While it remains to be determined if those promising results would hold up when 

eventually applied to patients suffering from ES, this has become a robust area of 

research.  

NK cells, expanded in vitro, have been shown to provoke significant anti-tumor 

effects in mice engrafted with ES cells, and in rare instances completely eradicated the 

disease.
227

 Activated NK cells, more so than resting ones, have also shown 

immunoreactivity in ES tumors.
228

 Yet, the regulation of NK cell cytolytic activity is 
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complex and induces both activating and inhibitory receptors as well as induced tolerance 

to specific self-receptors. A refined understanding of these signals could empower novel 

therapies for ES.  

As a platform for investigating the role of immune cells in suppressing ES tumor 

growth, one could envision co-culturing ES cells with the specific immune cell of interest 

(e.g. NK cells) within a PCL based tissue-engineered scaffold. Though the full 

complexity of the human and/or mouse immune system can’t be modeled in its entirety 

ex vivo, the exceptional flexibility of the system and greater control of the ES-immune 

cell interactions may outweigh some of its limitations. There are a number of approaches 

one might take: (i) utilization of allogenic killer immunoglobulin-like receptor (KIR) 

incompatible NK cells, (ii) blockade of KIR with mAb, (iii) transfection of NK cells to 

express tumor reactive T-cell receptors (TCRs) or chimeric antigen receptors (CARs), 

and (iv) sensitization of ES tumor (or cells) to NK cell killing. 

The successful activation of Cytotoxic T-cells (CTL) from healthy human 

peripheral blood mononuclear cells (PBMC), using a modified EWS-FLI1 peptide, and 

potent killing of cells bearing the EWS-FLI1 translocation provides renewed hope in 

developing T-cell mediated immunotherapy for ES treatment.
231

 

2.5.2 Multi-organ tissue-engineered systems to study metastasis 

Most ES-related deaths occur when malignant cells have metastasized to the lung, 

grown within that location, and developed de novo or acquired resistance to 

chemotherapy. Although primary thoracic ES tumors (i.e. Askin tumors) do occur and 

can spread to adjacent lung tissue by direct extension, the vast majority of ES cells can 

more reasonably be expected transit to the lung after first leaving the primary site (e.g. 

bone tissue or less common extraskeletal tissues), entering the circulatory system, and 

adhering to pulmonary endothelium (Figure  2:6). Despite the deterministic nature of 

these steps, little is known about the cellular, biomolecular and environmental factors that 

explain the predictable nature in which ES cells appear in the lung, at least 

microscopically, very early in the disease course. For this reason, all patients diagnosed 

with ES are universally provided chemotherapy with the dual goals of shrinking the 

macroscopic, clinically detectable tumors and eradicating micrometastatic deposits that 
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are assumed to exist within the lung even when small tumors are effectively treated by 

surgery or radiation. 

 

 

Figure 2:6. Bioengineered models that mimic ES microenvironment at the primary, 

hematogenous and secondary sites. 

(A) Bioengineered preclinical models of ES interacting with osseous-like 3D scaffold (B) 

or synthetic vasculature (C). (D) Vascular system by which ES disseminates to lung. (E) 

Lung metastases modeled lung. (F) Lung-on-chip or (G) Decellularized lung. 

Abbreviations: CTC, circulating tumor cells; EC, endothelial cell; ECM, extracellular 

matrix; MSC, mesenchymal stem cell; and WBC, white blood cell. 

 

 

Though ES cells intrinsically harbor the capacity to metastasize and can gain even 

greater metastatic potential by acquiring genetic aberrations, the surrounding stromal 

cells and ECM are critical partners that influence this continuum from bone to lung. In 

teasing apart the metastatic triggers intrinsic to the cancer cell from extrinsic ones 

ascribed to microenvironmental effects highlighted in Figure  2:1, tissue-engineered tumor 
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models of the bone and pulmonary sites afford scientists previously unimaginable 

experimental control to adjust biomechanical forces, the signaling milieu, and metabolic 

stresses. Though not previously used to study ES metastasis, a number of tissue-

engineered and/or ex vivo regenerated lung tissue models have been shown to mimic 

functional lung, and one could envision a closed system that uses microfluidic channels 

link tissue-engineered bone and lung tissues together in a way that mimics the complete 

pattern of hematogenous spread. As illustrated in Figure  2:6, the 3D scaffolds our group 

and others have reported upon can mimic the bone tumor niche, and both lung-on-a-chip 

and decellularized lung models appear to be conducive to the adhesion and growth of 

cancer cells. 
232-238

 Thus far, only non-small cell lung cancers (NSCLC) have been 

implanted within these tissue-engineered lung models, however unpublished reports by 

Dr. Min Kim et al. (personal communication) indicate ES cells readily form distinct 

pulmonary nodules when placed within decellularized rat lungs that are maintained under 

conditions of flow perfusion previously used to grow NSCLC.
239

 As a final piece of the 

puzzle, Ingber et al. demonstrated that miniaturized tissue-engineered organs grown ex 

vivo can be linked in series to mimic the physiological vascular communications that 

exist in the human body, so it stands to reason that similar methods could be adapted to 

join synthesized bone and lung together as an innovative system to study ES metastasis.  

Though considerable effort will surely be required to move beyond theoretical 

possibilities, and recognizing that even the best ex vivo systems lack important factors 

inherent in living organisms, multi-organ tissue-engineered systems present an enticing 

chance to interrogate, and hopefully thwart, the critical factors that make the lung 

microenvironment such a hospitable place for ES and other sarcoma subtypes to grow. 

2.5.3 Personalized Therapy 

Given the relative rarity of ES and further molecular sub-classification of patients 

by their tumor’s translocation type and proteomic signature,
36-45, 240

 it is impossible to 

adequately test all drugs or rational drug combinations in each patient subset.
241

 A partial 

solution to this problem has been to extensively profile each patient’s tumor to identify 

dysregulated proteomic pathways, genomic mutations, or other ‘-omic’ aberrations 

responsible for tumorigenesis and to isolate mechanisms of de novo and acquired drug 
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resistance.
242-244

 This approach, however, must eventually be validated using drug 

candidates in xenografts or cell lines that truthfully mimic the human tumors from which 

they derive. Though simple in theory, this latter step has remained a challenge in practice, 

as pre-established xenografts and/or cell lines devolve over time and eventually lose the 

phenotypic traits originally present within the respective tumors from which they’d been 

taken.   

In an effort to maintain the intimate link between clinical tumor samples and the 

derived xenografts and/or cell lines, academic laboratories and pharmaceutical companies 

alike have made major investments establishing primary cell lines and PDX from patients 

that have carefully annotated clinical response data available. To ensure PDX maintain a 

high correlation with the source tumor, early generation explants are used before they 

lose the surrounding human-derived ECM, considered essential for maintaining fidelity 

with their human counterparts. Similarly, 3D primary cell culture models are being 

developed to mirror the native ECM and architectural structures present within human ES 

tumors in the hopes those elements will preserve, or at least prolong, a differentiated 

phenotype that is truly representative of the original ES tumor. Admittedly, the scientific 

community has much less experience growing primary cell lines as spheroids and very 

few laboratories have the specialized expertise necessary to successfully culture ES cells 

within tissue-engineered 3D tumor microenvironments.  

The limited 3D tissue-engineered tumor models that do exist lack standardization 

and may need to incorporate subtle changes in the fabricated scaffolds to enable primary 

cell culture of different cancer types. Thus, a one-size-fits-all tissue-engineered approach 

for all cancer types is unlikely and wouldn’t necessarily be expected given the vast 

differences sarcomas and carcinomas have in their proclivity for certain metastatic sites. 

Sarcomas (including ES), for example, spread more commonly to the lungs and bone, 

whereas carcinomas usually migrate first to lymph nodes before metastasizing elsewhere. 

Given this affinity for one tissue type over another, one would contend that a principal 

advantage tissue-engineered 3D scaffolds have over spheroids and monolayer cultures is 

their capacity for customization to meet the unique microenvironmental needs of the 

cancer type of interest. Our laboratory has just begun the time-intensive task of culturing 

primary ES cells within 3D PCL scaffolds and continues to optimize the techniques 
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required to maintain cell viability within an ex vivo tissue-engineered tumor niche. The 

next step will be to correlate the expression profiles of clinical samples with their paired 

PDX and cell-embedded 3D scaffolds to ensure they successfully recapitulate the human 

ES tumors. Subsequently, we anticipate using biomimetic ES tumor models to 

methodically evaluate biologically targeted therapies in advance of early phase human 

clinical trials of the most promising drug candidates. Simultaneously, one expects the 

preclinical ES models will shed new light of drug resistance mechanisms and promote the 

use of innovative drug combinations that would not have been apparent from more 

primitive monolayer culture models that lack in vivo-like signaling cascades. 

2.6 Conclusion and perspectives 

Complex 3D models of human cancer (including ES) are just emerging in academic 

labs throughout the country and are anticipated to revolutionize the study of the tumor 

microenvironment. By providing new tools to manipulate the ex vivo tumor niche of both 

the primary and metastatic sites in ways not currently possible using murine models, 

tissue-engineered cancer models could serve as an ideal platform to test new cancer 

therapeutics. Challenges remain, particularly in scaling up these systems for HTS and 

adapting them for ubiquitous use by the cancer research community, but these hurdles are 

not insurmountable. 
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CHAPTER 3: TISSUE ENGINEERING PERFUSABLE 

CANCER MODELS
2
 

Abstract 

The effect of fluid flow on cancer progression is currently not well understood, 

highlighting the need for perfused tumor models to close this gap in knowledge. Enabling 

biological processes at the cellular level to be modeled with high spatiotemporal control, 

microfluidic tumor models have demonstrated applicability as platforms to study cell-cell 

interactions, effect of interstitial flow on tumor migration and the role of vascular barrier 

function. To account for the multi-scale nature of cancer growth and invasion, macroscale 

models are also necessary. The consideration of fluid dynamics within tumor models at 

both the micro- and macroscopic levels may greatly improve our ability to more fully 

mimic the tumor microenvironment. 

3.1 Introduction 

In light of the inherent limitations of traditional two-dimensional (2D) tissue culture 

systems and animal models for preclinical drug testing and mechanistic studies, 

considerable progress has been made in the development of ex vivo three-dimensional 

(3D) tumor models that more fully recapitulate aspects of the in vivo tumor niche.
245, 246

 

While the human tumor spheroid is currently the most commonly used 3D model, 

increasingly, enabling technologies developed in the tissue-engineering field are being 

leveraged to construct models that mimic the tumor microenvironment with greater 

fidelity. While these 3D models have appreciably advanced our understanding of the 

effects that the tissue architecture, extracellular matrix (ECM), and tumor-stroma 

interaction have on tumorigenesis, the impact of a generally neglected but significant

                                                 
2
This chapter was adapted from: Fong E.L.S., Santoro M., Farach-Carson M.C., Mikos A.G., 

“Tissue Engineering Perfusable Cancer Models,” Curr Opin Chem Eng, 3, 112-117 (2014). 



42 

 

 

 

component of the tumor microenvironment – fluid flow – remains largely 

undocumented.
247

 Owing to rapid and abnormal tumor-associated angiogenesis and the 

formation of a leaky and aberrant vasculature,
248

 the permeability of water and solutes 

within a tumor increases, resulting in a rise in interstitial fluid pressure and corresponding 

net convective flow out from the tumor mass into the surrounding tissue.
249, 250

 This 

interstitial fluid flow not only results in shear forces which may influence tumor cell 

proliferation,
251

 but also creates extracellular gradients of proteases and cytokines that 

may promote cancer invasion.
249, 252-254

 

Despite the increasing realization that fluid flow is an integral part of the tumor 

microenvironment, the contribution of this component to cancer progression remains to 

be fully elucidated. Notably, besides the need to better understand the repercussions of 

fluid flow in the tumor microenvironment, the inclusion of perfusion is also a potential 

strategy to overcome the diffusional limitations associated with most 3D tumor 

models.
245

 To achieve this goal of recapitulating tumor-associated fluid dynamics, tight 

integration of the two most relevant engineering disciplines, microfluidics and tissue 

engineering is necessary. This review will cover the current status in the development of 

microfluidic as well as macroscale tissue-engineered tumor models, and discuss the 

challenges involved in taking an interdisciplinary approach toward the development of 

perfused tissue-engineered tumor models. 

3.2 Microfluidic Tumor Models 

Since their advent, microfluidic systems have garnered the attention of the 

oncological community due to the possibility of modeling varying aspects of 

tumorigenesis characterized by a highly controlled spatiotemporal development, such as 

intercellular communication, metastasis and drug resistance. The laminar flow condition 

arising at the micro-scale presents the opportunity to mimic concentration gradients 

typical of the tumor niche,
255, 256

 with better recapitulation of drug transport and transient 

biological processes occurring down to the single cell level.
257

 This unique property, 

together with the potential for high-throughput and automation, has been leveraged in the 

last decade mainly for proteomic analyses,
258

 cell sorting,
259

 and pharmacodynamics 
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studies,
260

 ultimately projecting microfluidic systems as highly advanced analytical tools 

for tumor biology research. One of the most prominent manifestations of this research 

direction is represented by the work of Jang et al., who developed a platform able to 

evaluate up to 100 different drug combinations, in line with the emerging importance of 

combinatorial drug therapy for chemoresistant patients.
261

 The development of 

microfabrication techniques such as microcontact printing and soft lithography further 

enhanced microfluidic capabilities, that is, better control over topology and surface 

chemistry,
262

 hence paving the way for more sophisticated mechanistic investigations of 

tumor biology.
257, 263, 264

 Several groups have leveraged the preferential adhesion of 

endothelial cells and tumor cells on fibronectin and hyaluronic acid, respectively, to 

investigate tumor-vasculature interactions on microcontact-printed scaffolds with a 

particular focus on cancer cell motility associated with extravasation and metastasis.
265, 

266
 

The ultimate advancement in the applicability of microfluidics to oncology stems 

from the use of 3D scaffolds to more fully recapitulate the native tumor niche and 

incorporate the effects of matrix composition, structure and mechanical properties on 

tumor progression.
263, 267, 268

 Mirroring the current trend in macroscale tumor models, 

biocompatible hydrogels such as collagen,
269

 alginate,
268

 and Matrigel
®
,
270

 are popular 

scaffolds used to investigate the role of cell-cell, cell-ECM and hydrodynamic cues on 

tumor progression and drug efficacy within a microfluidic context. In one example 

illustrating the precise spatial control that can be achieved with microfluidic systems, 

Huang et al. demonstrated the ability to pattern separate, adjacent channels with distinct 

hydrogel types.
271

 With this microfluidic configuration, tumor-derived macrophage cells 

encapsulated within Matrigel
®
 were observed to invade into contiguous metastatic breast 

cancer cell – laden collagen hydrogels and not blank gels, highlighting the potential 

utility of this system for systematic studies of cell-cell and cell-ECM interactions. In a 

similar compartmentalized platform, Sung et al. demonstrated the distance-dependent 

effects of breast cancer progression toward the invasive phenotype using a ‘Y’-shaped 

channel in a co-culture model of mammary epithelial cells and fibroblasts.
270

 

Beyond being able to mimic the multicellular cross-talk within the tumor 

microenvironment, microfluidic culture systems have recently been shown to have utility 
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in investigating the effect of interstitial flow on tumor cell migration. Using a 

microfluidic device consisting of two channels separated by a 3D collagen I matrix 

seeded with breast carcinoma cells, Polacheck et al. demonstrated the feasibility of 

generating tumor-relevant interstitial flow via the application of a hydrostatic pressure 

gradient across the construct.
272

 This study demonstrated how the directional bias of 

migration along the streamline is determined not only by cell density, but also the 

interstitial flow rate.  Interestingly, as the tendency for upstream migration of cells was 

found to correlate with high cell density and flow rates, the authors suggest the presence 

of an ‘escape radius’, where interstitial flow either guides tumor cells upstream to remain 

clustered with the tumor, or downstream toward the draining lymphatics or veins - the 

outcome being dependent on whether the cell is within or outside this ‘escape radius’.
272

 

In another similar study, Haessler et al. not only demonstrated the heterogeneity of tumor 

cell migration in response to interstitial flow, but also the feasibility of studying the 

differential effects of flow on different subpopulations of cells within a heterogeneous 

tumor population.
273

 Collectively, these mechanistic studies highlight the potential of 

using microfluidic culture models as tools to understand the role of interstitial flow in 

promoting cell migration, which may introduce novel approaches to treating metastatic 

disease. 

A typical ‘perfused’ 3D cell culture system in the literature most often refers to the 

provision of a continuous flow of media for the supply of nutrients to and removal of 

wastes from the construct. However, a more precise distinction can be made to 

distinguish between systems where medium flows over the surface of the scaffold, as 

opposed to perfusion through the bulk of the scaffold.
274

 Thus far, approaches to 

incorporate scaffold-based 3D cultures into microfluidic devices typically employ the use 

of hydrogels to immobilize cells for the formation of 3D structures where mass transport 

of solutes, primarily driven by diffusion, may not be efficient.
275

 To maximize mass 

transfer, Toh et al. developed a microfluidic channel-based system consisting of an array 

of microfabricated pillars for cell immobilization and laminar flow complex coacervation 

reaction of polyelectrolytes for the formation of a thin layer of 3D matrix to support the 

cells.
276

 Using carcinoma cell lines HepG2 and MCF-7, the authors demonstrated that 

cells formed viable multicellular aggregates after 3 days of perfusion culture. In a similar 
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gel-free approach to facilitate perfusion and mass transfer, the surfaces of C3A and A549 

carcinoma cells were modified to contain free aldehyde groups, which reacted with an 

intercellular linker to form hydrazone covalent linkages between cells, facilitating cell 

aggregation within micropillar arrays.
277

 While interesting, further investigation into the 

effect of fluid flow on the growth and survival of these cancer cells is warranted. 

Although diffusional limitations exist with the use of hydrogels as scaffolds, few in the 

literature have explored the possibility of using porous polymeric scaffolds to culture 

cancer cells within microfluidic systems. In order to evaluate the cytotoxicity of anti-

cancer drugs together with liver metabolism, Ma et al. developed a micro-scale perfusion-

based two-chamber system, where liver cells and glioblastoma multiforme brain cancer 

cells were separately cultured within two adjacent chambers housing porous poly(lactic 

acid) scaffolds.
278

 The study demonstrated that while hepatic metabolism has a 

detrimental effect on the efficacy of the drug temozolomide, it is actually required for the 

prodrug ifosfamide to exert cytotoxicity on the cancer cells, suggesting the potential of 

this system for testing metabolism-dependent toxicity of anti-cancer drugs, an important 

aspect often overlooked in current in vitro systems.  

In addition to the use of microfluidic platforms to study tumor migration and drug 

response, another research focus has been the development of microfluidic tumor models 

for the study of tumor vascularization and anti-angiogenic therapy.
279

 The use of 

endothelialized microfluidics has led to a deeper understanding of pathological vascular 

networks,
280

 elucidating the role of vascular barrier function,
281

 with successful 

description of tumor microvasculature and its effect on tumor progression.
269, 282

 Recent 

studies demonstrated the in vitro engineering of perfusable blood vessel analogs made by 

microfluidic channels to model and investigate tumor cell intravasation and 

extravasation.
269, 281

 In one example, Zervantonakis et al. developed a microfluidic 

platform consisting of microchannels interconnected by a 3D ECM hydrogel, which 

enabled the real-time analysis of cancer cell invasion and intravasation into an endothelial 

monolayer.
281

 Endothelial barrier function was found to be modulated by soluble 

biochemical factors and macrophages, which directly impacted the rate of tumor 

intravasation.
281

 These attempts are however, limited in their ability to recreate the 

inherent characteristic properties of in vivo endothelia, due to the artificially-induced 
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blood vessel morphogenesis. To overcome this problem, other microfluidic approaches 

have made important advances toward the formation of 3D capillary tubes in a more 

physiological manner, by inducing the in vitro formation of capillary networks as 

opposed to generating endothelial cell-lined channels, through the synergistic use of an 

alginate-based framework and media perfusion.
283

 A recent investigation by Kim et al. 

tried to recapitulate all these aspects within a perfusable microfluidic system, by 

combining heterotypic cell-cell interactions in 3D constructs together with the formation 

of interconnected networks of microvessels.
282

 The high fidelity of this system resulted in 

vascular-specific response to shear stress of the endothelium, satisfactory recreation of 

angiogenesis and vasculogenesis, and actual perfusion through the vessel lumens. 

