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Abstract

Tissue engineering is increasingly based on recapitulating human physiology, through integration 

of biological principles into engineering designs. In spite of all progress in engineering functional 

human tissues, we are just beginning to develop effective methods for establishing blood perfusion 

and controlling the inflammatory factors following implantation into the host. Functional 

vasculature largely determines tissue survival and function in vivo. The inflammatory response is a 

major regulator of vascularization and overall functionality of engineered tissues, through the 

activity of different types of macrophages and the cytokines they secrete. We discuss cell-

scaffold-bioreactor systems for harnessing the inflammatory response for enhanced tissue 

vascularization and healing. To this end, inert scaffolds that have been considered for many 

decades a “gold standard” in regenerative medicine are beginning to be replaced by a new 

generation of “smart” tissue engineering systems designed to actively mediate tissue survival and 

function.
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INTRODUCTION

Tissue engineering is becoming increasingly successful in more authentically representing 

the actual environmental milieu of development, regeneration and disease, and in providing 

real-time insights into cellular and morphogenic events. For regenerative medicine, the key 

requirements include tissue size and shape (customized to the patient and defect being 

treated), internal architecture (with gradients of properties and interfaces), controllable 

degradation and remodeling (ideally at the rate matching tissue growth), and – most 

importantly – tissue function (tissue-specific: structural, mechanical, metabolic, 

biosynthetic). A personalized approach based on the use of the patients’ own cells and 
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provisions for the specifics of the defect and systemic factors would be highly beneficial to 

regenerative medicine. For drug testing, functional tissues designed to combine high 

biological fidelity with use in high-throughput platforms and real-time measurement of 

physiological responses would be transformative to modeling of disease.

Because living cells respond to the entire context of their environment - in vivo and in vitro, 

under normal and pathological conditions - the biological foundation of our bioengineering 

designs that is often described as the “biomimetic paradigm” is critical for unlocking the full 

biological potential of the cells. The four main groups of key factors: (i) regulatory 

molecules (oxygen, nutrients, cytokines), (ii) other cells (3D context, cell-cell contacts, 

autocrine and paracrine signals), (iii) extracellular matrix (immobilized and released factors, 

structure, topology, stiffness), and (iv) physical factors (flow shear, compression, stretch, 

electrical signals) act in concert, with changes in space and time, in synergistic and 

competing fashion 87. Biomimetic environments can be engineered to provide these factors 

by using scaffolds (providing a structural and logistic template for cell differentiation and 

functional assembly) and bioreactors (providing environmental control, molecular and 

physical signaling). Together, the biological principles and engineering tools help 

recapitulate the regulatory milieu of the native environment associated with a specific tissue 

or organ, and orchestrate the assembly of the ‘collections of cells’ into phenotypically 

defined tissues that take over the function of the target tissue (Figure 1).

Historically, even the most advanced approaches have been largely focused on engineering 

young and healthy tissues for implantation, with little attention paid to the subsequent 

survival of the implanted tissue, connection to the blood supply, and interaction with the 

inflammatory environment of the host. Although it is recognized that rapid establishment of 

vasculature perfused with blood largely determines survival of implanted tissues, we still 

lack effective methods for vascularizing engineered tissues. The inflammatory environment 

associated with wound healing at the implant site is not effectively incorporated into our 

tissue regeneration strategies. Pathological conditions such as myocardial infarction or 

osteoarthritis are associated with the specific time profiles of multiple inflammatory factors. 

These considerations are important, due to the growing evidence that the macrophages and 

the cytokines they secrete serve as major regulators of tissue vascularization and survival, 

both under healthy and pathological conditions.

At this time, inert scaffolds that have been considered for many decades a “gold standard” in 

regenerative medicine are being replaced by a new generation of “smart” scaffold-bioreactor 

systems designed to actively mediate tissue survival and function. We discuss here some 

strategies for mobilizing and harnessing the inflammatory response of the host towards 

enhanced tissue survival and functional integration.