In summary, the above described demonstrates the broad applicability of 

microfluidic systems to model the manifold aspects of tumor progression. Notably, given 

the versatility offered by microfluidic systems, it is crucial to identify the fundamental 

parameters in each application so that the resulting microfluidic models are uniquely 

tailored to accurately reflect specific oncological mechanisms. For instance, while the 

modeling of tumor invasion requires the presence of biologically relevant ECM and 

chemokine gradients, these same parameters may not be necessarily critical for 

investigating the effect of cell-cell interaction on drug resistance.  

3.3 Macroscale Perfused Tumor Models 

Despite the exponential progress in the last decade, the so-called ‘world-to-chip’ 

problem continues to persist in the field of microfluidics.
284

 Due to the inherent 

differences in scale, even the simplest microfluidic configuration may lead to differences 

in cellular response when compared to classical macroscale systems used for biological 

assays.
281, 285

 This discrepancy may be more apparent in modeling tumorigenesis, a 

highly complex process which engages both the micro- and macro-environment.
122

 

Accordingly, macroscale perfused tissue-engineered systems, such as flow perfusion 

bioreactors, may be a necessary affiliate to microfluidic culture systems in modeling 

tumor progression. However, given that the tumor engineering community is only 

beginning to appreciate the need for perfused macroscale models to mimic the 
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biophysical properties of the tumor microenvironment and to overcome diffusional 

limitations,
245

 literature in this area is still sparse. Among the few examples in the 

literature, Mishra et al. extrapolated the concept of organ reengineering to develop an ex 

vivo lung cancer model, by using a decellularized rat lung matrix as a scaffold to culture 

human lung cancer cells.
239

 The authors demonstrated that the seeded lung cancer cells 

grown within the native matrix formed perfusable tumor nodules with similar features to 

the original human lung cancer, suggesting the applicability of this ex vivo model for 

mechanistic studies of lung cancer progression.  

Other potentially translatable techniques developed for perfusing normal tissue 

constructs to tumor engineering are currently only at the conception stage. Perfused 

macroscale systems have seen success in modeling normal tissues such as 

musculoskeletal
205, 286, 287

 and cardiovascular tissues,
288

 where they have been used to 

engineer uniform constructs at the millimeter-scale in the presence of physiological 

stimuli such as electrical stimulation, shear stress and native tissue contraction.
288

 

Notably, even though these systems do not offer the same degree of spatiotemporal 

control as their microfluidic counterparts, precise mathematical modeling can be 

employed to predict flow conditions and correlate the cellular response to system 

specifications.
288, 289

 Leveraging similar porous polymeric scaffolds used for engineering 

perfusable normal tissues,
11, 287, 290

 the development of 3D biomimetic tumor models 

which recapitulate aspects of the tumor microenvironment has been reported.
9, 165, 291

 In a 

landmark study, by culturing human oral squamous carcinoma cells within porous 

poly(lactic-co-glycolic acid) scaffolds, Fischbach et al. established a 3D engineered 

model that exhibits in vivo-like angiogenic characteristics and drug response.
165

 More 

recently, our laboratory demonstrated the feasibility of employing scaffolds that are 

compatible with flow perfusion bioreactor systems and previously used for creating 

perfusable bone tissue constructs, to the development of in vitro bone tumors.
9
 By 

culturing Ewing sarcoma cells within porous 3D electrospun poly(ε-caprolactone) 

scaffolds, we observed that the tumor cells were not only more resistant to traditional 

cytotoxic drugs but also exhibited remarkable differences in the expression pattern of the 

insulin-like growth factor-1 receptor/mammalian target of rapamycin pathway as 

compared to cells cultured in 2D monolayer.
9
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Given that promising advances have been achieved by the tumor engineering 

community toward the development of in vivo-like tumor constructs, one can imagine 

that the incorporation of actual perfusion into these technically perfusable tissue-

engineered tumor constructs would greatly enhance our understanding of the interplay 

between architectural, biochemical and biophysical cues and their impact on tumor 

progression. Notably, in translating current bioreactor strategies from tissue engineering 

to tumor engineering, additional design parameters beyond the mere provision of flow 

should be taken into consideration. While the primary goal of introducing fluid flow in 

tissue engineering is to overcome mass transport limitations, the accurate recapitulation 

of fluid flow within the tumor microenvironment may need to take precedence in order 

for its effects on tumor progression to be elucidated. 

3.4 Conclusions 

A microfluidic approach to the development of tissue-engineered, perfused tumor 

models is evidently dominant in the literature. The strong relevance of microfluidic 

cultures in oncology is not surprising, given the recognized molecular basis of cancer and 

the inherent capacity of these systems to precisely model biological processes occurring 

at the cellular level. As microfluidic approaches become progressively versatile in 

accommodating more advanced tissue-engineered scaffolds, one can expect that these 

miniature systems are likely to meet the mammoth challenge of synergistically 

integrating both biochemical and biophysical cues together, with the capability to model 

tumor vasculature and interstitial flow. 

On the other end, the hierarchical nature of tumorigenesis - evolving on multiple 

scales, from the subcellular to the organ level - has long been recognized, underscoring 

the importance of macroscale models as a necessary partner to those at the microscale 

(Figure  3:1). Furthermore, given the significant advances in tumor engineering in terms 

of recapitulating architectural cues and tumor-stroma interactions at the macroscale, a 

logical progression in this field is the introduction of perfusion strategies to more fully 

mimic the tumor microenvironment. 
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With both micro- and macro-approaches currently advancing in parallel and 

exchanging technology, one can envisage an ultimate convergence toward the 

development of perfused, in vivo-like tissues in vitro, potentially resulting in paradigm-

changing breakthroughs in the evaluation of drug efficacy and mechanistic studies of 

tumor biology. 

 

 

Figure 3:1. Hierarchical nature of cancer progression. 

The integrated use of microfluidic and macroscale perfused models may synergistically 

enhance our understanding of fluid dynamics in tumorigenesis on multiscales. 
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CHAPTER 4: FLOW PERFUSION EFFECTS ON 

THREE-DIMENSIONAL CULTURE AND DRUG 

SENSITIVITY OF EWING SARCOMA
3
 

Abstract 

Three-dimensional tumor models accurately describe different aspects of the tumor 

microenvironment and are readily available for mechanistic studies of tumor biology and 

for drug screening. Nevertheless, these systems often overlook biomechanical 

stimulation, another fundamental driver of tumor progression. To address this issue, we 

cultured Ewing sarcoma (ES) cells on electrospun poly(ε-caprolactone) 3D scaffolds 

within a flow perfusion bioreactor. Flow-derived shear stress provided a physiologically 

relevant mechanical stimulation that significantly promoted insulin-like growth factor-1 

(IGF1) production and elicited a superadditive release in the presence of exogenous 

IGF1. This finding is particularly relevant, given the central role of the IGF1/IGF-1 

receptor (IGF-1R) pathway in ES tumorigenesis and as a promising clinical target. 

Additionally, flow perfusion enhanced in a rate-dependent manner the sensitivity of ES 

cells to IGF-1R inhibitor dalotuzumab (MK-0646) and showed shear stress-dependent 

resistance to the IGF-1R blockade. This study demonstrates shear stress-dependent ES 

cell sensitivity to dalotuzumab, highlighting the importance of biomechanical stimulation 

on ES-acquired drug resistance to IGF-1R inhibition. Furthermore, flow perfusion 

increased nutrient supply throughout the scaffold, enriching ES culture over static 

conditions. Our use of a tissue-engineered model, rather than human tumors or 

xenografts, enabled precise control of the forces experienced by ES cells, and therefore 

provided at least one explanation for the remarkable antineoplastic effects observed by

                                                 
3
This chapter was adapted from: Santoro M., Lamhamedi-Cherradi S.E., Menegaz B.A., Ludwig 

J.A., Mikos A.G., “Flow perfusion effects on three-dimensional culture and drug sensitivity of Ewing 

sarcoma,” Proc Natl Acad Sci USA, 112, 10304-10309 (2015). 
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some ES tumor patients from IGF-1R targeted therapies, in contrast to the lackluster 

effect observed in cells grown in conventional monolayer culture. 

4.1 Introduction 

 The ability to treat cancer patients is critically dependent upon a robust drug 

discovery pipeline and an efficient method to select the most promising drug candidates 

for clinical trial advancement. Preclinical drug screening typically relies on the use of 2-

dimensional (2D) culture systems, which are reproducible, fast, and inexpensive. 

Nevertheless, tumor phenotype is dictated by its interaction with the surrounding 3-

dimensional (3D) microenvironment.
2
 The inability of 2D systems to mimic this key 

element has generally resulted in preclinical findings that overstate drug activity when 

subsequently tested in human clinical trials, therefore undermining the drug discovery 

process in cancer therapies.
1
 

In order to overcome these issues, several 3D tumor models have been proposed, 

including tumor spheroids and hydrogel systems, which attempt to recapitulate 

heterotypic interactions either between tumor and stroma or tumor and extracellular 

matrix (ECM), respectively.
292, 293

 These systems have begun to bridge the gap between 

in vitro and in vivo testing in several aspects, such as cell growth,
3
 gene expression 

pattern,
4
 and chemoresistance.

5
 However, these models are still unable to recapitulate and 

adequately examine the effects of other cues present in the tumor microenvironment, 

such as heterotypic cell-cell signaling, cell motility, and tumor-angiogenesis. The last 

element is important for mediating the crosstalk between cancer and stromal cells and for 

modeling vascular supply effects on tumor cell metabolism. Furthermore, tissues like 

bone and muscle are continually exposed to physiological mechanical forces, in which 

specific sensory cells respond by triggering structural and functional changes in 

mechanosensitive proteins, and ultimately influence the corresponding signaling 

transduction pathways.
294

 Additionally, mechanical forces can affect gene expression 

through direct interactions with the cell nucleus.
295

 As a result, mechanical stimulation is 

essential for tissue development, homeostasis, and pathological conditions such as 

cancer, where it has been shown to drive tumor progression and metastasis.
10
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Our laboratory is particularly focused on Ewing sarcoma (ES), a translocation-

positive bone tumor mostly prevalent in adolescents and young adults that is rapidly fatal 

unless effectively treated with chemotherapy and local therapy.
7, 8

 We recently developed 

an ex vivo ES model based on the use of electrospun poly(ε-caprolactone) (PCL) 3D 

scaffolds, which conferred a more physiologically relevant ES cell phenotype when 

compared to conventional monolayer cultures.
9
 Among other described features, our ES 

3D model demonstrated pronounced up-regulation of the insulin-like growth factor-1 

receptor (IGF-1R) pathway, a receptor commonly expressed in ES tumors and one of the 

most promising targets in preclinical and early phase drug development (11-13).
7-9

 

However, additional features are still required in order to mimic in vivo ES biology and 

drug sensitivity. Other studies showed how mechanical stimulation affects IGF-1 

expression in other cells of mesodermal origin, and chiefly in bones.
14, 15

 Therefore, using 

a flow perfusion bioreactor to apply mechanical stimulation to ES cells might enhance 

our understanding of the role of fluid shear stress on the IGF-1/IGF-1R signaling 

pathway in ES malignancy.
11

  

 The objective of the current work was to investigate the effects of flow perfusion 

bioreactors in ES 3D PCL constructs. We hypothesized that flow-derived shear stress 

would influence ES cell phenotype and drug sensitivity, with emphasis on the IGF-

1/IGF-1R signaling transduction and biological targets against this pathway. We further 

postulated that perfusion bioreactors would better promote ES cellular proliferation and 

distribution compare to static conditions through an improved mass transfer. In order to 

test these hypotheses, ES cells grown on PCL scaffolds without or within flow perfusion 

bioreactors were exposed either to chemical drugs or to biologically targeted therapeutics 

against IGF-1R, analyzed based on their proliferation- and apoptosis-responsiveness, 

profiled for biomarkers controlling the IGF-1R-crosstalk signaling pathways, and 

examined by electron microscopy and immunofluorescent microscopy. 
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4.2 Materials and Methods 

4.2.1 Experimental Design 

Electrospun PCL scaffolds (3mm diameter, 1mm thickness, 10μm fiber size) were 

seeded with 35000 ES cells, as in previous studies.
9
 The resulting constructs were 

cultured in flow perfusion bioreactors at three different flow rates: 0.04 (B-04), 0.08 (B-

08), and 0.40 mL/min (B-40). In light of the scaffold geometry, the range of chosen flow 

rates resulted in a shear stress range of 1.7-17.0 cPa, mirroring values of shear stress 

reported in the literature.
296, 297

 Time points were taken after 5 and 10 days, at which time 

samples were harvested to analyze cell proliferation, protein expression, and drug 

response. 

In an additional study, cell constructs were cultured in complete medium at three 

different viscosities: 1X (0.9±0.1 cP), 2X (1.7±0.1 cP), and 4X (3.6±0.3 cP). Flow rate 

was kept constant at 0.2 mL/min, and medium viscosity was approximately doubled (or 

quadrupled) by adding poly(ethylene glycol) (PEG, Mw 20 kDa, Alpha Aesar, Ward Hill, 

MA) at 2% (or 6%) w/w concentration. The viscosity of PEG-containing medium was 

measured with an AR1000 rheometer (TA Instruments, New Castle, DE) at 37ºC. 

Constructs were harvested after 10 days to analyze cell proliferation, IGF-1 expression, 

and drug response. Scaffolds cultured under static conditions without flow perfusion 

served as controls for both studies (S). 

4.2.2 Scaffold Preparation and Characterization 

Nonwoven poly(ε-caprolactone) (PCL) mats with an average fiber diameter of 10 

μm (10.6 ±1.5 μm, n=90) were fabricated as described in previous studies.
9
 Briefly, a 5:1 

chloroform to methanol solution containing 18% wt PCL (Sigma-Aldrich, St. Louis, MO) 

was pumped at 25 mL/hr through a blunt 18G needle in a horizontal electrospinning 

setup. The gauge was exposed to a 30 kV voltage, and a grounded collecting plate was 

positioned normally to the gauge at a distance of 40 cm. Mats were electrospun to a 

thickness of 1.00±0.01 mm and inspected by Scanning Electron Microscope (SEM; FEI 

Quanta 400 Environmental, FEI, Hillsboro, OR) to determine fiber diameter. Scaffolds of 
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3 mm diameter were die-punched using dermal biopsy punches and subsequently press-

fitted into custom-made scaffold holders, the design of which has been previously 

illustrated.
298

 Both scaffolds and scaffold holders were sterilized using ethylene oxide 

(Anderson Sterilizers, Haw River, NC) for 12 h, then soaked in a progressive ethanol 

series (100% to 25%), rinsed three times in phosphate buffered saline (PBS; Gibco, 

Carlsbad, CA) and finally incubated overnight in complete RPMI 1640 medium 

(Mediatech, Manassas, VA). 

4.2.3 Cell Culture and Bioreactor Setup 

The human ES cell line TC71was available from the repository of sarcoma cell 

lines at our institution. Prior to use, cell identity was confirmed using short-tandem 

repeats fingerprinting (AmpFISTR Identifiler kit according to manufacturer's instructions 

(Applied Biosystems, Carlsbad, CA)), which was compared to known ATCC fingerprints 

(ATCC.org) and to the Integrated Molecular Authentication database (CLIMA) version 

0.1.200808 (http://bioinformatics.istge.it/clima/).
299, 300

 ES cells were cultured in RPMI 

medium 1640, supplemented with 10% fetal bovine serum (FBS; Gemini Bio-Products, 

West Sacramento, CA) and antibiotics (100 IU/mL penicillin and 100 μg/mL 

streptomycin; Gibco, Carlsbad, CA). Cells were then detached with 0.05% trypsin-EDTA 

(Gibco, Carlsbad, CA) and counted using a hemocytometer. Each scaffold was seeded 

with 35,000 cells and incubated overnight for cell adhesion. Scaffolds under static 

conditions (S) were placed in ultralow attachment 24-well plates with 2 mL of complete 

medium. Scaffolds for the 3D flow perfusion groups were placed in a scaffold holder and 

transferred into a flow perfusion bioreactor, the design of which has been illustrated 

previously.
298

 Each bioreactor unit contained 10 scaffolds and 50 mL of complete 

medium. Samples were maintained in a heat-jacketed incubator at 37°C and 5% CO2 

(HeraCell 150i, ThermoScientific, Waltham, MA) for up to 10 days, and half of the 

medium was replaced daily. 
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4.2.4 DNA Quantification 

Samples for DNA quantification (n=4) were subjected to three cycles of 

freeze/thawing (5 min in liquid N2/10 min in 37°C water bath), followed by 10min of 

ultrasound sonication to guarantee complete extraction of the DNA from the scaffold into 

the supernatant solution. The concentration of double-stranded DNA was measured with 

the Quant-iT PicoGreen dsDNA assay kit (Invitrogen, Eugene, OR), according to 

manufacturer’s instructions. Cell lysate, dye solution and buffer were mixed in a white 

flat-bottom 96-well plate in triplicates, and the resulting fluorescence was measured 

(FLx800 Fluorescence Microplate Reader, BioTek Instruments, Winooski, VT). DNA 

concentration was calculated using a lambda DNA standard curve. The same protocol 

was used during drug testing to quantify the number of ES cells (n=6 in the latter case). 

4.2.5 Western Blotting 

Samples were collected at day 10 (n=3), and protein lysates were extracted via cold 

incubation using a lysis buffer (1% Triton X-100 (vol/vol), 50 mM Hepes, pH 7.4, 1.5 

mM MgCl2, 150 mM NaCl, 100 mM NaF, 1 mM EGTA, 10 mM Na pyrophosphate, 1 

mM Na3VO4, 10% (vol/vol) glycerol) containing a fresh mixture of phosphatase and 

protease inhibitors (Roche Applied Science). Lysates were then stored at −80°C until 

analyzed. The protein concentration was quantified using a Micro BCA protein assay kit 

(Thermo Fisher Scientific). Proteins were resolved by SDS-polyacrylamide gel 

electrophoresis and transferred to PVDF membranes. The membranes were blocked using 

5% (wt/vol) milk and hybridized with different primary antibodies against markers 

involved in the IGF-1R signaling pathway and resistance: insulin-like growth factor-1 

receptor β (IGF-1R), human epidermal growth factor receptor-2 (HER2), insulin receptor 

β (IR), proto-oncogene c-KIT (c-KIT), and phosphorylated ribosomal protein 6 (pS6).
7, 

301
 Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) served as the loading control. 

All primary antibodies were from Cell Signaling Technology except for c-KIT 

(Epitomics). Signals were captured using horseradish peroxidase-conjugated secondary 

anti-rabbit IgG and anti-mouse IgG antibodies (Cell Signaling Technology) and 

visualized using SuperSignal West Dura chemiluminescent substrate (Thermo Fisher 
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Scientific). The level of immunoreactive protein was measured using chemiluminescent 

Hyperfilm ECL and quantified using an ImageQuant TL computing densitometer (GE 

Healthcare). 

4.2.6 Flow Cytometry 

Samples were processed immediately after experiment completion. Cells were 

dissociated from the scaffolds using an enzyme-free cell dissociation buffer (Gibco, 

Carlsbad, CA). Cells were indirectly evaluated by enumerating positive cellular staining 

to Annexin V (Annexin) and propidium iodide (PI) apoptotic biomarkers and CD99, a 

diagnostic surface marker of ES cells. Cells were stained with Annexin V-FITC and PI 

(BD Biosciences, San Jose, CA). In another set of cell staining, the same dissociated ES 

cells were stained with FITC-CD99 monoclonal antibody. A kit obtained from 

eBioscience (San Diego, CA) was used to intracellularly label the cells after their 

permeabilization using a conjugated monoclonal antibody against proliferation biomarker 

Ki67. Stained cells were then acquired using a flow cytometer (FACSCanto II, BD 

Biosciences, San Jose, CA), and data were analyzed using the FlowJo software program 

10.0.6 (Tree Star, Ashland, OR). 

4.2.7 Scanning Electron Microscopy (SEM) 

Samples for imaging were fixed in 2.5% glutaraldehyde for 30 min, dehydrated 

with serial concentrations of ethanol (70 to 100%), and finally air dried in a laminar 

airflow cell culture hood overnight. Samples for SEM were then sputter coated with gold 

and imaged (FEI Quanta 400 Environmental, FEI, Hillsboro, OR). 

4.2.8 Immunofluorescent Microscopy 

Constructs at day 10 were fixed in 10% neutral buffered formalin (Fisher Scientific, 

Pittsburgh, PA) overnight at room temperature, followed by dehydration in serial 

concentrations of ethanol (70% to 100%). Samples were then embedded in Histoprep 

freezing medium (Fisher Scientific, Pittsburgh, PA) and sectioned using a cryostat (Leica 

CM 1850 UV; Leica Biosystems Nussloch GmbH, Germany). Nuclei were stained with 
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DAPI, and samples were imaged with a laser Nikon Eclipse TE300 inverted microscope 

and NIS Elements software (Nikon Instruments, Melville, NY). 

4.2.9 Drug Testing and Enzyme-Linked Immunosorbent Assay (ELISA) 

Samples for cytotoxicity testing were cultured for 10 days and then exposed for 2 

days to complete medium containing 3 μM doxorubicin hydrochloride (Dox, Sigma-

Aldrich, Milwaukee, WI). Testing of biologically-targeted therapeutic dalotuzumab (MK-

0646, monoclonal antibody against IGF-1R, Merck) and of IGF-1 ligand (R&D Systems, 

Minneapolis, MN) involved 3 different treatments: (a) stimulation with IGF-1 ligand 20 

ng/mL, (b) exposure to IGF-1R inhibitor (dalotuzumab 100 μg/mL), (c) combination of 

(a) and (b). Samples were cultured for 3 days in complete medium followed by 7 days of 

treatment during which FBS was replaced by charcoal-stripped FBS (csFBS, Life 

Technologies, Grand Island, NY) in order to minimize the interference of exogenous 

IGF-1 ligand with other growth factors present in the serum. Conditioned media from 

each group were harvested after 2 and 10 days of culture in order to quantify the 

concentration of IGF-1 ligand (ELISA kit DuoSet, R&D Systems, Minneapolis, MN). In 

light of the different volumes of medium and the different number of scaffolds present in 

static and flow perfusion conditions, comparisons between groups were made considering 

the amount of soluble IGF-1 per scaffold (assuming negligible adsorption of IGF-1 on the 

scaffold). Complete media prepared with either FBS or csFBS were used as controls in 

order to estimate the levels of IGF-1 normally contained in the serums. A microplate 

reader (DTX880, Beckman Coulter) was utilized to measure the optical density in each 

sample. For both Dox and IGF-1/dalotuzumab treatment, half of the medium was 

replaced every day, and cell viability was calculated by normalizing the average number 

of cells in each group against the average number of cells in the respective untreated 

group, similarly to previous studies.
9
 ES cells exposed to variable medium viscosities 

were cultured for 3 days in complete medium followed by 7 days of exposure to IGF-1R 

inhibitor (dalotuzumab 100 μg/mL). They were subsequently analyzed for IGF-1 

production (n=3), and DNA quantification (n=6). 
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4.2.10 Statistical Analysis 

Where applicable, data are expressed as mean+SD. Statistical analysis was 

performed using a two-factor ANOVA test followed by Tukey’s honestly significant 

difference post-hoc test. Differences were considered significant for p<0.05, unless 

otherwise noted. 

4.2.11 Shear Stress Calculations 

To calculate shear stress, we assumed a cylindrical pore model approximation for 

the scaffold pores.
302

 This assumption permitted the calculation of average shear stress on 

the wall (  ) of the scaffold pore (i.e. the shear stress experienced by ES cells) as: 

 

   
      

  
 

             Equation 4:1 

              

where   is the medium viscosity (measured via rheometry at 37ºC),    is the pore 

diameter (considered 40 μm according to previous studies),
303

 and    is the average 

velocity within the pore calculated as: 

 

   
 

     
 
 
 
  

             Equation 4:2 

           

where   is flow rate,   is scaffold diameter (3mm), and   is scaffold porosity 

(considered 0.88 according to previous studies).
303
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4.3 Results 

4.3.1 Effect of Flow Perfusion on ES Cell Growth and Proliferation 

We initially investigated the effect of flow perfusion on ES cellular growth and 

viability within 3D PCL scaffolds using DNA content as an index of cellular growth. ES 

cells were seeded on porous 3D PCL scaffolds and cultured for 5 or 10 days either 

without flow perfusion (i.e. static culture) or with flow perfusion bioreactors under three 

different flow rates: 0.04 (B-04), 0.08 (B-08), and 0.40 mL/min (B-40)). These conditions 

resulted in a shear stress range of 1.7-17.0 cPa, which correlated to literature data on 

shear stress in the bone microenvironment.
296, 297

 DNA content of ES cells increased in all 

experimental groups in a time-dependent manner (Figure  4:1A). 

 

 

Figure 4:1. Effect of flow perfusion on ES cell growth and proliferation. 

(A) Evolution of DNA content over time, normalized to DNA content in each group at 

day 0 for the different groups examined (S, static; B-04, 0.04 mL/min; B-08, 0.08 

mL/min; and B-40, 0.40 mL/min). Error bars represent the SD for n = 4 samples, and 

levels not connected by the same letter are statistically different (*P < 0.05). Broken line 

represents unitary fold change. (B) The 2D plots for ES surface markers CD99 and 

proliferation marker Ki67. 
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The lower (B-04) and intermediate (B-08) flow rates showed no significant 

improvement in ES cellular growth as compared to static culture; however, the highest 

flow rate (B-40, 0.40 mL/min) induced 28 or 50 fold increase in DNA content after 5 or 

10 days of culture, respectively (Figure  4:1A). Moreover, apoptotic ES cell rate was also 

similar among both static and flow perfusion groups, as confirmed by flow cytometry-

based analysis with Annexin and propidium iodide immunostaining (Figure  4:2). 

 

 

 

Figure 4:2. Flow cytometry analysis of ES cell culture under static and flow 

perfusion conditions. 

Flow cytometry staining for markers of early (Annexin V) and late (PI) apoptosis after 5 

d and 10 d of culture for the different groups examined (S, static; B-04, 0.04 mL/min; B-

08, 0.08 mL/min; and B-40, 0.40 mL/min).  
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Further, a flow cytometry-based proliferation assay was performed using Ki67 

immunostaining as a second indicator of proliferation; while the static culture showed the 

lowest fraction of Ki67
+
 cells, significantly more proliferative cells were identified within 

the three flow perfusion groups at both 5 and 10 days (Figure  4:1B). Additionally, flow 

perfusion preserved high cell surface expression of the clinical diagnostic marker CD99 

(Figure  4:1B and Figure  4:3). 

 

 

Figure 4:3. Immunofluorescent analysis of ES cell culture under static and flow 

perfusion conditions. 

After 10 d of culture, constructs for the different experimental groups (S, static; B-04, 

0.04 mL/min; B-08, 0.08 mL/min; and B-40, 0.40 mL/min) were stained for surface 

marker CD99 (red) and nuclei using DAPI stain (blue). Brightfield images show the 

location of ES cells along PCL fibers (BF). (Scale bar, 50 μm.) 

 



62 

 

 

 

4.3.2 Effect of Flow Perfusion on ES Cell Morphology and Distribution 

Examination of flow perfusion effects on ES cell morphology and distribution 

within 3D PCL scaffold was performed using Scanning Electron Microscopy (SEM) and 

immunofluorescent microscopy. The small round-cell morphology that is characteristic of 

human ES tumors was present in ES cells cultured under both static and flow perfusion 

conditions (Figure  4:4A, Figure  4:3). Thus, the flow-derived shear stress showed no 

apparent effect on ES cell morphology. When initially grown (at 5 days) within static 3D 

scaffolds, ES cells were at low confluency and tended to form clusters where PCL fibers 

cross, whereas under flow perfusion cells became confluent, especially at the highest 

flow rate (B-40). 

By day 10, both static and bioreactor groups had saturated the scaffold surface, a 

phenomenon that occurred more rapidly in ES cell cultures perfused at the highest flow 

rate (Figure  4:4A).The spatial distribution of ES cells within the scaffold constructs was 

assessed in cross-sections using fluorescent microscopy (Figure  4:4B). ES cells grown in 

static culture displayed significant proliferation on scaffold surface and extensive cell 

migration along the outer edges of the scaffold, but minimal migration occurred within 

the construct (Figure  4:4B). Conversely, the use of flow perfusion bioreactors promoted 

cell infiltration within the electrospun PCL scaffolds by day 5 (Figure  4:4B). This effect 

was more notable at higher flow rates (groups B-08 and B-40), which showed 

considerably higher cell infiltration by day 10 (Figure  4:4B). 
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Figure 4:4. Effect of flow perfusion on ES cell morphology and distribution. 

(A) SEM micrographs of the surface of scaffolds for the different groups examined (S, 

static; B-04, 0.04 mL/min; B-08, 0.08 mL/min; and B-40, 0.40 mL/min). Scale bar 

represents 100 μm in all micrographs. (B) Fluorescence microscopy of the cross section 

of scaffolds. Brightfield images of scaffold fibers are overlapped with ES cells 

fluorescently stained with DAPI (blue staining). (Scale bar, 200 μm.) 
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4.3.3 Effect of Flow-Derived Shear Stress on ES Cell Signaling Transduction 

In order to elucidate the effect of flow-derived shear stress on ES cell, proteomic 

profiling was performed using western blotting analysis for key ES-related oncoproteins 

that might crosstalk with the IGF-1R pathway. Total IGF-1R and insulin receptor (IR) 

protein expression were consistent among all groups, with no tangible effect of flow 

perfusion on their regulation (Figure  4:5). Expression of protein pS6, a direct downstream 

marker of IGF-1R/mTORC1 activity, remained constant among flow perfusion states. In 

contrast, expression of oncoproteins c-KIT and HER2 decreased under flow perfusion 

conditions compared to static cultures, particularly at the highest flow rate (i.e. B-40) 

(Figure  4:5). 

 

 

Figure 4:5. Effect of flow-derived shear stress on ES cell signaling transduction. 

(A) Western blot after 10 d of culture for the different groups examined (S, static; B-04, 

0.04 mL/min; B-08, 0.08 mL/min; and B-40, 0.40 mL/min). (B) Histogram analysis for 

the proteins shown in A. Signal density is normalized to GAPDH content and error bars 

represent the SD for n = 3 samples (*P < 0.05). 
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4.3.4 Effect of Flow-Derived Shear Stress on ES Cell Drug Sensitivity 

The effect of flow perfusion conditions on ES drug sensitivity was examined using 

doxorubicin (a conventional cytotoxic drug used in ES treatment) and dalotuzumab (MK-

0646), a humanized monoclonal antibody inhibitor of human IGF-1R. ES cells treated 

with doxorubicin in static and in flow perfusion conditions showed no detectable 

difference in their cell viability (Figure  4:6). 

 

 

Figure 4:6. Effect of cell viability upon doxorubicin exposure. 

ES cells were cultured under static and flow perfusion conditions (S, static; B-04, 0.04 

mL/min; B-08, 0.08 mL/min; and B-40, 0.40 mL/min) for 8 d and then exposed to 

doxorubicin (3 μM) for 2 d. Within each group, cell viability is shown as the DNA 

content of the drug-treated group normalized to the DNA content of the untreated group. 

Error bars represent the SD (n = 6), and broken line represents 100% baseline, i.e., no 

DNA change. 

 

 

Regarding the sensitivity of ES cells to IGF-1R blockade, dalotuzumab was tested 

in the absence or presence of exogenously supplemented IGF-1 ligand. Experimentally, 

IGF-1 amount per scaffold was quantified by ELISA from conditioned media collected at 

day 10 from ES cells grown in medium (control), single exogenous IGF-1 ligand (20 

ng/ml), dalotuzumab (100 μg/ml) or the IGF-1/dalotuzumab combination. Within the first 

two days of cell culture, a limited amount of IGF-1 was detected in all the experimental 

groups (Figure  4:7A). However, after 10 days ES cells cultured under flow perfusion 

conditions had released considerably more IGF-1 into the medium than cells grown in 

static culture (Figure  4:7B).  
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Figure 4:7. Effect of flow-derived shear stress on ES cell drug sensitivity. 

IGF1 secretion and drug sensitivity for experimental groups tested at different flow rates 

(S, static; B-04, 0.04 mL/min; B-08, 0.08 mL/min; and B-40, 0.40 mL/min). Levels of 

IGF1 ligand measured after 2 d (A) and 10 d (B) of culture under static and flow 

perfusion conditions. In panel (A), basal levels of IGF1 ligand in the complete media are 

shown as a reference for medium prepared with FBS (broken line) or charcoal-stripped 

FBS (dotted line). Error bars represent the SD (n = 3). (C) Cell viability after 3 d of 

culture followed by 7 d of exposure to IGF1 ligand, dalotuzumab (MK-0646), or their 

combinations. Within each group, cell viability is shown as the DNA content of the drug-

treated group normalized to the DNA content of the untreated group. Error bars represent 

the SD (n = 6). Levels not connected by the same letter are statistically different (P < 

0.05), and broken line represents 100% baseline, i.e., no DNA change.  
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Dalotuzumab treatment was effective in all flow perfusion bioreactor conditions, 

but the strongest flow rate-dependent antiproliferative effect occurred at the highest flow 

rate of 0.40 mL/min (B-40) while stimulated by physiological levels of exogenous IGF-1 

(Figure  4:7C). ES proliferation was inhibited under static conditions only when 

dalotuzumab was supplemented together with IGF-1 (Figure  4:7C). Interestingly, 

exogenous IGF-1 instantiated a feed-forward behavior, noted chiefly in ES grown in flow 

perfusion, that reinforces autocrine IGF-1 secretion by the ES cells (Figure  4:7B). This 

flow-rate dependent effect led to a significant increase in cellularity and IGF-1 

production (Figure  4:7C). 

To further assess whether these trends in drug sensitivity and IGF-1 production 

could be ascribed to the variable shear stress or to the enhanced mass transport, we 

conducted an additional study in which ES cells were cultured for 10 days either in static 

culture or with flow perfusion bioreactors under three different medium viscosities while 

maintaining a constant flow rate of 0.2 mL/min: 1X (0.9±0.1 cP), 2X (1.7±0.1 cP), and 

4X (3.6±0.3 cP). In this way, we sought to evaluate the effects of increasing shear stress 

on drug sensitivity and IGF-1 secretion, with negligible effects on mass transport under 

flow perfusion (Table  4:1).  

 

Table 4:1. Experimental parameters for ES cell culture under flow perfusion 

bioreactor conditions. 

Group B-04 B-08 B-40 B-1X B-2X B-4X 

Flow Rate (Q), 

mL/min 

0.04 0.08 0.40 0.20 0.20 0.20 

PEG concentration 

w/w % 

- - - - 2 6 

Viscosity ( ), 

cP (n=4) 

0.9±0.1 0.9±0.1 0.9±0.1 0.9±0.1 1.7±0.1 3.6 ±0.3 

Shear stress (  ), 

cPa (n=4) 

1.7±0.2 3.4±0.3 17.0±1.5 8.5±0.8 16.0±1.1 33.7±2.7 
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The IGF-1 quantification provided evidence that biomechanical stimulation is 

responsible for the enhanced IGF-1 secretion, which was shear stress-dependent (Figure 

 4:8A). Under the same conditions, dalotuzumab activity was retested and the 

ineffectiveness of this drug in static conditions was confirmed due to low concentrations 

of IGF-1 present (Figure  4:8). Conversely, ES cells showed lower sensitivity to IGF-1R 

blockade under higher shear stress conditions (Figure  4:8B). 

 

 

Figure 4:8. Effect of flow-derived shear stress on IGF-1R blockade within ES cells. 

IGF1 secretion and drug sensitivity for the experimental groups tested with different 

medium viscosities (S, static; B, bioreactor, with 1×: 0.9 ± 0.1 cP, 2×:1.7 ± 0.1 cP, and 

4×: 3.6 ± 0.3 cP) and a constant flow rate of 0.2 mL/min. (A) Amount of IGF1 ligand per 

scaffold measured in conditioned media after 10 d of culture. Error bars represent the SD 

(n = 3, *P < 0.05). (B) Cell viability after 3 d of culture followed by 7 d of exposure to 

dalotuzumab. Within each group, cell viability is shown as the DNA content of the drug-

treated group normalized to the DNA content of the untreated group. Error bars represent 

the SD (n = 6, *P < 0.05).  
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4.4 Discussion 

 Though monolayer cultures and xenograft animal models will continue to serve 

the cancer research community as important tools for studying oncogenesis and drug 

sensitivity, they do not adequately preserve the human in vivo tumor phenotype and often 

poorly predict clinical drug activity. To overcome these challenges, scientists have turned 

to innovative ex vivo 3D cell culture systems that better mimic the complexity of human 

tumors and enable greater control over the cancer microenvironment and its principal 

components that affect cellular behavior. The National Institutes of Health have 

recognized growing synergy between the physical sciences and cancer biology fields and 

has encouraged transdisciplinary collaborative efforts that draw from their respective 

expertise.
304

 This convergence has facilitated the design of physiologically relevant and 

spatially-complex cancer microenvironments, improved the resemblance of 3D 

preclinical models to their human counterparts, and permitted precise management of 

biophysical stimuli that control tumor interactions with its microenvironment (e.g., shear 

stress, metabolic stress and matrix stiffness).
305

 From our own experience using tissue 

engineered (TE) cancer models, we previously reported that TE ES models are 

considerably better than 2D models in their mimicry of human tumors, particularly with 

respect to cell morphology, growth kinetics, proteomic expression patterns, and drug 

sensitivity.
9
 

 In the context of bone tumors such as ES, which remain the clinical focus of our 

laboratory, the host microenvironment exposes cells to a range of dynamic biomechanical 

stimuli. These forces include shear stress associated with interstitial flow, compressive 

forces under load-bearing conditions, and stresses associated with vasodilatation.
294

 

While many of the biomechanical forces present in vivo are inherent in any living system 

(e.g. fluid shear stress in blood vessels and bone cell compression with physical activity), 

the tumor microenvironment exploits them during tumor growth, cell migration, and 

contraction. Furthermore, changes in interstitial pressure, signaling transduction, and 

ECM deposition can participate in modifying the biomechanical and biochemical 

properties of both the tumor microenvironment and surrounding cells. Although these 
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factors cannot be experimentally controlled in 2D or spheroid culture, TE tumor models 

lend themselves well to this endeavor.
306

  

Recognizing the major importance of biomechanical forces in bone tumors,
294

 and 

the possible effects on key molecular targets of ES such as the IGF-1/IGF-1R pathway,
7, 

13
 we sought to expand upon a well-characterized TE bone tumor model pioneered in our 

laboratory by inclusion of flow perfusion in this study.
9
 The use of flow perfusion 

bioreactors provides mechanical stimulation in the form of flow-derived shear stress, 

which can be tailored within a physiological range by experimentally regulating flow rate 

and/or medium viscosity.
11, 296, 297

 Because increased flow perfusion rates are expected to 

enhance nutrient delivery and promote more uniform cell scaffold distribution, we 

determined whether physiological levels of flow perfusion could alleviate some of the 

downsides of 3D systems, including scaffold obstruction by cell-produced ECM and non-

uniform cell deposition. Shown in Figure  4:1 through Figure  4:4, flow perfusion 

improved cell survival and growth. The convective flow promoted nutrient supply within 

the construct, thus leading to more uniform cell distribution and to higher proliferation 

when compare to static conditions.  