HOST RESPONSES TO IMPLANTED TISSUE CONSTRUCTS

Any implantable device – from acellular biomaterials to living tissue constructs - intended to 

replace a missing or damaged tissue and drive regeneration will have to interact with native 

cells, immunological and inflammatory responses. The surgical implantation causes 

additional injury that can elicit or exacerbate the current host immune response. Therefore it 
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is important to understand how the components of an engineered construct (synthetic and 

biological; molecular; structural; mechanical) interact with the local and systemic milieu at 

the site of implantation. Once these interactions are better understood, they could be taken 

into consideration during the design process, towards regenerating human tissues in the most 

effective way. Ideally, the goal would be not only to overcome any adverse effects of the 

host response, but also to harness the specific host cells and cytokines they secrete towards 

enhancing tissue regeneration. The use of bioreactor testing platforms that mimic in vitro the 

important aspects of the in vivo host tissue response 32,33 are critical for maximizing the 

chances of success.

Soon after implantation of a biomaterial or engineered tissue, there is an initial surge of 

peripheral blood mononuclear cells (PBMCs) that leave the circulation via extravasation, 

and home to the site of injury guided by distress signals released by local cells. Neutrophils 

are among the initial cells to be recruited, and are followed by a wave of monocytes that 

invade the site of injury where they differentiate into macrophages 30. Together with 

resident macrophages, recruited macrophages are responsible for resorbing necrotic tissue, 

removing foreign materials, and to a significant extent for the initiation of angiogenesis and 

extracellular matrix deposition, although these latter roles are still being defined. The 

inflammatory response is part of the overall host tissue response and can be acute if resolved 

quickly, or chronic if resolution is not achieved over a short time. The presence of 

macrophages marks the escalation of the inflammatory response and represents an important 

cellular event during wound healing that can either result in fibrous encapsulation of the 

engineered construct or graft integration 58,70.

Traditionally, there is a distinction between classically activated and alternatively activated 

macrophages 60. Classically activated macrophages (M1) have been associated with the 

production of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α. In the context of 

implantable devices, M1s are responsible for the initial removal of cellular debris and to 

some extent for degradation of scaffolding material. In mice, the pro-inflammatory response 

can last for up to 7 days 86, and is followed by gradual shift towards a more pro- healing 

environment, which is in turn characterized by the presence of alternatively polarized 

macrophages (M2). M2s express their own cytokine patterns, and are associated with 

immune regulation, matrix deposition, remodeling, and graft acceptance 18,47,55,61.

Although most reports refer to M1 and M2 macrophage subtypes, there is growing evidence 

that macrophages are found in a spectrum of differentiation stages that dynamically adjust to 

the inflammatory environments 60 (Figure 2). For example, Mantovani has proposed the 

M2a, M2b, and M2c subtypes of M2 macrophages. M2a subtype refers to the alternatively 

activated macrophages activated by IL-4 or IL-13. M2b subtype is activated by immune 

complexes, agonists of Toll-like receptors (TLRs), or IL-1R. M2c subtype refers to 

macrophages activated by IL-10 or glucocorticoid hormones 53. Each of these macrophage 

subtypes participates in the host tissue responses during wound healing, tumor resistance, 

immune-regulation, matrix deposition and tissue remodeling 53. Since macrophages play 

unique roles in tissue regeneration, it is of great interest to study their contributions to the 

host response and to tissue remodeling following implantation of engineered constructs.
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INFLAMMATORY RESPONSES TO SCAFFOLDS CAN BE STUDIED IN 

BENCH TOP PLATFORMS

Traditionally immunosuppressed, immunocompromised, or humanized animal models have 

served as testing platforms for engineered tissue constructs. Although animal models can 

help recapitulate the complexity of the host tissue response in its entirety, they often remain 

limited by species mismatch and cost 91.

These limitations motivated the interest in developing bench top testing platforms for 

modeling important aspects of the host tissue response in vitro for various types of cells and 

studies of important cellular events. The in vivo situation can be mimicked by using purified 

cytokines 32 and/or specific cell types (e.g. neutrophils, monocytes and polarized 

macrophages) 33. Purified cytokines are readily available through commercial sources and 

the control over their concentrations and purity makes them suitable to study specific target 

molecules. For more complex systems, white blood cells obtained from peripheral human 

blood 66 or the established cell lines (HL-60 and THP-1) can be used 10. However, although 

studies suggest that in vitro behavior of monocytes, macrophages, and dendritic cells can be 

used as an initial screen of inflammation, in reality the in vivo environment is a complex 

system of multiple cell types, and results should always be validated in vivo.