While our previous data indicated that the simple transition from monolayer culture 

to a 3D model induces major effects upon IGF-1R due to the altered tumor architecture,
9
 

this investigation demonstrated how mechanical forces also affect ES cell phenotype and 

drug sensitivity. As shown in Figure  4:5 and Figure  4:8, we identified striking perfusion-

dependent effects upon the IGF-1/IGF-1R and other collateral ES signaling pathways, 

independently of the surrounding microarchitecture. The use of flow perfusion resulted in 

a down-regulation of oncoproteins c-KIT and HER2, with protein expression levels more 

consistent with in vivo data reported in literature than with 2D monolayer evaluations.
9, 

299
 Interestingly, we observed a robust increase in IGF-1 secretion from static to flow 

perfusion, showing how the extent of this response correlated directly with the level of 

hydrodynamic shear stress present in the culture rather than that of convective mass 

transport. Considering the central role of the IGF-1/IGF-1R pathway in ES oncogenesis 

and progression, the use of flow perfusion is superior to static conditions in modeling of 

IGF-1 dysregulated upregulation typical of pediatric sarcomas and demonstrates the 

importance of mechanotransductive processes during ES progression.
307
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Although several studies demonstrated the clinical efficacy of IGF-1R inhibitor 

dalotuzumab in IGF-1R targeted therapies, little to no activity in vitro has been 

documented so far.
308, 309

 In this study, exposure of ES cells to dalotuzumab showed a 

flow-rate dependent drug response in flow perfusion bioreactors, with greater drug 

efficacy at higher flow rates. At the same time, varying mechanical stimulation by 

changing medium viscosity (i.e. different shear stress but negligible effect on mass 

transport) demonstrated how higher shear stress leads to decreasing dalotuzumab activity. 

An explanation for this apparent contradiction lies in mass transport differences in the 

two performed experiments. An increasing flow rate not only implies higher shear stress 

(and IGF-1 amount) but also enhances drug transport within the construct. Accordingly, 

the observed sensitivity to dalotuzumab increases with flow rate, as the drug is more 

effectively delivered to ES cells within the construct. Conversely, higher levels of IGF-1 

ligand counteract dalotuzumab-mediated IGF-1R blockade. Similar effects were not 

observed in static conditions, highlighting how the mechanical microenvironment affects 

the efficacy of potential biological therapeutic agents. Therefore, the TE tumor model 

seems accurately representative of important mechanical cues present in the ES tumor 

niche that are involved in IGF-1R pathway modulation, and ultimately in the response to 

dalotuzumab that is observed in the clinic. These findings highlight the importance of 

recapitulating biomechanical stimuli in vitro toward more accurate preclinical screening 

of antineoplastic activity of potential drug candidates. 

 In evaluating the impact of the TE tumor niche upon drug sensitivity, the 

unexpected finding that shear stress enhances autocrine release of IGF-1 is noteworthy, 

and one that could have far-reaching implications that alter our understanding of ES 

tumorigenesis. Most experts agree on a mesodermal origin for ES, and Toretsky et al. 

have shown that IGF-1 signaling is required to transform EWS-FLI1
+
 mouse fibroblasts 

into ES-like cells.
310, 311

 In our study, ES cells responded to perfusion analogously to 

other MSC-derived cells, which have been shown to up-regulate IGF-1 (and occasionally 

IGF-2) following mechanical stimulation.
13-15

 Though it remains to be proven, our data 

suggest that autocrine release of IGF-1 by MSCs – mediated by physiological levels of 

shear force – may be sufficient to aid EWS-FLI1-driven malignant transformation 
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without the need for additional IGF-1 in the serum. These findings explain the difficulty 

of transforming MSCs in monolayer culture. 

 For years, activation of IGF-1R and its downstream pathways has been considered 

an essential but insufficient ingredient for initiating tumorigenesis. However, why 

exogenous IGF-1 was required could not be gleaned from monolayer cultures. These 

findings lend even greater credibility to the mesodermal hypothesis for ES derivation, 

and contribute to our understanding of the other elements required to initiate and 

maintain malignancy. Though it remains to be proven, we contend the mechanical forces 

induced by flow perfusion in culture, and naturally present in vivo, may sufficiently up-

regulate autocrine production of IGF-1 to levels necessary to complement the oncogenic 

effects of the EWS-FLI1 protein. Although a mechanistic interpretation for the 

mechanotransductive modulation of IGF-1/IGF-1R axis is still missing in the literature, it 

can be hypothesized that hydrodynamic shear stress induces cytoskeletal 

reorganization,
294

 with mechanical forces transmitted directly to the nucleus, according to 

the so-called “hard-wired” cell model.
295

 These forces might spark nuclear 

mechanochemical processes that enhance IGF-1 promoter recognition by the EWS-FLI1 

fusion protein,
295, 312

 and ultimately lead to up-regulation of IGF-1 as we observed. 

Investigating this hypothesis would be beneficial not only for ES, but also to understand 

the mechanisms behind mechanotransductive IGF-1 up-regulation in other cells of 

mesodermal origin.
13-15

 

4.5 Conclusions 

 In this research, we investigated how flow perfusion influences tumor cell 

phenotype, drug sensitivity, and cell proliferation in a 3D ES model compared to a 

control group in static conditions. In understanding these effects, we focused on a 

promising class of IGF-1R targeted therapies that have demonstrated remarkable clinical 

activity in a small subset of ES patients. 

 Flow perfusion improved cell culture conditions compared to static conditions in 

terms of cell growth, proliferation, and distribution. Strikingly, mechanical stimulation 

affected the IGF-1R signaling pathway via up-regulation of the IGF-1 ligand, with direct 
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consequences on in vitro activity of IGF-1R inhibitor dalotuzumab. Competitive binding 

between IGF-1 and dalotuzumab on IGF-1R was tipped in favor of IGF-1, due to the 

higher amounts of IGF-1 ligand in the presence of flow perfusion compared to static 

conditions. Resistance to dalotuzumab activity thus increased with the extent of shear 

stress, and this effect was alleviated solely in the presence of convective transport, which 

was ultimately responsible for higher drug availability to cells. We envision that a similar 

interplay between mass transport and flow-derived biomechanical stimulation is likely to 

occur in vivo, where dalotuzumab efficacy within a tumor might depend on the extent of 

local forces, interstitial flow, and vascularization. 

 We further showed how flow-derived shear stress resulted in a down-regulation of 

oncoproteins c-KIT and HER2 when compared to static conditions, with a 

physiologically more relevant ES phenotype. While the mechanistic basis behind these 

phenomena remains unknown, these findings highlight key oncogenic changes influenced 

by mechanical forces that can be precisely controlled using a TE bone tumor niche and 

are a first step in narrowing the gap in IGF-1R targeted drug efficacy that exists between 

preclinical and clinical settings. Understanding how the microenvironment and 

biomechanical forces alter a cell’s response to treatment – and important resistance 

mechanisms – will contribute to the identification of potential biological targets and 

consequently, the design of new anticancer drug candidates. 

 Although this research focused on the role of mechanotransduction on drug 

sensitivity and on cell phenotype, the ability to perform mechanistic studies within an 

engineered ES model resulted in the recognition of specific phenomena involved in ES 

oncogenesis. Accordingly, the system allows for further mechanistic studies on ES 

biology, and is easily amenable for the incorporation of other components of the tumor 

microenvironment, namely stromal cells. The present work has improved our knowledge 

of ES mechanobiology, but further investigations are warranted to study the effects of 

other components within a systematic framework. Ultimately, the use of flow perfusion 

bioreactors in concert with 3D TE scaffolds is expected to greatly improve our 

understanding of the interplay between architectural, biochemical and mechanical cues 

and their relevance during tumor progression and acquisition of drug resistance. 
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CHAPTER 5: EFFECTS OF SHEAR STRESS 

GRADIENTS ON EWING SARCOMA CELLS USING 3D 

PRINTED SCAFFOLDS AND FLOW PERFUSION
4
 

Abstract 

In this work, we combined three-dimensional (3D) scaffolds with flow perfusion 

bioreactors to evaluate the gradient effects of scaffold architecture and mechanical 

stimulation, respectively, on tumor cell phenotype. As cancer biology strategies elucidate 

the relevance of 3D in vitro tumor models within the drug discovery pipeline, it has 

become more compelling to model the tumor microenvironment and its impact on tumor 

cells. In particular, permeability gradients within solid tumors are inherently complex and 

difficult to accurately model in vitro. However, 3D printing can be used to design 

scaffolds with complex architecture, and flow perfusion can simulate mechanical 

stimulation within the tumor microenvironment. By modeling these gradients in vitro 

with 3D printed scaffolds and flow perfusion, we can identify potential diffusional 

limitations of drug delivery within a tumor. Ewing sarcoma (ES), a pediatric bone tumor, 

is a suitable candidate to study heterogeneous tumor response due to its demonstrated 

shear stress-dependent secretion of ligands important for ES tumor progression. We 

cultured ES cells under flow perfusion conditions on poly(propylene fumarate) (PPF) 

scaffolds fabricated via extrusion-based 3D printing. 3D printing was employed to design 

PPF scaffolds with a defined pore size gradient. Computational fluid modeling confirmed 

the presence of a shear stress gradient within the scaffolds and estimated the average 

shear stress that ES cells experience within each layer. Subsequently, we observed
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 enhanced cell proliferation under flow perfusion within layers supporting lower 

permeability and increased surface area. Additionally, the effects of shear stress gradients 

on ES cell signaling transduction of the insulin-like growth factor-1 (IGF-1) pathway 

elicited a response dependent upon the scaffold gradient orientation and the presence of 

flow-derived shear stress. Our results highlight how 3D printed scaffolds, in combination 

with flow perfusion in vitro, can effectively model aspects of solid tumor heterogeneity 

for future drug testing and customized patient therapies. 

5.1 Introduction 

The convergence of tissue engineering and cancer biology has given a precedent 

toward the development of 3D in vitro models.
305, 313, 314

 In support of these recent 

reviews, 3D scaffolds can better recapitulate the tumor microenvironment than 

conventional monolayer cultures, where cells cultured in 2D systems are intrinsically 

unable to capture the complex 3D interactions present within the native tumor niche.
9
 

Both hydrogels and synthetic fiber-based scaffolds have been used as 3D models to 

culture cancer cells. Fiber-based 3D scaffolds for bone tumor modeling are primarily 

fabricated by conventional processing methods, such as electrospinning.
305

 Electrospun 

scaffolds have been successfully used for tumor modeling, as they mimic the 

microarchitectural cues present in vivo.
245

 However, the small pore size and the limited 

diffusion of nutrients prevent cell migration within these systems.
245

 These shortcomings 

have been recently overcome by using 3D electrospun scaffolds in concert with a flow 

perfusion bioreactor, resulting in higher cell proliferation and more homogeneous cell 

distribution when compared with static conditions.
315

 Yet, the ability to control the 

architecture of traditionally-fabricated scaffolds, including pore size, pore 

interconnectivity, and regularity of pores and fibers, is somewhat limited.
316

 

3D printing, however, is an ideal processing technique to control scaffold 

architecture and incorporate complex internal geometries and interconnected pores. In 

order for our scaffolds to model the Ewing sarcoma (ES) tumor, we used a polymer, 

poly(propylene fumarate) (PPF), which can represent the bone tumor niche due to its 

suitability for bone-related applications
317-324

 and robust mechanical properties.
325

 In 
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addition to providing a suitable material for bone tissue engineering, the combination of 

this polymer with extrusion-based printing has enabled the fabrication of scaffolds with 

controlled pore sizes.
326

 3D printing technologies can regulate the pore size within each 

layer of a scaffold, permitting fabrication of 3D gradient structures.
327-329

 Scaffolds with 

3D printed pore size gradients can then be combined with flow perfusion to model the 

complex heterogeneity of ES tumors. 

Solid tumors are highly heterogeneous structures, owing in part to their complex 

organization of cells and varying intratumoral permeability, which can create diffusional 

barriers for mass transport and drug delivery.
330

 By modeling physiological levels of 

biomechanical stimulation present in the bone tumor niche, a recent study has 

demonstrated a shear stress-dependent drug response in the 3D culture of ES cells under 

flow perfusion.
315

 Although most cancer biologists emphasize genetic mutations and 

protein expression as key markers for tumor progression and response to therapy, we 

recognize that the interaction of tumor cells with their microenvironment can impact their 

phenotype and drug response, as seen in previous work.
315, 331

 Furthermore, the factors of 

fluid shear stress and macro-scale architecture, both of which represent cues from the in 

vivo microenvironment, may have synergistic effects on tumor phenotype, protein 

expression, and cell proliferation.  

In this study, we have leveraged the benefits of flow perfusion and extrusion-based 

3D printing to mimic the microenvironmental cues within a bone tumor. 3D printed 

scaffolds with pore size gradients can mimic the heterogeneous permeability of solid 

tumors and subsequent organization of tumor cells in response to varying mass transport 

conditions within a single 3D model. Instead of impeding cell migration with small pore 

sizes, we intended to model larger pore sizes (0.2-1 mm) found commonly in cortical and 

trabecular bone,
332

  which is a common site for primary ES tumors.
6
 Depending on the 

location of the solid tumor, pore sizes within the long bones can range between 0.01-0.5 

mm for compact bone 26 and up to 1 mm for trabecular bone.
332

 By controlling the 

scaffold architecture using 3D printing techniques, we can also control the shear stress 

environment that the cells experience under flow perfusion.  

 In this work, we hypothesized that a 3D gradient scaffold could be used to elicit a 

shear stress gradient and affect the overall tumor phenotype. Specifically, ES cells would 
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experience different shear stress depending on 1) their location within the scaffold and 2) 

the orientation of the pore size gradient. The goal of this study is to use 3D printing in 

order to control the in vitro microenvironment and effectively direct ES cell phenotype, 

which would have tremendous benefits for modeling intratumoral heterogeneity in cancer 

patients
333

 and performing high-throughput drug testing of cancer therapeutics.
7
 

5.2 Materials and Methods 

5.2.1 Experimental design 

We designed 3D printed PPF scaffolds with three different gradient configurations 

(LMS, MMM, and SML), as shown in Figure  5:1. Pore size gradients were obtained by 

combining three individual 3D printed PPF layers (two arrays per layer) with large (L), 

medium (M), or small (S) pore size. Computational modeling was used to estimate the 

shear stress gradients experienced by cells cultured under flow perfusion conditions. 

Scaffolds seeded with ES cells were cultured under static conditions or within a flow 

perfusion bioreactor. Half of the medium was replaced on days 3, 6, and 8 of culture. 

Samples were harvested and analyzed for DNA content, protein expression, and 

cumulative IGF-1 release at day 10. 

 

 

Figure 5:1. Cross-sectional view of gradient scaffold orientations. 

Cross-sectional view of gradient scaffold orientations (3 layers with 2 arrays per layer) 

with the following pore sizes: large (L) = 1 mm, medium (M) = 0.6 mm, small (S) = 0.2 

mm. 
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5.2.2 PPF fabrication and scaffold printing 

PPF was synthesized in a step-growth polymerization reaction as previously 

described.
326, 334

 The number average molecular weight (Mn, 2280 ± 23) and 

polydispersity index (PDI, 1.72 ± 0.02) were characterized by gel permeation 

chromatography after purification. The PPF printing solution was prepared following 

previous work.
326

 Briefly, PPF was mixed with diethyl fumarate (DEF, Sigma) in an 

85:15 wt % ratio. First, a photoinitiator, phenylbis (2,4,6-trimethylbenzoyl)-phosphine 

oxide (BAPO, BASF), was dissolved in DEF (1wt% BAPO) by vortexing and mixed 

with warm PPF (~70ºC) to permit UV crosslinking. 

10x10x0.54mm square prisms were designed (SolidWorks, Waltham, MA), sliced 

into two layers (Bioplotter RP, EnvisionTEC), and printed at the following conditions: 

resin temperature (55ºC), platform temperature (5ºC), print head speed (5mm/s), needle 

offset (0.25mm), syringe tip diameter (340μm). Pressure was varied (0.8-1.6 bar) in order 

to produce fibers with diameters of 320-360μm, which corresponds to an approximate 6% 

error compared to the syringe tip diameter. The spacing between fibers was adjusted to 

achieve pore sizes of 0.2, 0.6, and 1mm. Each printed layer was crosslinked with UV 

light (single projection, 10s exposure, 70mm height) following previous methods.
326

 

Scaffolds were printed on plastic tape (Scotch, Long Lasting Moving & Storage 

Packaging Tape) to allow adhesion to the build plate during printing and easy removal 

after post-curing (Otoflash, EnvisionTEC). Post-curing was required to fully cross-link 

scaffolds and was performed as previously described.
326

 Previous work also details 

explicit settings used in the Bioplotter Software.
326

 Images of scaffolds were taken with a 

stereomicroscope (MZ6, Leica Microsystems, Wetzlar, Germany) and used to quantify 

pore size and fiber diameter (n = 12 scaffolds per group, 5 measurements per image) 

(ImageJ, NIH) following previous reported methods.
326, 328

  

5.2.3 Porosity measurements 

Porosity was quantified  (n = 12 per group) using gravimetric analysis following 

previous methods.
328

 Briefly, sample dimensions (length, L; width, W; thickness, T) and 

weight (         ) were measured and used to calculate the porosity according to 
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Equation  5:1, where           is the scaffold density and           is the density of the 

material. The respective densities of PPF (1.267 g/mL),
335

 DEF (1.052 g/mL) (Sigma), 

and BAPO (1.19 g/mL) (BASF) were used to estimate          . 

 

     
         

          
   

         

            
 

             Equation 5:1 

            

5.2.4 Scanning electron microscopy (SEM) 

The surface morphology of the 3D printed scaffolds was imaged using SEM prior 

to cell seeding to characterize the fiber morphology, roughness, and pore 

interconnectivity. Samples (n = 1 per formulation) were sputter-coated with 10nm of gold 

(Denton Desk V, Moorestown, NJ) and SEM (FEI Quanta 400 ESEM FEG, FEICo, 

Hillsboro, OR) images were obtained at 5.00 kV (high voltage, HV), 6μs dwell time, and 

2.0mm spot size with 50, 100, and 1000x magnification following previous methods.
204

 

5.2.5 Computational modeling of shear stress in 3D printed scaffolds 

Each layer of the scaffolds (L, M, S) was scanned non-destructively with micro-

computed tomography (μCT) using a commercial system to obtain 2D image slices 

(Quantum FX, Perkin Elmer, Waltham, MA; L10101, Hamamatsu Photonics, Japan; 

PaxScan 1313, Varian Medical Systems, Palo Alto, CA). The images of sequential layers 

were then filtered, thresholded, and stacked (LMS, MMM, SML) using the open-source 

visualization software 3D Slicer (slicer.org) to form the 3D reconstructions. For each 

scaffold configuration, slices were excised from the edges of the reconstruction to avoid 

edge effects in the computational fluid dynamic (CFD) simulations. The exact size of the 

resulting digital scaffold was different for each case; however, the typical size was 10 x 

10 x 1.2 mm (length x width x height). 

Simulations were then conducted with flat velocity profiles based on a flow rate of 

0.6 mL/min, no-slip boundary conditions imposed at the walls, and also an outlet with 

constant static pressure.
336, 337

 The culture medium was modeled as an incompressible 



80 

 

 

 

Newtonian fluid with a dynamic viscosity of 1 cP, according to previous studies.
315

 In 

order to avoid any unwanted entrance effects and allow for fully developed laminar flow, 

we added a 4.8 mm long inlet channel in front of the scaffolds (Figure  5:2A), which 

satisfies the conditions for laminar flow in a non-circular pipe.
338, 339

 Hydraulic radius 

(  ), cross-sectional area ( ), perimeter of the channel ( ), Reynolds number (  ), 

average velocity (   ), medium density ( ), medium viscosity ( ), and entrance length 

(  ) are defined in (Equation  5:2-Equation  5:4): 

 

 

   
   

 
       

             Equation 5:2 

 

   
          

 
   

             Equation 5:3 

 

                      

             Equation 5:4 

 

 

Simulations were performed using multiple methods to insure the accuracy of the 

results (Fluent 6.3 (ANSYS, Inc.) and a custom in-house code utilizing the lattice 

Boltzmann method), both of which have been extensively utilized for computed surface 

shear stresses on μCT reconstructions.
336, 337, 340, 341
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5.2.6 Bioreactor cassette design 

Bioreactor cassettes were designed (SolidWorks) (Figure  5:2B) and custom 

machined (Jet 708580 JBM-5, Amazon; and Shapeoko 2, Inventables) from a 1/2” x 12” 

x 12” polycarbonate sheet (8574K32, McMaster, CarrDouglasville, GA). Cassettes were 

placed in an integrated medium reservoir and flow chamber developed in previous 

work.
298

 In order to prevent scaffolds from floating during flow perfusion, a stainless 

steel mesh was placed in between the O-rings and the top of the cassette, as previously 

reported.
204

 

 

  

 

Figure 5:2. Bioreactor cassette design and boundary conditions. 

A) Side-view of bioreactor cassette (one scaffold (yellow) at the bottom of a channel and 

boundary conditions used for computational simulations). The channel below the scaffold 

is a cylinder with diameter = 7 mm. B) Top view of the bioreactor cassette (3D CAD 

model, diameter = 11.1 cm), showing all six scaffold channels. Each multi-layer scaffold 

(indicated in yellow in panel A) has dimensions of approximately 10 x 10 x 1.2 mm 

(length x width x height) and are press-fit into the bottom of each of six scaffold 

channels. 
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5.2.7 Expansion, seeding, and culture of ES cells on 3D printed scaffolds in static 

and flow perfusion conditions 

The human Ewing sarcoma (ES) cell line TC71 was available from our institution 

(MDACC) and has been previously characterized.
315

 ES cells were cultured in Roswell 

Park Memorial Institute (RPMI) medium 1640 (Mediatech). RPMI medium 1640 was 

supplemented with 10% FBS (Gemini Bioproducts) and antibiotics (100IU/mL penicillin 

and 100μg/mL streptomycin; Gibco) (referred to as “complete medium”). At the 

beginning of the experiment, cells were detached with 0.05% trypsin-EDTA (Gibco), and 

counted with a hemocytometer. 

3D printed scaffolds were sterilized in 24-well ultra-low attachment plates 

(Costar®, Corning) in a 12 hr ethylene oxide cycle (Anderson Sterilizers) and allowed to 

de-gas for 24 hr prior to cell culture. The scaffolds were then pre-wet in a sterile gradient 

of ethanol (100, 75, 50, 25, 0%), followed by 3 washes of phosphate-buffered saline 

(PBS, Gibco) and were incubated on a rotating shaker overnight in 1mL complete 

medium. On the following day, 200,000 cells were seeded on each scaffold in 1mL 

supplemented RPMI medium (ultra-low attachment plates) and placed on a rotating table 

in an incubator overnight to facilitate cell adhesion.  

Cassettes were sterilized in ethylene oxide and pre-wet in sterile deionized water 

prior to cell culture as described above. All other bioreactor components were sterilized 

with a 20min autoclave cycle. After 12 hours of incubation, seeded layers were press-fit 

into cassettes in an orientation following Figure  5:1 in either static (400mL beaker, 50mL 

complete medium added with spacers on the bottom) or perfusion (50mL complete 

medium added) conditions. The bioreactor setup has been described in previous work.
298

 

Cassettes under perfusion were subject to a flow rate of 0.6mL/min and incubated at 37ºC 

and 5% v/v CO2 (HeraCell 150i; ThermoScientific). 

5.2.8 DNA assay 

A DNA assay was conducted (n = 6 samples per group) with a Quant-iT PicoGreen 

dsDNA kit (Thermo Scientific) following previous protocols.
315

 Each layer was separated 

and frozen in 1 mL deionized water prior to processing for the assay. Samples were 
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subjected to three freeze/thaw cycles (15 min each), vortexed, and sonicated for 10 min. 

Eight lambda DNA standards were prepared by serial dilution (0-2 μg/mL). 100 μL TE 

buffer solution, 50 μL sample, and 150 μL PicoGreen solution were added to a black 96 

well plate, and fluorescence was measured with a fluorescent plate reader (FLx800 

Fluorescence Microplate Reader; BioTek Instruments, Winooski, VT). DNA content was 

calculated based on the standard curve. 

5.2.9 Flow cytometry  

At the end of the experiment, cassettes were disassembled. The top, middle, and 

bottom layers of each scaffold were separated for flow cytometry analysis. Two layers 

were pooled together to achieve three biological replicates (n = 6 total layers per 

formulation). Layers were placed in 300 μL of PBS during separation. The PBS solution 

was aspirated into a 96-well plate and centrifuged at 2000 rpm for 1 min to collect any 

immediately dissociated cells. Cells were then dissociated from the scaffolds by 

alternating two incubations (20 and 10 min) in Accutase buffer (BD Biosciences, San 

Jose, CA) with centrifugation. Then, cell pellets were re-suspended in PBS and 

centrifuged twice before staining with antibody. Cells were stained with phycoerythrin 

(PE)-conjugated mouse anti-human CD221 antibody (BD Pharmingen™; BD 

Biosciences, San Jose, CA) in order to characterize expression of insulin-like growth 

factor-1 receptor (IGF-1R). TC71 cells from 2D culture flasks were used as controls, 

which included unstained and single stained IGF-1R samples. Stained cells were 

evaluated using a flow cytometer (FACSCanto II; BD Biosciences, San Jose, CA), and 

data were analyzed using CytoBank software (Cytobank.org; Mountain View, CA).   

 

5.2.10 Enzyme-linked immunosorbent assay (ELISA) 

After 3, 6, 8, and 10 days of culture, complete media from each group was 

harvested (n = 3 per group) to quantify the concentration of IGF1 ligand (ELISA kit 

DuoSet; R&D Systems). Cumulative release was calculated in terms of the amount of 

soluble IGF-1 per scaffold, taking into account the volume of media and number of 
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scaffolds for each time point and assuming negligible surface adsorption. The optical 

density of each sample was measured using a microplate reader (DTX880; Beckman 

Coulter).   

5.2.11 Statistical analysis 

A one-way analysis of variance (ANOVA) was used to compare mean ± standard 

deviation of pore and fiber measurements, in which Tukey’s Honestly Significant 

Difference (HSD) test was performed to identify significant differences (p-value < 0.05). 

One-way ANOVA and Tukey’s HSD were used to compare: 1) top, middle, and bottom 

layers within each gradient orientation (LMS, MMM, SML) and 2) all top (middle, and 

bottom) layers across gradient orientations. DNA content and protein expression data 

were compared using a full-factorial analysis within static and bioreactor conditions 

following previously reported methods,
342, 343

 and statistical differences were validated 

with Tukey’s HSD. Factors included scaffold orientation (LMS, MMM, SML) and 

scaffold layer (top, middle, bottom). In order to compare results within specific scaffold 

layers across culture conditions (e.g., LMS – top layer under static vs flow perfusion), 

pairwise comparisons were made using Student’s t-test (p < 0.05). For ELISA data, a 

one-way ANOVA was used to compare groups within time points for either static or 

bioreactor conditions with post-hoc Tukey’s HSD (p < 0.05). Student’s t-test was used 

again to make pairwise comparisons between static and bioreactor conditions for specific 

scaffold/time point combinations. All statistical analysis was performed using JMP Pro 

10 software (SAS Institute Inc., Cary, NC).  
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5.3 Results 

5.3.1 Characterization of 3D printed scaffold architecture and porosity  

SEM imaging shows representative images of different pore sizes (0.2-1 mm) in 

our engineered scaffold layers (Figure  5:3A-C). Pore size (Figure  5:3D) can be controlled 

and demonstrated a statistical significance (L = 0.729 ± 0.040 mm, M = 0.550 ± 0.109 

mm, S = 0.296 ± 0.053 mm), but pore sizes were smaller than their programmed values 

for L and M layers. However, the fiber diameter (Figure  5:3E) stayed constant with 

varying pore size (L = 0.275 ± 0.033 mm, M = 0.339 ± 0.087 mm, S = 0.338 ± 0.041 

mm) and was similar to the syringe tip diameter (0.34 mm). Gravimetric analysis 

indicated that the porosity (Figure  5:3F) was the same for large and medium sized 

scaffolds and significantly lower for small layers (L = 0.495 ± 0.083, M = 0.408 ± 0.152, 

S = 0.277 ± 0.161). 
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Figure 5:3. Gradient scaffold layers and layer measurements.  

A) Large, L; B) medium, M; and C) small, S; pore sizes were 3D printed. Scale bar = 1 

mm. Scaffold layers were analyzed optically to measure D) pore size and E) fiber 

diameter (n = 60). F) Gravimetric analysis was performed to measure the porosity of each 

layer (n = 12). In panels D)-F), data are reported as mean + standard deviation, and A)-C) 

groups marked with the same letter are not statistically different (p < 0.05). 
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5.3.2 Computational modeling of shear stress 

 After generating shear stress profiles under several flow rates (up to 6 mL/min 

tested), the flow rate was adjusted to 0.6 mL/min to achieve physiologically relevant 

shear stresses within scaffold layers based on previous work.
315

 We compared the 

average wall shear stress in each layer of the 3D printed PPF scaffolds (Figure  5:4), 

which were scanned via μCT to generate a 3D reconstruction. Computational modeling 

indicated that the average shear stress was higher in the top layer compared to middle and 

bottom layers, regardless of the configuration (p<0.05). While no statistical significance 

was found among layers in the LMS configuration, in both MMM and SML 

configuration the top layers registered the highest values of wall shear stress. 

Computational models of average wall shear stress within the scaffolds layers for LMS, 

MMM, and SML configurations are represented in Figure  5:5. In a few instances, 

localized regions of higher shear stress were observed near the edges (e.g., SML top 

layer) and near defects within the 3D printed scaffolds (e.g., MMM middle layer). 

Despite some localized differences, however, the shear stress distributions were similar in 

the majority of the scaffold layers, as shown in Figure  5:6. 

 

 

Figure 5:4. Summary of average wall shear stress per layer. 

Average shear stress (cPa) per layer in each scaffold configuration and layer for a flow 

rate of 0.6 mL/min. Data reported as mean + standard deviation (n = 3). Groups within 

each gradient orientation (LMS, MMM, SML) marked with the same letter A-B do not 
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differ by one-way ANOVA (p > 0.05). No statistical differences were observed across 

respective top, middle, and bottom layers. 

 

 

 

 
Figure 5:5. Mapping of wall shear stress distribution per layer. 

Average wall shear stress per layer (top, middle, and bottom) for all gradient orientations 

(LMS, MMM, and SML). Wall shear stress is mapped as a color distribution (heat map) 

on the top surface of each layer. Heat map indicates distribution of high (red, 8 cPa) to 

low (blue, 0 cPa) shear stresses. Heat map legend applies to all layers. 
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Figure 5:6. Wall shear stress distribution per layer. 

Wall shear stress distributions [cPa] based on gradient orientation (LMS, MMM, and 

SML) and layer location (top, middle, and bottom). Frequency (%) data come from the 

computational simulations and represent the probability that the wall shear stress is a 

specific value within a specific layer of the scaffold. 
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5.3.3 Characterization of ES cell response to shear stress gradient 

5.3.3.1 Effect of shear stress gradient on ES cell proliferation 

A full-factorial model was used to compare the main effects of gradient orientation 

and layer location on DNA content for ES cells cultured under static conditions. The 

MMM orientations exhibited a significantly higher cell proliferation than the LMS and 

SML orientations under static conditions (Figure  5:7A), demonstrating a significant 

effect of scaffold orientation on DNA content (p < 0.0001). The same behavior was true 

for top layers as compared to middle and bottom layers, demonstrating a significant effect 

of layer location on DNA content (p = 0.0145). Additionally, the MMM top layer 

demonstrated significantly higher proliferation than all other groups under static 

conditions. Depending on the gradient orientation and the layer location, different 

responses in cell proliferation were observed, indicating a significant interaction between 

gradient orientation and layer location (p = 0.0034).  

A full-factorial model was then used to compare the main effects of gradient 

orientation and layer location on DNA content for ES cells cultured under flow perfusion 

conditions. Under flow perfusion conditions (Figure  5:7B), cells within the top layers 

also exhibited significantly higher proliferation compared to medium and bottom layers 

(p = 0.0330). There was also a significant interaction between gradient orientation and 

layer location (p = 0.0399). LMS bottom, MMM top, and SML top layers exhibited 

significantly higher proliferation than the other groups (p < 0.05). Pairwise comparisons 

(confirmed by Student’s t-test) between individual layers under static and flow perfusion 

conditions demonstrated that flow perfusion resulted in higher proliferation than static 

conditions for the LMS and SML gradient orientations (as indicated by asterisks in 

Figure  5:7A-B, p < 0.05). 

Flow cytometry analysis was used to identify the fraction of living cells within each 

layer of SML, MMM, and LMS scaffolds. Live cell populations were first gated using 2D 

unstained controls in order to remove debris and apoptotic cells. In general, flow 

perfusion enhanced the percentage of live cells within the scaffolds (Figure  5:7C and D), 

with the exception of the MMM orientation under static conditions, which exhibited a 

comparable fraction of live cells. The percentage of live cells does not reflect the viability 
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within the scaffolds during culture conditions, but rather the cell viability after processing 

for flow cytometry. We thus expect that viability within the scaffolds was greater for all 

groups. Considering this processing limitation, all samples were processed under the 

same conditions, allowing us to compare cell viability under static and flow perfusion. 

 

 

Figure 5:7. Effect of shear stress gradient on ES cell proliferation after 10 days of 

static and flow perfusion culture. 

DNA content after 10 days of cell culture in static (A, n = 6) and flow perfusion 

conditions (B, n = 3). Percentage of live cells measured via flow cytometry in static (C, n 

= 3) and flow perfusion conditions (D, n = 3). Data reported as mean + standard 

deviation. * indicates statistical significance between static and flow perfusion conditions 

within each configuration/layer tested (p < 0.05) by Student’s t-test. In panels A-B and C-

D, groups marked with the same letter are not statistically different (p > 0.05) by full-

factorial analysis within static or flow perfusion conditions. 
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5.3.3.2 Effect of shear stress gradient on ES cell signaling transduction of IGF-

1/IGF-1R pathway 

Flow cytometry analysis was then used to identify populations of cells expressing 

IGF-1R within each layer of LMS, MMM, and SML scaffolds. 2D controls stained for 

IGF-1R (conjugated to PE) were used to identify IGF-1R+ cells within the live cell 

populations. We employed a full-factorial analysis to evaluate the main effects of 

gradient orientation (LMS, MMM, SML) and layer location (top, middle, or bottom) on 

fluorescent intensity of PE (IGF-1R histograms), for both static and flow perfusion 

conditions.  

As shown in Figure  5:8, IGF-1R is strongly expressed in all groups regardless of 

the configuration and/or culture conditions. Under static conditions, IGF-1R expression 

in group MMM was significantly lower than in group SML or LMS (p = 0.0443). Yet, > 

80 % of the cells tested positive for IGF-1R (Figure  5:8A). 

 

 

Figure 5:8. Effect of shear stress gradients on Ewing sarcoma (ES) cell signaling 

transduction of insulin-like growth factor-1 receptor (IGF-1R).. 

Live ES cells expressing total insulin-like growth factor-1 receptor (IGF-1R) under static 

(A, n = 6) and flow perfusion conditions (B, n = 3). Data reported as mean + standard 

deviation. A-B Groups marked with the same letter do not differ (p > 0.05) by full-

factorial analysis within static or bioreactor conditions. 
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 The IGF-1R pathway activation is ligand-dependent; that is, the presence of IGF-1 

ligand is required in order to have phosphorylated (and thus active) IGF-1R within the ES 

cell culture. Consequently, we analyzed the cell culture medium in all groups at different 

time points via ELISA in order to quantify the IGF-1 ligand concentration (Figure  5:9). 

Gradient orientation had a minimal effect on IGF-1 secretion under static conditions. On 

the contrary, groups LMS and MMM exhibited significantly higher IGF-1 levels than 

group SML from day 6 onward, as shown in Figure  5:9B. The transition from static to 

flow perfusion conditions resulted in an increased IGF-1 production for all scaffold 

orientations (LMS, MMM, SML), mirroring previous data from our laboratory that 

demonstrated shear stress-mediated IGF-1 secretion in ES cells.
315

 

 

 

Figure 5:9. Effect of shear stress gradient on Ewing sarcoma (ES) cell signaling 

transduction of the insulin-like growth factor-1 (IGF-1) pathway. 

Cumulative release of IGF-1 over time under static (A) and flow perfusion conditions 

(B). Data reported as mean + standard deviation (n = 3). *indicates statistical significance 

between static and flow perfusion conditions within each configuration tested, while & 

indicates significance within each time point (p < 0.05, n=3). 
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5.4 Discussion 

Tissue-engineered scaffolds with defined architecture and porosity can describe 

microarchitectural cues present in the native bone as well as in the bone tumor 

microenvironment.
9, 332, 344

 In particular, pore morphology and porosity can impact cell 

attachment, alter the permeability of media and nutrients, and facilitate cell migration.
345

 

Additive manufacturing techniques, such as extrusion-based 3D printing, can further 

facilitate the design of complex scaffolds with spatial gradients in porosity and pore size, 

which are able to mimic the architecture of cortical and trabecular bones.
328, 329

 When 

coupled with scaffolds that model the complex geometry of bone, flow perfusion 

bioreactors can expose bone tumor cells in vitro to physiologically relevant levels of 

shear stress normally found in vivo in the bone niche.
315

 However, few studies have 

investigated the combination of scaffolds composed of pore size gradients with flow 

perfusion bioreactors to achieve complex, intra-scaffold shear stress environments, which 

we hypothesized would elicit a gradient phenotypic response in the tumor cells. 