To test cell-cell and cell-biomaterials interactions, inflammatory cells can be co-cultured 

with the engineered tissue constructs to study paracrine and autocrine signaling, using trans-

well systems to physically separate the engineered construct from the blood cells, thus 

avoiding donor-mismatch activation 21. Alternatively, a completely autologous cell-culture 

system can be developed through the use of induced pluripotent stem cells and blood 

donations from a single donor.

By creating in vitro testing platforms, engineered constructs can be optimized for testing in 

animal models, thus reducing cost and improving efficiency. For example, cardiac patches 

can be tested within the M1 dominated pro-inflammatory environments initially found after 

myocardial infarction, or by the M2 dominated stages of the myocardial remodeling 

process 33. Such systems can be readily established by exposing the tissue constructs to M1 

and M2 macrophages derived from peripheral blood monocytes. This approach can help 

identify environments that are most conducive to construct engraftment and survival, and to 

understand the effects of injury environment on engineered constructs.

MACROPHAGES CAN ENHANCE ANGIOGENESIS AND VASCULOGENESIS

Macrophages play a crucial role in fetal development and organogenesis by regulating 

vascular reorganization, refinement, and anastomosis 27. Macrophage depletion during tissue 

development or regeneration can result in reduced endothelial cell migration, reduced 

numbers and sizes of blood vessels, and vascular abnormalities 5,27,28,37,46,49,69. Moreover, 

accumulation of macrophages is a hallmark of arteriogenesis following injury 8, and the 

exogenous administration of macrophages was shown to promote vascularization 38,39. 

Macrophage-derived metalloproteases regulate arteriogenesis during wound healing and 

ischemia reperfusion 4. Macrophages infiltrated into Matrigel plugs implanted 
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subcutaneously, creating branched tunnels that become rapidly populated by endothelial 

progenitor cells that attach and form endothelium 3. Macrophages can even assume 

endothelial properties, such as expression of Tie2 and VE-cadherin 4,22, and circulating 

endothelial progenitor cells have been postulated to be “macrophages in disguise” 57,94.

Notably, under certain conditions, macrophages can also inhibit angiogenesis 9,75,77. 

Controversy still exists over which of the two phenotypes - M1 or M2 – is in fact 

angiogenic 45. Vascularization is generally attributed to the M2s 52, in part because of the 

similarities between M2s and tumor-associated macrophages, which associate themselves 

with the blood vessels in growing tumors 54. However, it is not entirely clear which types of 

macrophages promote and support vascularization of implanted biomaterials and engineered 

tissue constructs.

Recent studies have shown that implantation in mice of M2 macrophages that were 

polarized ex vivo and loaded into biomaterials resulted in increased vascularization over that 

achieved by M1 macrophages 41. M2 macrophages also promoted angiogenesis in a chick 

chorioallantoic membrane model relative to M1 macrophages 92. On the other hand, M1 

macrophages secrete vascular endothelial growth factor (VEGF), basic fibroblast growth 

factor (bFGF), IL-8, and other pro-angiogenic factors 28,68,75,89. M1-derived VEGF has 

been shown to be critical for the initiation of sprouting in early phases of wound repair 89. 

M1 macrophages are known to play a role in pro-inflammatory diseases characterized by 

excessive angiogenesis, such as rheumatoid arthritis, macular degeneration, and 

intervertebral disc degeneration 19,24,34,40,64,80. Signals from M1s (provided by conditioning 

culture medium) enhanced tube formation in vitro more than signals from M2s, as evidenced 

by increased sprouting of endothelial cells in Matrigel 75. While many studies support the 

notion that M2s contribute to vascularization of tissue engineering scaffolds 12,16,29,51,93, 

some assert that M1s in fact correlate with higher levels of vascularization, both in vitro and 

in vivo 14,83,84. Recent studies show that M2 macrophages facilitate anastomosis both 

directly [27, 62] and indirectly [72, 74].

THERE IS A NEED FOR SEQUENTIAL RECRUITMENT OF MACROPHAGE 

SUBTYPES

The apparent contradictions about which macrophage subtypes are angiogenic could be 

reconciled in part by the results of recent studies showing that (i) both M1s and M2s 

contribute to angiogenesis, but in distinctly different ways 62,75,85, and that (ii) the temporal 

aspects largely determine the resulting effects 75. These findings are perhaps unsurprising 

considering that normal wound healing depends on sequential activation of M1 and M2 

macrophages, but the implications for biomaterial design are far-reaching.