In this work, we tested this hypothesis by culturing ES cells on 3D printed PPF 

scaffolds with three different pore size gradients (LMS, MMM, and SML) under static or 

flow perfusion conditions. ES is a pediatric bone sarcoma that has been shown to exhibit 

shear stress-dependent protein expression,
315

 serving therefore as a model cell type for 

our purposes. Scaffold analyses showed that the porosity of each layer was comparable to 

that of bone tissue engineering scaffolds in previous studies (ranging from 19-60 %),
332

 

thus demonstrating that 3D printed scaffolds can suitably model primary bone 

malignancies. Notably, the fiber diameter and surface roughness of the fibers are known 

to contribute to cell phenotype, spreading, and attachment.
346

 We focused on mimicking 

the macro-porous structure of bone, but micro- and nano-scale porosity within the 

scaffold fibers would likely influence cell attachment, cytoskeletal organization, and cell 

proliferation.
346

 

Consistent with other investigations, the enhanced nutrient supply provided by flow 

perfusion promoted cell proliferation in all experimental groups cultured under flow 

perfusion conditions compared to static cultures.
315

 Interestingly, scaffold porosity 

affected cell growth under flow perfusion, with higher cell content in S layers than in 
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either M or L layers. This phenomenon can be ascribed to the smaller pore size and, 

hence, the higher surface area, available to cell growth. These results corroborate 

previous reports with the same seeding efficiency and similar pore sizes, where scaffolds 

with smaller pore size had better seeding due to their lower permeability.
345

 

In a flow perfusion bioreactor under constant flow rates, scaffold architecture (e.g., 

pore size and porosity) and anisotropy dramatically impact the shear stress profile within 

scaffolds.
340, 341

 Indeed, we found in this study that the average shear stress in 3D printed 

layers depended on both pores size, as well as layer configuration. In each configuration, 

cells in the top layer experience the highest level of shear stress, and the pressure drop 

within lower layers likely caused a decline in shear stress. At the same time, wall shear 

stress should increase with decreasing porosity (i.e., increasing hydraulic resistance to 

flow), and, hence, be maximized in S layers compared to M and L layers. These 

conflicting phenomena resulted in homogeneous levels of shear stress in configuration 

LMS, where the lower layers have smaller pores and, thus, constant shear stress was 

maintained, despite the loss in kinetic energy. The same was not true for the MMM 

configuration, where the homogeneous pore size distribution resulted in lower shear 

stress levels in the lower two layers – again, due to the pressure drop. Conversely, we 

expected differences in shear stress to be exacerbated in the SML configuration because 

the S layer is exposed to the highest kinetic energy. The lack of a clear statistical 

significance among layers in configuration SML can be explained by the presence of 

edge effects, closed or misaligned pores, and other manufacturing defects that have been 

shown to affect the shear stress profiles under flow perfusion conditions.
341

 The same 

manufacturing defects contributed to heterogeneous shear stress distribution within single 

layers, as shown in Figure  5:5. We observed that scaffold imperfections influenced the 

shear stress distribution to the extent that they may also affect cell migration, 

proliferation, and differentiation. While beyond the scope of this study, it would be 

beneficial to image live cells on the scaffolds over time to see if the cells preferentially 

migrate to regions of high or low shear stress. 

Remarkably, the LMS and MMM configurations resulted in higher IGF-1 content 

than the SML configuration, suggesting that not only the presence of a gradient but also 

its direction (LMS vs. SML) can affect IGF-1 secretion. It is worth emphasizing how 
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both the SML and LMS configurations share the same scaffold porosity and similar 

levels of shear stress, as shown in Figure  5:4 and Figure  5:6. Yet, IGF-1 cumulative 

release in the LMS group was higher than in the SML group, suggesting that further 

mechanisms regulate IGF-1 production differently in these two gradient orientations. 

Previous work demonstrated that IGF-1 manifests a feed-forward behavior that stimulates 

ES cells to secrete more IGF-1 in an autocrine fashion (i.e., activating the IGF-1R 

pathway).
315, 347

 Although it remains to be proven, we contend that a similar mechanism 

might have taken place in the lower layer of the LMS and MMM configurations, where 

shear stress-mediated IGF-1 secretion from the upper layer promoted an enhanced 

autocrine release of IGF-1 ligand. ES cells preferentially grew on layers with lower 

permeability (i.e., S layers), and so the gradient cell distribution within LMS 

configuration potentially intensified the auto-catalytic secretion of IGF-1 as compared to 

the SML configuration, which had a lower concentration of cells in the bottom layer.  

Overall, the combination of 3D printed scaffolds and flow perfusion can be 

leveraged to model heterogeneous porosity (and permeability) of solid tumors,
330, 348

 

which results in the presence of shear stress gradients. Although we could not discern any 

clear layer-dependent effect in our model, we observed that cell response depended on 

the overall pore configuration selected. A possible explanation for this lack of 

significance among S, M, and L layers in each configuration can be ascribed to the 

manufacturing defects among layers and among different scaffolds, as well as the lack of 

significance in porosity between the M and L layers. Together with the fluctuations in 

biological response that might occur, these confounding effects might have prevented the 

isolation of specific layer-dependent (and, thus, shear stress-dependent) phenomena. We 

envision that optimizing the scaffold fabrication process and limiting scaffold-to-scaffold 

variability would improve the significance of future findings. Scaffold variability could 

be reduced by printing all layers within a single scaffold, and it may also promote more 

uniform shear stress distributions and enhance cell migration and proliferation due to the 

increased connectivity (i.e., fusion) of layers. However, building a single scaffold would 

further complicate the separation of sequential layers and maintenance of cell viability 

and attachment during flow cytometry and biochemical analysis. After minimizing 

scaffold variability, we envision extending this work to investigate scaffolds with more 
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complex pore size gradients and varying flow perfusion strategies to enhance the 

biomimicry of our proposed tumor model. 

In order to mimic various biomechanical cues in vivo, flow perfusion conditions 

could be adjusted to investigate cell adaptation
349

 and attachment
350

 under oscillatory, 

pulsatile, or turbulent flows, which would provide other important models for 

understanding maintenance and progression of tumor phenotype. Previous work has also 

modeled the effects of flow perfusion rates and scaffold morphology on cell bridging and 

detachment,
351

 which, when applied to ES and other tumor cells, may offer insights about 

cell extravasation and metastasis.
330

 Although it was beyond the scope of this study, we 

expect that drug testing against IGF-1R would also depend on the layer configuration 

selected. Additionally, the use of 3D printed scaffolds with gradients in porosity and 

shear stress under flow perfusion would allow observation of a wide spectrum of drug 

responses within a single scaffold.
9
 This design strategy would eliminate the need for 

multiple experimental groups with different scaffold designs, resulting in a high-

throughput platform for preclinical drug screening. To this end, the effects of pore size 

and flow rate on drug resistance would be an interesting direction for this work.  
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5.5 Conclusions 

3D printing was used to fabricate multi-layered scaffolds with pore size gradients 

that mimic the complex heterogeneity of solid tumors. We seeded ES cells on scaffolds 

with pore size gradients and subjected the cells to physiologically relevant shear stress 

gradients under flow perfusion. Cell proliferation, protein expression, and ligand 

secretion were both shear-stress-dependent and scaffold-dependent. The coupled 

observations that both flow perfusion and gradient orientation promote activation of the 

IGF-1R signaling pathway via IGF-1 ligand secretion demonstrate that both culture 

conditions and scaffold architecture play an interdependent role in directing phenotypic 

response. Remarkably, local crosstalk among tumor cells exposed to different mechanical 

stimuli affected overall cell response in terms of ligand production and pathway 

activation. We envision extending this work to investigate scaffolds with more complex 

pore size gradients and larger dimensions to enhance the biomimicry of our proposed 

tumor model. The combination of 3D printed scaffolds with bioreactors offers a unique 

platform to study cancer biology and high-throughput drug testing. 
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CHAPTER 6: MODELING STROMA-INDUCED DRUG 

RESISTANCE IN A FLOW PERFUSION-BASED TUMOR 

MODEL OF EWING SARCOMA
5
   

Abstract 

Three-dimensional (3D) tumor models are gaining traction in the research 

community given their capacity to mimic keys aspects of the tumor microenvironment 

that lack in conventional monolayer systems. In particular, the ability to precisely control 

the spatiotemporal placement of cells within ex vivo 3D systems has enabled the study of 

tumor-stroma interactions. Further, by regulating biomechanical stimuli one can elucidate 

how biophysical cues affect the phenotype of stromal cells and ultimately their effect on 

tumor drug sensitivity. 

Both tumor architecture and shear forces can have a profound effect upon cell 

behavior and are known to elicit ligand-mediated activation of the insulin-like growth 

factor-1 receptor (IGF-1R), thereby mediating resistance in Ewing sarcoma (ES) to IGF-

1R inhibitors. Here, we demonstrate that heterotypic culture of ES cells with 

mesenchymal stem cells (MSCs) under flow perfusion conditions can also modulate drug 

response to IGF-1R inhibitors (IGF-1Ri) by activating interleukin-6 (IL-6) and signal 

transducer and activator of transcription-3 (Stat3). Using MSCs as a surrogate to model 

shear-stress sensitive connective stroma present in the ES microenvironment we find that 

MSCs inhibit total cell growth and resistance to IGF-1R blockade. The presence of MSCs 

and flow-derived mechanical stimulation induced insulin-like growth factor binding 

protein-3 (IGFBP-3) secretion, enhanced phosphorylated Stat3 expression, and ultimately 

caused IGF-1Ri resistance. Joint targeting of Stat3 and IGF-1R showed significant tumor 

growth inhibition in comparison to monotherapy. 

                                                 
5
This chapter is being prepared for publication as: Santoro M., Menegaz B.A., Lamhamedi-Cherradi 

S.E., Molina E.R., Wu D., Priebe W., Ludwig J.A., Mikos A.G., “Modeling Stroma-induced Drug 

Resistance in a Flow Perfusion-based Tumor Model of Ewing Sarcoma”. 
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Collectively, these results demonstrate that upregulation of Stat3 was linked to IGF-1R 

inhibition acquired-mechanism of resistance and recapitulation of biomechanical cues 

and tumor-stroma crosstalk in our system established a possible model for in vitro drug 

resistance investigation. 

6.1 Introduction 

The development of new drugs for cancer treatment relies on a robust drug 

discovery pipeline that accurately predicts a drug’s antineoplastic clinical activity. The 

most commonly used method to screen drug candidates in vitro relies upon two-

dimensional (2D) culture systems (e.g. cultures within a petri dish or tissue culture flask) 

that are quick and cost-effective but unable to adequately recapitulate the complexity of 

the tumor microenvironment.
352

 As a result, the drug discovery process is stymied by 

preclinical screens that all too often fail to predict clinical activity when advanced to the 

clinic.
1, 352

  

To address this issue, three-dimensional (3D) tumor models have been developed 

that emulate specific aspects of the tumor microenvironment known to contribute to 

cancer progression, such as stromal cells, extracellular matrix, and biophysical stimuli.
125, 

293, 315, 353, 354
 Though cells cultured as monolayers almost universally lose resemblance to 

the tumors from which they were derived (a process referred to phenotypic drift), 3D cell 

culture models can help retain a tumor-like phenotype and preserve native gene 

expression,
4
 tumor growth,

9
 and drug resistance.

9
 In particular, the collection of non-

cancerous cells present in the native tumor, commonly referred as tumor stroma, is 

considered a hallmark of cancer biology due to its fundamental role on cancer 

progression.
355

 For instance, endothelial cells are recruited to the tumor site upon release 

of proangiogenic signals, while cancer-associated fibroblasts may develop from the local 

parenchyma or from tumor-induced differentiation of circulating mesenchymal cell 

precursors.
353, 356, 357

 A distinctive example is the study of Golub and coworkers, in which 

melanoma resistance to RAF inhibition was mediated by stromal secretion of hepatocytes 

growth factor.
358

 These observations and many others demonstrate that non-malignant 

elements of the tumor microenvironment play a central role in disease progression and 
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drug response, and therefore may be considered additional targets for therapeutic 

interventions.
125, 353

 

Along this line of research, our laboratory seeks a better understanding of how 

biomechanical stimuli, ECM proteins, and cell-cell interactions contribute to the 

phenotype and drug sensitivity of bone tumors, more specifically Ewing sarcoma (ES), an 

often-fatal bone tumor with a predilection for adolescents and young adults.
6
 Tissues like 

bone and muscles are regularly exposed to compressive forces and shear stress, both of 

which are fundamental triggers of mechanotransductive signaling pathways in both tumor 

and the surrounding cells.
359

 In our model, ES cells are cultured on electrospun poly(ε-

caprolactone) (PCL) 3D scaffolds within a flow perfusion bioreactor. We previously 

reported that biologically inert electrospun PCL scaffolds serve to reliably phenocopy the 

osseous fibers present in vivo and resulted in a more in vivo-like ES phenotype compared 

to 2D cultures with respect to the insulin-like growth factor-1 receptor (IGF-1R) 

pathway, a key mediator of tumor progression and drug resistance.
9
 Subsequently, we 

demonstrated that the implementation of flow perfusion bioreactors in this 3D model of 

ES—tuned to provide shear force in the 2-30 kPa range experienced by ES cells within 

the bone microenvironment—altered the sensitivity of ES to exogenous IGF-1 ligand, 

stimulated autocrine ligand secretion, and counteracted therapeutic antibodies targeting 

IGF-1R.
315

 

Though integration of shear forces and tissue-engineered scaffolds clearly 

improved the fidelity of our model with respect to IGF-1R signaling, this model does not 

include other elements within the ES niche that can affect IGF-1 signaling pathway, such 

as immune cells, vasculature and connective tissue.
214, 360, 361

 In particular, cells of 

mesodermal origin like mesenchymal stem cells (MSCs) are known to upregulate IGF-1 

expression when mechanically stimulated.
13-15

 MSCs also secret high levels of 

interleukin-6 (IL-6), a cytokine commonly found in the ES microenvironment that can 

cross-activate IGF-1R signaling cascade via activation of the signal transducer and 

activator of transcription-3 (Stat3).
362-365

 IL-6/Stat3 signaling has been shown to protect 

ES cells from apoptosis and to promote cell dissemination via activation of Stat3 

signaling pathway.
362, 363

 This interplay between IGF-1/IGF-1R and IL-6/Stat3 pathways 

has been further emphasized by other in vivo investigations, where enhanced Stat3 



102 

 

 

 

signaling was observed in ES tumors showing resistance to IGF-1R blockade.
366, 367

 For 

these reasons, culturing ES and MSCs under flow perfusion might improve our 

understanding of the ES-MSCs crosstalk occurring under mechanical stimulation, with 

emphasis on the role of IGF-1/IGF-1R and IL-6/Stat3 pathways on ES malignancy and 

stroma-induced drug resistance. 

The objective of the current work was to investigate the effects of MSCs presence 

and of flow perfusion in 3D cultures of ES. As occurs in human bone, we hypothesized 

that MSCs would bolster cell proliferation and affect the phenotype and drug sensitivity 

of ES cells, via the IGF-1/IGF-1R pathway, only when physiological levels of shear force 

are applied with a flow perfusion bioreactor. Further, we postulated that drug response 

will depend on the fraction of MSCs present within the culture, which is used as a 

surrogate to describe the possible heterogeneity in stromal content present within a 

tumor. Finally, we postulated that MSCs-driven IL-6 secretion will influence drug 

response against IGF-1R blockade in ES cells, thus providing an explanation for the role 

of mesodermal stroma in ES-acquired drug resistance. 

To test these hypotheses, ES and MSCs were cocultured on electrospun PCL 

scaffolds with different ES:MSC ratios either in static conditions or within flow perfusion 

bioreactors. Cells were exposed to biologically targeted therapeutics against IGF-1R 

and/or Stat3 and analyzed for proliferation, cytokine secretion and proteomic profiling 

controlling both IGF-1/IGF-1R and IL-6/Stat3 pathways, and imaged by 

immunofluorescent microscopy. 

6.2 Materials and Methods 

6.2.1 Experimental Design 

At the beginning of the experiment, ES and MSCs were lifted from culture flasks, 

mixed according to 5 different ES:MSC ratios (1:0, 9:1, 1:1, 1:9, and 0:1, respectively), 

and seeded onto electrospun PCL scaffolds. The total number of cells/scaffold was kept 

constant among groups (250,000 cells/scaffolds) and was based on previous studies.
9
 

Cell-seeded scaffolds were cultured in static conditions (S) or in a flow perfusion 



103 

 

 

 

bioreactor (B), and exposed to either complete medium or medium containing a 

monoclonal antibody against IGF-1R at a concentration of 100 μg/mL (IGR-1Ri: IGF-1R 

inhibition; MK-0646, Merck & Co, North Wales, PA). Samples were collected after 10 

days and analyzed for cell proliferation, protein expression, cytokine production, and 

drug response. Cells were also imaged via scanning electron microscopy and via 

immunofluorescent microscopy. 

In an additional study, scaffolds were cultured under flow perfusion conditions and 

evaluated for their sensitivity against Stat3 inhibition (Stat3i). Cells were exposed to 

complete medium as control, single agent IGF-1Ri, single agent Stat3i, and combination 

of both IGF-1Ri and Stat3i. As Stat3 inhibitor we used small molecule WP1722 at a 

concentration of 1.1 μM.
367

 Samples were collected after 10 days and analyzed for cell 

proliferation and drug response. In all the drug-treated groups, cells were first cultured 

for 3 days in complete αMEM medium followed by 7 days of exposure to medium 

containing IGF-1Ri and/or Stat3i, similar to previous studies.
9, 315

 

6.2.2 Scaffold Preparation and Characterization 

Nonwoven poly(ε-caprolactone) (PCL) mats with an average fiber diameter of 10 

μm (10.6 ±1.5 μm, n=90) were fabricated as in previous studies.
9, 315

 In brief, PCL was 

dissolved in a 5:1 chloroform:methanol mixture at a 16% w/w concentration. The 

resulting solution was pumped at 21 mL/hr through a blunt 18G needle in a horizontal 

electrospinning setup.
9, 315

 The gauge was exposed to a 25 kV voltage, and a grounded 

collecting plate was positioned normally to the gauge at a distance of 40 cm. Mats were 

electrospun to a thickness of about  1.00±0.2 mm and imaged by Scanning Electron 

Microscope (SEM; FEI Quanta 400 Environmental, FEI, Hillsboro, OR) to measure fiber 

diameter. Scaffolds of 8 mm diameter were die-punched using dermal biopsy punches 

and subsequently press-fitted into custom-made scaffold holders. Ethylene oxide was 

then used to sterilize both the scaffolds and the scaffold holders (Anderson Sterilizers, 

Haw River, NC), followed by soaking in a progressive ethanol series (100% to 25% v/v), 

rinsing three times in phosphate buffered saline (PBS; Gibco, Carlsbad, CA) and lastly 

incubation overnight in complete αMEM medium (Corning Cellgro, Manassas, VA) 
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supplemented with 20% FBS and antibiotics (100 μg/mL streptomycin and 100 IU/mL 

penicillin). 

6.2.3 Cell Culture and Bioreactor Setup 

 The human ES cell line TC71 stably expressing fluorescent reporter GFP was 

available from the repository of sarcoma cell lines at our institution. Cell identity was 

confirmed via short-tandem repeats fingerprinting (AmpFISTR Identifiler kit according 

to manufacturer's instructions (Applied Biosystems, Carlsbad, CA)), which was 

compared to the Integrated Molecular Authentication database (CLIMA) version 

0.1.200808 (http://bioinformatics.istge.it/clima/) and to available ATCC fingerprints 

(ATCC.org).
299, 300

 ES cells were cultured in complete RPMI 1640 medium (Corning 

Cellgro, Manassas, VA) supplemented with 10% fetal bovine serum (FBS; Gemini Bio-

Products, West Sacramento, CA) and antibiotics (100 μg/mL streptomycin and 100 

IU/mL penicillin; Gibco, Carlsbad, CA). Primary bone marrow-derived human 

mesenchymal stem cells (MSCs) from healthy donor were provided by Dr. Ian McNiece 

(Stem Cell Department; The University of Texas MD Anderson Cancer Center), STR-

tested, and cultured in complete αMEM medium. At the beginning of the experiment, 

both cell types were lifted with 0.05% trypsin-EDTA (Gibco, Carlsbad, CA), counted 

using a hemocytometer, and mixed according to 5 different ES:MSC ratios (1:0, 9:1, 1:1, 

1:9, and 0:1, respectively). Each scaffold was seeded with 250,000 cells, according to the 

experimental design previously shown. Upon seeding, scaffolds were incubated overnight 

to facilitate cell adhesion. Scaffolds under static conditions (S) were then moved to 

ultralow attachment 24-well plates with 2.5 mL of complete αMEM medium. Scaffolds 

cultured under flow perfusion condition were left in the scaffold holder and transferred 

into a flow perfusion bioreactor (B), the design of which can be found elsewhere.
298

 Each 

bioreactor unit contained 6 scaffolds sustained with 50 mL of complete αMEM medium. 

In all experimental groups samples were maintained in a heat-jacketed incubator at 37°C 

and 5% CO2 (HeraCell 150i, ThermoScientific, Waltham, MA) for the whole duration of 

the study and half of the medium was replaced daily. 
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6.2.4 DNA Quantification and Drug Testing 

Samples for DNA quantification (n=5) were immersed in distilled water, subjected 

to three cycles of freeze/thawing (10 min in liquid N2/10 min in 37°C water bath), and 

then sonicated for 10 min to guarantee complete extraction of the DNA from the scaffold. 

The concentration of double-stranded DNA was quantified with the Quant-iT PicoGreen 

dsDNA assay kit (Invitrogen, Eugene, OR). Following manufacturer’s instructions, the 

cell lysate, the dye solution, and the buffer were mixed in a flat-bottom 96-well plate in 

triplicates and the resulting fluorescence was measured (FLx800 Fluorescence Microplate 

Reader, BioTek Instruments, Winooski, VT). DNA concentration was determined using a 

λ-DNA standard curve. The same protocol was also used to quantify cell response to 

IGF-1Ri and/or Stat3i, where the DNA amount is an indicator of variations in the total 

number of cells present in the scaffold. 

6.2.5 Western Blotting 

After 10 days of culture samples were collected (n=3), and proteins were extracted 

via incubation on ice using a lysis buffer (1% v/v Triton X-100, 50 mM Hepes, pH 7.4, 

150 mM NaCl, 100 mM NaF, 1.5 mM MgCl2, 1 mM EGTA, 1 mM Na3VO4, 10 mM 

Na4P2O7, 10% v/v glycerol) containing a fresh mixture of protease and phosphatase 

inhibitors (Roche Applied Science, Indianapolis, IN). The protein concentration was 

measured using a Micro BCA protein assay kit (Thermo Fisher; Waltham, MA) and 

protein lysates were stored at −80°C until analyzed. Proteins were resolved by SDS-

polyacrylamide gel electrophoresis and transferred to PVDF membranes The membranes 

were blocked using 5% w/v milk and hybridized with different primary antibodies against 

markers of the IGF-1R/mTOR and of the Stat3 signaling pathway: total insulin-like 

growth factor-1 receptor β (IGF-1Rβ), phosphorylated IGF-1R (pIGF-1R), mammalian 

target of rapamycin (mTOR), Signal transducer and activator of transcription-3 (Stat3), 

and phosphorylated Stat3 (pStat3).
7, 362, 363

 Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) served as the loading control. Signals were captured using horseradish 

peroxidase-conjugated secondary anti-rabbit (or anti-mouse) IgG antibodies and 

visualized using SuperSignal West Dura chemiluminescent substrate (Thermo Fisher; 
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Waltham, MA). All primary and secondary antibodies were purchased from Cell 

Signaling Technology (Danvers, MA) except for pIGF-1R, provided by Abcam 

(Cambridge, MA). The levels of immunoreactive proteins were determined using 

chemiluminescent Hyperfilm ECL and quantified using an ImageQuant TL computing 

densitometer (GE Healthcare, Piscataway, NJ). 

6.2.6 Immunofluorescent Microscopy 

Constructs at day 10 were fixed in 10% neutral buffered formalin (Fisher Scientific, 

Pittsburgh, PA) overnight at room temperature, followed by dehydration in an ethanol 

gradient series (70% to 100%). Samples were then embedded in Histoprep freezing 

medium (Fisher Scientific, Pittsburgh, PA) and sectioned with a cryostat (Leica 

CM1850UV; Leica Biosystems Nussloch GmbH, Germany). Cells were stained for 

nuclei (DAPI) and mouse antibodies against pStat3 (Cell Signaling Technology, Danvers, 

MA) and IGF-1Rα (Santa Cruz Biotechnology, Santa Cruz, CA). Alexa Fluor 680 

antimouse (Thermo Fisher; Waltham, MA) was used as secondary antibody. Samples 

were then imaged with a Nikon A1-RSI confocal inverted microscope and NIS Elements 

C imaging software (Nikon Instruments, Melville, NY). 

6.2.7 Enzyme-Linked Immunosorbent Assay (ELISA) 

Conditioned medium from each group of cells was collected after 10 days to 

quantify the concentration of insulin-like growth factor-1 (IGF-1), interleukin-6 (IL-6), 

insulin-like growth factor binding protein-3 (IGFBP-3), stromal-derived factor-1 (SDF-

1), and tumor necrosis factor-α (TNF-α) using ELISA kit DuoSet (R&D Systems, 

Minneapolis, MN). In light of the different volumes of medium and the different number 

of scaffolds present in static and flow perfusion bioreactor conditions, comparisons 

between groups were made considering the amount of soluble ligand/scaffold as in 

previous studies.
315

 For each ligand, the optical density was measured in triplicate with a 

microplate reader (DTX880, Beckman Coulter), and compared to standard curve 

provided in the ELISA kit, according to vendor’s protocol. 
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6.2.8 Statistical Analysis 

Where applicable, data are expressed as mean+SD. Statistical analysis was 

performed using a two-factor ANOVA test followed by Tukey’s honestly significant 

difference post-hoc test. Differences were considered significant for P<0.05 in all 

analyses. 

6.3 Results 

6.3.1 MSC in coculture with ES cells under flow perfusion altered cellular growth 

and abrogated IGF-1Ri efficacy 

We initially determined the effect of flow perfusion on cell proliferation using 

DNA quantification as an indicator of cell growth. Cell content under flow perfusion 

conditions was higher than in static conditions for all coculture ratios investigated (Figure 

 6:1A). The transition from static to flow perfusion conditions led to a 3-fold increase in 

cell content in homotypic ES cultures compared to a smaller 1.5-fold increase in 

homotypic MSCs cultures (ES:MSC ratios of 1:0 and 0:1, respectively), reflecting the 

slower metabolic growth of MSCs compared to ES. Cell content within the ES:MSC 

coculture groups decreased with the ES:MSC ratio in both static and flow perfusion 

conditions. Cells exposed to IGF-1R inhibitor (IGF-1Ri) were cultured for 3 days in 

complete medium, followed by 7 days of IGF-1Ri-containing medium. In isolation, 

homotypic flow perfusion culture of ES or MSCs (ES:MSC ratios of 1:0 and 0:1, 

respectively) responded to IGF-1R blockade with a significant decrease in cell content in 

IGF-1Ri-treated groups compared to control groups (Figure  6:1B).  
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Figure 6:1. MSCs in coculture with ES cells under flow perfusion altered cellular 

growth and abrogated IGF-1Ri efficacy. 

A) DNA content after 10 days of culture for the five different ES:MSC ratios examined 

(1:0 9:1, 1:1, 1:9, and 0:1) cultured in static (S) or flow perfusion conditions (B). B) Drug 

response to IGF-1Ri in the five different ES:MSC ratios examined (1:0 9:1, 1:1, 1:9, and 

0:1) cultured under flow perfusion conditions and untreated (B) or treated with IGF-1R 

inhibitor (B IGF-1Ri). C) Drug response to IGF-1Ri in the five different ES:MSC ratios 

examined (1:0 9:1, 1:1, 1:9, and 0:1) cultured under static conditions and untreated (S) or 

treated with IGF-1R inhibitor (S IGF-1Ri). In all panels, error bars represent the standard 

deviation for n=5 samples and *P<0.05.  
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Under the same flow perfusion conditions, this effect dissipated with ES:MSC 

coculture, and cells acquired resistance to IGF-1Ri regardless of the ES:MSC ratio 

selected. In agreement with our previous investigations,
315

 cells cultured under static 

conditions were insensitive to the IGF-1Ri action (Figure  6:1C). 

6.3.2 ES:MSC cocultures present differential profile regulation of IGF-1R 

signaling pathway 

To determine how MSCs abrogated IGF-1Ri action under flow perfusion 

conditions, we profiled cells for biomarkers and cytokines involved in IGF-1/IGF-1R 

signaling cascades. The IGF-1 ligand levels in the conditioned medium were quantified 

by ELISA after 10 days of culture. Flow-derived shear stress induced IGF-1 secretion in 

all experimental groups compared to static conditions (Figure  6:2A and Figure  6:2D, 

respectively). Interestingly, flow-mediated IGF-1 upregulation was more robust in MSCs 

than in ES cultures, with a 35-fold increase in IGF-1 levels compared to a smaller 6-fold 

increase, respectively (Figure Figure  6:2A). Consistent with these observations, IGF-1 

levels in coculture groups increased with increasing MSC fraction. A similar trend was 

observed for insulin-like growth factor binding protein-3 (IGFBP-3), a soluble factor that 

can complex with IGF-1 and prevents its binding with IGF-1R. IGFBP-3 was chiefly 

expressed by MSCs, and its expression was promoted under flow perfusion conditions to 

levels similar to those of IGF-1 (Figure  6:2A). Conversely, IGFBP-3 levels in homotypic 

ES cultures were an order of magnitude lower than IGF- levels, with negligible effect of 

flow perfusion on IGFBP-3 expression. Similar to IGF-1, IGFBP-3 levels increased with 

decreasing ES:MSC ratio for all experimental conditions. To account for any adsorption 

of IGF-1 on the constructs, ELISA was performed also on the cell-seeded scaffolds, 

showing negligible amounts of IGF-1 within the constructs compared to soluble IGF-1 

(Figure  6:2A and Figure  6:3B, respectively). 
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Figure 6:2. ES:MSC cocultures present differential profile regulation of IGF-1R 

signaling pathway. 

For the five different ES:MSC ratios examined (1:0 9:1, 1:1, 1:9, and 0:1), IGF-1 and 

IGFBP-3 ligands were quantified via ELISA under flow perfusion (A) and in static 

conditions (D). IGF-1R and mTOR were investigated via western blotting under flow 

perfusion (B) and in static conditions (E). In panels A-D ligand amount is normalized per 

scaffold while in panels B-E signal density is normalized to GAPDH content. The error 

bars represent the standard deviation for n=3 samples, and *P<0.05. C) 

Immunofluorescent staining for ES:MSC coculture groups 1:0 and 0:1 under flow 

perfusion conditions. Cells were stained for nuclei (blue) and for IGF-1R expression 

(red). ES cells were also transfected with GFP (green) and scale bar represents 15 μm in 

both images. 
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Figure 6:3. Proteomic analysis on IGF-1/IGF-1R signaling pathway. 

Expression of pIGF-1R (A) and intracellular IGF-1 (B) for the five different ES:MSC 

ratios examined (1:0 9:1, 1:1, 1:9, and 0:1) cultured under flow perfusion (B) and in static 

conditions (S) , and untreated (Ctrl) or treated with IGF-1R inhibitor (IGF-1Ri). In panel 

A signal density is normalized to GAPDH content, while in panel B ligand amount is 

normalized per scaffold. The error bars represent the standard deviation for n=3 samples. 

 

 

To elucidate how these ligands influenced cell phenotype and drug response under 

flow perfusion conditions, Western blotting was performed on several ES oncoproteins 

along the IGF-1R signaling cascade. ES more highly express IGF-1R mTOR than MSCs, 

and this pattern was unchanged by the use of flow perfusion conditions (Figure  6:2B). 

While IGF-1R expression was higher in coculture groups with higher ES:MSC ratios, the 

levels of phosphorylated IGF-1R (pIGF-1R), indicative of a receptor actively involved in 

downstream signaling, did not depend on the coculture ratio investigated (Figure  6:3A). 

These findings were confirmed by immunofluorescent microscopy, where positive 

staining for IGF-1R qualitatively correlated with a higher ES:MSC ratio (Figure  6:2C). 

Expression of the mammalian target of rapamycin (mTOR), a downstream molecule of 

IGF-1R and a central target in IGF-1R/mTOR dual therapies, mirrors the trends observed 

for IGF-1R (Figure  6:2B). Specifically, mTOR was primarily expressed in coculture 

groups levels correlated with high ES:MSC ratios, while homotypic MSC cultures 

displayed the lowest levels for this protein (Figure  6:2B). 
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6.3.3 IL-6 secretion is promoted in ES:MSC cocultures and triggers Stat3 pathway 

activation.  

Several studies have shown that IL-6 is significantly expressed in the ES 

microenvironment, and primarily secreted by local stroma.
362, 363

 Considering that IL-

6/Stat3 signaling is a primary mechanism by which cancer cells circumvent drug 

targeting against specific kinase,
368

 such as IGF-1R, we conducted additional analyses on 

IL-6/Stat3 pathway to understand how it may have contributed to drug resistance against 

IGF-1Ri we observed. ELISA assay indicated that flow perfusion promoted IL-6 

secretion for all ES:MSC ratios except for homotypic ES cultures, which displayed the 

lowest levels for this ligand (Figure  6:4A). IL-6 secretion was maximized in ES:MSC 

coculture groups compared to either ES or MSCs homotypic cultures. Strikingly, as little 

as 10% ES in the coculture (ES:MSC ratio of 1:9) induced a 2.2-fold increase in IL-6 

level compared to MSCs homotypic cultures (Figure  6:4A). Similar to IGF-1, a negligible 

amount of IL-6 was still present within the scaffold (Figure  6:5A). 

Stat3 is a key target of IL-6, and we performed western blotting to analyze this 

transcription factor. While Stat3 expression remained constant among all the 

experimental groups according to Western blotting analyses, the phosphorylated (and 

active) form of Stat3 (pStat3) exhibits a trend that mirrors that of IL-6 (Figure  6:5B and 

Figure  6:4B, respectively). This phenomenon occurred in both static and flow perfusion 

conditions, where a bell-shaped curve is observed with a maximum expression of pStat3 

for the 1:1 and the 1:9 ES:MSC coculture groups (Figure  6:4B). Immunofluorescent 

staining for pStat3 supports these data, as shown in Figure  6:4C.  

Although bone marrow-derived MSCs predominantly secrete IL-6, conditioned 

media was also tested for other cytokines that might have affected cell phenotype and 

drug response. Interleukin-4 (IL-4), interleukin-10 (IL-10), and transforming growth 

factor-β (TGF-β) could not be detected in the media (data not shown). Tumor necrosis 

factor-α (TNF-α) and stromal cell-derived factor-1 (SDF-1) were present in small 

amounts (<0.5 ng/scaffold) and comparable to the basal levels present in cell-free 

complete medium (Figure  6:5C and Figure  6:5D, respectively). 
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Figure 6:4. IL-6 secretion is promoted in ES:MSC cocultures and triggers Stat3 

pathway activation. 

Protein expression within the IL-6/Stat3 pathway for the five different ES:MSC ratios 

examined (1:0 9:1, 1:1, 1:9, and 0:1) cultured in static (S) or flow perfusion conditions 

(B). A) Quantification of IL-6 ligand was evaluated via ELISA, while B) biomarker 

pStat3 was investigated via western blotting. IL-6 amount is normalized per scaffold 

while pStat3 signal density is normalized to GAPDH content. The error bars represent the 

standard deviation for n=3 samples, and & indicates statistical difference between S and 

B within each ES:MSC ratio (
&,

*P<0.05). C) Immunofluorescent staining for ES:MSC 

coculture groups 1:0 and 1:1 under flow perfusion conditions. Cells were stained for 

nuclei (blue) and for pStat3 expression (red). ES cells were also transfected with GFP 

(green) and scale bar represents 15 μm in all images.  
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Figure 6:5. Proteomic analysis on IL-6/Stat3 signaling an other collateral pathways. 

Expression of intracellular IL-6 (A), total Stat3 (B), TNF-α (C), and SDF-1(D) for the 

five different ES:MSC ratios examined (1:0 9:1, 1:1, 1:9, and 0:1) cultured under flow 

perfusion (B) and in static conditions (S) , and untreated (Ctrl) or treated with IGF-1R 

inhibitor (IGF-1Ri). In panel B protein amount was quantified via Western blotting and 

signal density was normalized to GAPDH content. In panels A, C, and D ligand amount 

was quantified via ELISA and normalized per scaffold. The error bars represent the 

standard deviation for n=3 samples. 
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6.3.4 Resistance to IGF-1R blockade in ES:MSC cocultures under flow perfusion 

is overcome by dual IGF-1R/Stat3 inhibition 

To determine whether this acquired protein upregulation by IGF1-Ri resistant cells 

would, in fact, predict synergistic drug combination, we performed an additional study 

where ES:MSC cocultures under flow perfusion were evaluated for their sensitivity 

against Stat3 inhibition (Stat3i). Cells were cultured in complete medium for 3 days and 

then exposed for 7 days single agent IGF-1Ri, single agent Stat3i, and combination of 

both IGF-1Ri and Stat3i. Homotypic ES cultures were insensitive to Stat3i action, as 

evidenced by the similar cell content between control group and single agent Stat3i and 

between groups IGF-1Ri and IGF-1Ri+Stat3i (Figure  6:6). Conversely, homotypic MSC 

cultures responded to Stat3i, which showed a greater inhibitory effect than IGF-1Ri. 

Combination of the two drugs did not have any additive effect on cell growth inhibition, 

as witnessed by the cell content comparable between Stat3i and IGF-1Ri+Stat3i groups. 

In all, the sensitivity of ES:MSC cocultures to Stat3i and resistance to IGF-1Ri was 

diametrically opposed compared to homotypic ES cultures (Figure  6:6). Cell growth was 

further inhibited by combination of IGF-1Ri and Stat3i, thus indicating a synergistic 

effect of these two drugs in ES:MSC cocultures (Figure  6:6). 
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Figure 6:6. Resistance to IGF-1R blockade in ES:MSC cocultures under flow 

perfusion is overcome by dual IGF-1R/Stat3 inhibition. 

DNA content after 10 days of culture for the five different ES:MSC ratios examined (1:0 

9:1, 1:1, 1:9, and 0:1) cultured under flow perfusion conditions in complete medium 

(Ctrl), or treated with IGF-1R inhibitor (IGF-1Ri), Stat3 inhibitor (Stat3i), and 

combination of both IGF-1R and Stat3 inhibitor (IGF-1Ri+Stat3i). Error bars represent 

the standard deviation for n=5 samples and *P<0.05. 

 

6.4 Discussion 

The challenges of accurately assessing tumor biology and evaluating drug-targeted 

therapies for cancer treatment rely on accurate modeling of tumor physiology. However, 

it is recognized that this requirement cannot be addressed or validated by conventional 

screening systems such as 2D monolayer cultures, which fail to recapitulate the basic 3D 

tumor architecture, or xenograft animal models, where testing is conducted in a system 

intrinsically not human.
352, 353

 

The dearth of accurate preclinical models bolstered the development of 3D tissue-

engineered models, which provides greater experimental control over culture conditions 

and microenvironmental cues. Investigators have designed 3D tumor models that mimic 

specific aspects of the tumor niche and systematically elucidated how each of these 

aspects affects tumor progression and drug resistance.
125, 293, 315, 354

 Our laboratory has 

previously reported on the development of an ES tumor model that makes use of 3D 

electrospun PCL scaffolds in concert with a flow perfusion bioreactor.
9, 315

 While the 

scaffold describes important microarchitectural cues, the use of flow perfusion exposes 
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cells to biomechanical stimuli mimicking those present in the native bone 

microenvironment. ES cells responded to the flow-derived shear stress by increasing 

IGF-1 secretion and exhibited shear stress-dependent drug response against IGF-1R, a 

central player in ES progression and the object of numerous preclinical trials.
7, 8, 315

 

Yet, other elements within the ES bone niche may affect IGF-1R signaling cascade 

and hence the overall drug response observed in vivo.
13-15

 Human cancers are composed 

of several non-malignant cells in addition to the tumor cells,
353, 369

 that are offering 

structural and functional support to the tumor, affecting tumor drug response, and hence 

are considered a promising target for therapeutic interventions.
353

 In the bone tumor 

microenvironment, tumor stroma is primarily composed of tissue-specific cells except for 

later stages in which vasculature is essential for tumor extravasation and metastasis.
356, 369

 

The presence of originated mesodermal cells (e.g. MSCs, fibroblasts, and osteoblasts) in 

a mechanically stimulated environment like the bone tumor niche is particularly relevant 

for ES, as these cells upregulate IGF-1 secretion when exposed to biomechanical 

forces.
13-15

 The tumor and the connective stromal tissue are likely regulating IGF-1/IGF-

1R pathway in ES cells and should be considered for potential therapeutic evaluation. In 

addition, the ES stroma secretes high levels of IL-6, a pleiotropic cytokine involved in 

sarcoma progression, chemoresistance, and tumor metastasis.
362-364

 IL-6-mediated Stat3 

activation protects ES from apoptosis and high levels of IL-6 in peripheral blood 

correlate with poor prognosis and decreased survival rate in neuroblastoma and bone 

sarcomas.
370, 371

 Studies from our laboratory highlighted how Stat3 serves as an acquired 

mechanism of resistance to IGF-1R inhibition in a xenograft model of ES,
367

 supporting 

previous findings on the close interplay between IGF-1/IGF-1R and IL-6/Stat3 signaling 

cascades.
364, 372, 373

 

Recognizing the central role of stromal cells in a mechanically sensitive 

environment like the bone tumor niche,
353, 369

 and the possible effects stroma can exert on 

molecular targets of ES such as the IGF1/IGF-1R and the IL-6/Stat3 pathways,
362-364

 we 

sought to expand our tissue-engineered bone tumor model by including stromal 

components in the current study, specifically bone marrow-derived MSCs. MSCs express 

high levels of IL-6 and upregulate IGF-1 secretion when mechanically stimulated,
14, 15, 
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365, 374
 serving therefore as an ideal cell type to model ES-stroma crosstalk in the native 

bone tissue.  

As stroma composition evolves spatially and temporally with the tumor depending 

on the ES progression stage,
369

 we investigated five different ES:MSC ratios (Figure  6:1) 

as a surrogate to model a wide range of possibility, from a stroma-rich tumor in its early 

development (low ES:MSC ratio) to a solid ES nodule almost deprived of any stromal 

cell (high ES:MSC ratio). Our model lends itself to this endeavor and allows identifying 

any MSC-dependent response. Shown in Figure  6:1, a higher fraction of MSCs resulted 

in a lower cell content in light of the much higher metabolic growth of ES cells compared 

to MSCs. Accordingly, the enhanced nutrient supply within the constructs provided by a 

flow perfusion bioreactor promoted cell growth in all groups; however, this effect was 

augmented in coculture groups with higher ES:MSC ratio which have greater metabolic 

needs. 

Our previous data indicated that ES cells become sensitive to IGF-1R blockade 

under flow perfusion in conjunction with the upregulation of IGF-1 ligand compared to 

static conditions.
315

 Homotypic cultures of MSCs displayed a similar behavior in this 

study (Figure  6:1 and Figure  6:2) and the upregulation of IGF-1 secretion during the 

simple transition from static to flow perfusion conditions mirrored previous data on the 

effect of mechanical stimulation on MSCs.
14, 15

 At the same time, analysis of IGFBP-3 

secretion highlights how the balance between IGF-1 and IGFBP-3 is deregulated in ES as 

part of their malignant transformation.
310

 MSCs showed an increase in IGFBP-3 

production under flow perfusion in response to the enhanced IGF-1 secretion (Figure 

 6:2), a compensatory measure commonly observed in physiological conditions.
310

 On the 

contrary, ES displayed an IGF-1/IGFBP-3 drastically skewed toward IGF-1. This finding, 

together with stronger expression of IGF-1R observed in ES compared to MSCs (Figure 

 6:2), emphasizes how ES progression leverages on IGF-1/IGF-1R axis to promote cell 

proliferation.
6
 

Interestingly, the introduction of a few as 10% MSCs in the system (i.e. ES:MSC 

group 9:1) was sufficient to induce resistance to IGF-1Ri under flow perfusion 

conditions, despite retained sensitivity by ES cells and MSCs in homotypic culture 

(Figure  6:1). An explanation for this phenomenon should be sought at a molecular level. 
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ES cells heavily rely on IGF-1R/mTOR pathway for survival and proliferation, as 

witnessed by higher expression of these proteins compared to MSCs. Conversely, 

secretion of IGF-1 ligand is significantly higher in MSC cells and boosted by flow-

derived shear stress. These two processes might interact in ES:MSC coculture groups, 

where MSC-driven production of IGF-1 leads to stronger activation of IGF-1R signaling 

cascade in cells strongly expressing IGF-1R such as ES cells. Yet, MSCs homotypic 

cultures and ES:MSC coculture group 1:9 responds differently to IGR-1Ri despite the 

analogous regulation of IGF-1R signaling shown in Figure  6:2. Accordingly, resistance to 

IGF-1R blockade emerges through mechanism collateral to the IGF-1/IGF-1R pathways. 

Several studies pointed out a strong abundance of IL-6 within the tumor 

microenvironment,
362, 363

 where MSCs-driven IL-6 production enhanced lung cancer 

initiation and promoted proliferation in osteosarcoma.
375, 376

 Our tumor model accurately 

describes stromal production of IL-6, as evidenced by IL-6 largely secreted by MSCs and 

nearly absent in homotypic ES cultures.
362

 Even more interesting is the superadditive 

release of IL-6 observed in ES:MSC coculture groups. By comparing MSCs homotypic 

cultures and ES:MSC coculture group 1:9 under flow perfusion conditions, we can 

appreciate how as little as 10% ES cells present in the system resulted in IL-6 level more 

than doubled (Figure  6:4). Tumor-driven exploitation of the surrounding 

microenvironment has been observed already in previous works, where MSCs secreted 

significantly higher amounts of IL-6 in the presence of glioma cells.
377

 Enhanced 

activation of Stat3 was a direct consequence of the higher levels of circulating IL-6 

measured in ES:MSC coculture groups, and this mechanism emerged not coincidentally 

in the same groups that showed resistance to IGF-1R blockade (Figure  6:4). In vivo 

testing have indeed showed that Stat3 signaling can serve as a compensatory cell 

signaling in ES tumors refractory to IGF-1Ri action.
366, 367

 Accordingly, the use of MSCs 

in our flow perfusion-based tumor model accurately describes mechanisms of acquired 

drug resistance observed in vivo, and clearly indicates how this process can be ascribed to 

the tumor-stroma crosstalk.  
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The notion that Stat3 activation emerges as a compensatory signaling loop in 

multiple malignancies during drug treatment,
377

 such as IGF-1R targeting in ES, indicates 

that dual targeting of IGF-1R/Stat3 might be sufficient to induce lasting therapeutic 

effects and prevent further tumor progression.
368

 Accordingly, we conducted an 

additional study to elucidate this point, and found that cell growth in ES:MSC cocultures 

was reduced just in the presence of Stat3i, which conversely did not have any effect on 

homotypic ES cultures (Figure  6:6). This finding clearly indicates how ES progression 

relies on IGF-1R pathway rather than Stat3 signaling.  

In evaluating the importance of the ES stroma upon drug sensitivity, this study 

reiterated the necessity of a highly controlled 3D model in order to perform a 

physiologically relevant investigation on ES-stroma interactions. Several systems 

underestimate how biophysical cues, such as microarchitecture and biomechanical 

stimuli, affect stromal cell phenotype, which in turn is indispensable for an accurate in 

vitro description of tumor-stroma interactions.
4
 In our study the use of flow perfusion 

conditions was crucial in establishing not only a more in vivo-like ES cell phenotype,
315

 

but also in providing MSCs with the appropriate biomechanical cues characteristic of the 

bone tumor niche. The proper modeling of a mechanically-sensitive stroma was essential 

for detecting Stat3-mediated mechanism of drug resistance in vitro and to ascertain the 

specific role of the tumor microenvironment on drug response (Figure  6:7). Accordingly, 

we contend that the investigation of tumor-stroma interactions is secondary to the 

description of those biophysical cues affecting both tumor and stromal cells. 

Lastly, the use of different ES:MSC ratios allowed modeling ES drug sensitivity in 

a wide range of situations, such as different ES stages and different tumor composition 

due to intratumoral heterogeneity. Along this line, investigating the effect of tumor-

associated vasculature would be beneficial to model later stages of malignant 

transformation and metastasis in ES. Furthermore, we envision that future preclinical 

studies evaluating combination therapies that target the archetypal IGF-1R signaling 

pathway as well as compensatory Stat3 signaling cascade will increase our chances of 

treating ES patients resistant to IGF-1R blockade.  
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Figure 6:7. Proposed mechanism for Stat3-mediated resistance to IGF-1R blockade. 

Mechanical stimulation promotes IGF-1 secretion (A,B) and sensitivity to IGF-1Ri in 

both ES and MSCs. Upon coculturing (C), ES sensitivity to IGF-1Ri is lost due to MSC-

mediated activation of IL-6/Stat3. (D) Accordingly, dual treatment with IGF-1Ri and 

Stat3i emerges as a therapeutic option to overcome resistance to IGF-1R blockade.  
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6.5 Conclusions 

In this research, we investigated how the simultaneous presence of flow perfusion 

and MSCs affect ES phenotype and drug sensitivity. In doing so, we investigate different 

ES:MSCs ratio as a surrogate to describe heterogeneous intratumoral compositions and 

changes in stromal composition associated with ES progression. Our study focused on 

targeted therapies against IGF-1/IGF1-R pathway, a central player in ES tumorigenesis, 

and IL-6/Stat3 pathway, a signaling pathway heavily exploited in the ES niche and 

closely associated with acquired drug resistance. 

The use of a flow perfusion bioreactor promoted IGF-1 secretion in both ES and 

MSCs homotypic cultures, which responded positively to inhibitory drug treatment 

against IGF-1R. In stark contrast, ES:MSC cocultures showed resistance to IGF-1R 

blockade under flow perfusion, which correlated with a superadditive release of IL-6 in 

ES:MSC coculture group and with activation of Stat3 signaling pathway. 

Resistance to IGF-1Ri in ES:MSC cocultures under flow perfusion was overcome 

only by Stat3i, which synergistically act with IGF-1Ri in reducing tumor growth. We 

envision that IGF-1R/Stat3 combined targeting should be considered for further clinical 

trials as an effective strategy to target ES and its microenvironment. 

Activation of Jak/Stat signaling pathway upon drug treatment is a ubiquitous 

compensatory mechanism observed in several tumors, and this research showed how this 

process is dictated by the presence of stroma of mesodermal origins within the bone 

tumor niche. Although the specific mechanism is yet unknown, the ability to perform 

drug testing against tumor and stromal cells in a controlled environment in vitro resulted 

in the recognition of distinctive processes involved in ES-acquired drug resistance. 

Although primarily focused on the combined role of mechanical stimulation and 

stroma on ES phenotype and sensitivity, this research highlighted how the accurate 

description of biophysical cues has priority over the use of non-tumor cells during the 

development of any tumor model. In vivo-like ES-stroma interactions can occur only if 

both cell types have a physiologically relevant phenotype which, in turn, is dependent 

upon the accurate recapitulation of microenvironmental cues such as microarchitecture 

and biomechanical stimuli. 
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The present study has improved our understanding of ES-stroma crosstalk in a 

mechanically stimulated system, but further investigations are required to elucidate the 

effect of other effectors present in the native ES niche, such as tumor-associated 

vasculature or immune system. Eventually, the controlled introduction of specific cells 

within our 3D tumor model is expected to advance our understanding of the interplay 

among different cues and the ultimate relevance of each of these aspects on tumor 

progression and drug resistance. 
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CHAPTER 7: CONCLUSIONS AND FUTURE 

DIRECTIONS 

Abstract 

The overall purpose of this thesis was to expand our bone tumor model previously 

developed in our laboratory by elucidating the effects of mechanical stimulation and 

tumor-stroma interactions on ES drug sensitivity and IGF-1R signaling. The effects of 

mechanical stimuli and tumor-stroma crosstalk were investigated in two separate Specific 

Aims. 

 In Specific Aim 1 we elucidate the effects of flow perfusion on a three-

dimensional (3D) culture of ES. In the first study we evaluated different levels of flow 

rate and shear stress on ES cells. We showed a shear stress-dependent secretion of 

insulin-like growth factor-1 (IGF-1), which resulted in a shear-stress dependent decrease 

in cell response to the IGF-1 receptor (IGF-1R) blockade. These findings are particularly 

relevant in light of the central role of the IGF-1/IGF-1R pathway in ES tumorigenesis and 

can provide future insights on improving biologically targeted therapies against this 

pathway.  

We then leveraged on this information to perform another study in which ES cells 

were cultured on 3D-printed scaffolds under flow perfusion. We designed scaffolds with 

specific pore size gradients in order to expose ES cells to different shear stress gradients. 

While the porosity gradient had minimal effects on cell proliferation, IGF-1 secretion and 

expression of activated IGF-1R varied in gradient-dependent manner under flow 

perfusion conditions. Overall, the combined use of 3D-printed scaffolds and flow 

perfusion bioreactors is a promising approach to model in vitro variable mechanical 

stimulation occurring in vivo due to intratumoral heterogeneity.  

 In Specific Aim 2 we cocultured ES cells and mesenchymal stem cells (MSCs) on 

electrospun scaffolds under flow perfusion in an attempt to model tumor-stroma 

interactions within the bone tumor niche. ES cells acquired marked resistance to the IGF-
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1R blockade in the presence of MSCs, which mediated activation of the signal transducer 

and activator of transcription-3 (Stat3) signaling pathway. These findings highlighted a 

possible mechanism by which mechanically-sensitive mesodermal stroma contribute to 

ES-acquired drug resistance in vivo and suggest IGF-1R/Stat3 dual targeting as a 

potential therapeutic intervention for primary ES tumors. 

The accurate description of key features of the native tumor, such as biomechanical 

stimulation and its effects on mechanically-sensitive tumor stroma, has advanced our 

understanding of ES tumor biology and has improved the reliability of our model as an in 

vitro platform for preclinical drug screening. However, other investigations are warranted 

in order to elucidate other elements of the tumor microenvironment and improve the 

biomimeticity of the current model. 

7.1 ECM-based biohybrid scaffolds 

A fundamental component of the tumor microenvironment is the extracellular 

matrix (ECM), a complex structure composed of different macromolecules with specific 

biochemical and biomechanical features that offers structural and functional support to 

both tumor and stromal cells. ECM plays a fundamental role both in normal tissue 

development and during oncogenesis, where abnormalities in ECM composition and 

organization promote malignant cellular transformation and metastasis.
186

 

So far, our model has made use of electrospun PCL scaffolds as a surrogate to 

model local tumor microarchitecture.
9
 PCL scaffolds suitably describe the structural 

support offered by ECM in vivo but are inadequate to model ECM-mediated biochemical 

signaling, as PCL is an inert polymer with no biological activity. To address this issue, 

our laboratory is currently pursuing two complementary approaches aimed at improving 

the biomimicry of our current scaffolds. 
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7.1.1 ECM-coated PCL scaffolds 

The fabrication of ECM-coated synthetic scaffolds can be accomplished by 

culturing PCL scaffolds with a specific cell type followed by decellularization.
378, 379

 This 

approach has been leveraged in our laboratory for bone tissue engineering applications, 

where mesenchymal stem cells (MSCs) have been cultured on PCL scaffolds in 

osteogenic medium. MSC differentiation toward on osteoblastic phenotype was 

accompanied by deposition of ECM similar to that of native bone. After decellularization, 

the resulting scaffolds contained an in vivo-like ECM with osteoinductive properties 

(Figure  7:1).  

 

 

Figure 7:1. Morphology of PCL and PCL/ECM scaffolds. 

Scanning electron micrographs showing the difference between electrospun PCL 

scaffolds (left) and ECM-coated PCL scaffolds (right). In the right panel, ECM was 

generated by culturing human mesenchymal stem cells for 12 days in osteogenic medium 

(image courtesy of Eric R. Molina). Scale bar represents 50 μm in both panels. 

 

 

By selecting the proper cell type and culturing conditions, it is possible to tune the 

composition of the ECM deposited, and ultimately model tumor-ECM interactions in 

different organs. We envision using this approach to model the effect of a bone-like ECM 

on sarcoma phenotype and drug response, with an emphasis on integrin- and cadherin-

mediated biochemical signaling. Additionally, PCL could be pre-coated with lung-

specific ECM in an attempt to understand why the lung microenvironment is a 

preferential site for metastatic bone sarcomas.
6
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7.1.2 Biohybrid protein/PCL and ECM/PCL electrospun scaffolds 

Another possible method to fabricate biohybrid scaffolds involves directly 

electrospinning natural polymers (e.g.: collagen) either alone or together with synthetic 

polymers like PCL.
379

 Natural and synthetic polymers can be blended together during 

electrospinning or processed via dual electrospinning, thus creating two interpenetrating 

networks homogeneously composed of each of the two polymers.
380

 The possibility to 

electrospin specific proteins present in the tumor niche, such as collagen or fibronectin, 

would be of great interest and would help elucidate the role of specific ECM proteins on 

cancer cell-signaling and drug response. Toward this end, we conducted preliminary 

experiments within our laboratory seeking to electrospin gelatin and PCL/gelatin blends 

(Figure  7:2). 

 

 

Figure 7:2. Morphology of electrospun gelatin and PCL/gelatin scaffolds. 

Scanning electron micrograph of electrospun gelatin scaffolds (left) and scaffolds 

composed of a PCL:gelatin blend 1:1 (right). Scale bars represent 100 μm (left) and 10 

μm (right). 

 

 

Compared to the approach showed in the section  0, this fabrication method would 

allow the introduction of cell-adhesion motifs in the scaffolds while maintaining a 3D 

porous structure similar to fully synthetic PCL scaffolds. 
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Lastly, the biomimeticity of PCL scaffolds can be further improved by 

electrospinning PCL not with a single protein, but rather with ECM derived from 

different organs. Our laboratory is currently investigating the possibility to harvest ECM 

from different sources and to use it as a raw material to synthesize biohybrid scaffolds. 

Although this approach suffers from batch-to-batch variability in the composition of the 

ECM generated, it allows for the generation of ECM-coated PCL scaffolds containing a 

wide range of proteins commonly found in vivo.
199

 Overall, we envision that this 

approach would greatly advance our understanding of organ-specific ECM on cancer cell 

signaling, progression, and malignant transformation.
353
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