Differential effects of M1s and M2s on scaffold vascularization

We recently showed that M1s stimulated sprout formation by endothelial cells relative to 

M2s in a Matrigel assay (Figure 3a). M2 macrophages promoted anastomosis of M1-induced 

sprouting vessels in a longer term assay in which endothelial cells were cultured on fibrin 

gels in media conditioned by either M1 or M2 macrophages, or in M1- and then M2-
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conditioned media (Figure 3b) 75. This work, in combination with other studies, suggests 

that M1 macrophages initiate angiogenesis and M2 macrophages stabilize growing blood 

vessels (Figure 3c). Interestingly, the sequential delivery of VEGF and platelet-derived 

growth factor-BB (PDGF-BB), factors that are secreted by M1 and M2 macrophages 

respectively, enhanced vascularization of scaffolds in numerous studies 76. However, it is 

worth noting that in our study, M1 macrophages stimulated endothelial sprout formation at 

the same level as non-activated “M0” macrophages, suggesting that M2 polarization also 

causes inhibition of the natural stimulatory behavior of macrophages.

M2-secreted PDGF-BB is known to recruit pericytes to stabilize blood vessels, suggesting 

that M2 macrophages may act directly on pericytes, although this has not been investigated 

in detail. One study did show that M1 macrophages can recruit muscle progenitor cells via 

high mobility group box 1, and that IL10-polarized M2s (M2c) recruit the same cells via 

matrix metalloprotease-9 (MMP9) 48.

Taken together, these results suggest that both M1 and M2 macrophages contribute to 

vascularization, but in different ways. To get further insights, we modified porous collagen 

scaffolds to elicit a range of macrophage responses 75. In a murine subcutaneous 

implantation model, only scaffolds surrounded by both M1s and M2s were vascularized 

after 10 days in vivo. Scaffolds surrounded primarily by M2s were encapsulated in fibrous 

tissue with no cell infiltration, while scaffolds infiltrated by M1s degraded to a fraction of 

their initial size. Interestingly, a study of subcutaneously implanted porous synthetic 

hydrogels based on poly(hydroxyethyl methacrylate) (pHEMA) also found that infiltrating 

macrophages were primarily M1 while those forming the fibrous capsule were primarily 

M279. However, in contrast to our study that showed that an association between a mixed 

M1/M2 population and vascularization, this study found that vascularization within pores 

was accompanied by an almost exclusively M1 population. Pore size was also found to play 

an important role in macrophage polarization, vascularization, and formation of the fibrous 

capsule, highlighting the complexities of comparing the interactions between macrophages 

and blood vessel growth in scaffolds with different properties.

In another study in which four different acellular dermal matrices were implanted around the 

epigastric vessels of rats, a mixed M1/M2 population was associated with constructive 

remodeling, as compared with scaffolds eliciting a primarily M1 or M2 response 1. 

Similarly, in a rat model of limb revascularization following femoral ligation, both M1s and 

M2s were associated with growing blood vessels 85. Suppression of M1s via injection of the 

anti-inflammatory drug dexamethasone caused decreased revascularization in ischemic 

tissue in mice, as measured by Laser Doppler imaging 85. In contrast, stimulating M2s by 

injection of IL4/IL13 or IL10 increased revascularization 85.

While there is evidence that M1s initiate vascularization 89, the role of M2s is less well 

understood. Macrophages similar to tumor-associated macrophages and not necessarily M2s 

were shown to directly mediate anastomosis of endothelial tip cells to complete the process 

of VEGF-induced sprout formation in a developing zebrafish 28. In mammalian retina, 

macrophages were localized at the branching points of developing vascular networks, 

directly facilitating anastomosis, and this behavior was mediated through Notch signaling 63. 
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However, we recently showed that conditioned medium from M2s was sufficient to induce 

anastomosis, indicating that secreted factors also play a role, in addition to direct cell-to-cell 

contact 75.

Temporal aspects of immunomodulation

Differential effects of M1s and M2s suggest that the complementary functions of these two 

types of polarized macrophages in vascularization may be attributed, at least in part, to their 

temporal distribution. Based on what is known at present, the M1s act at early stages to 

initiate angiogenesis, whereas M2s act later to promote anastomosis and stabilization of the 

newly formed blood vessels 75.

Animal models helped establish that during the normal healing M1s appear immediately 

(within 1–5 days following injury), and are followed by M2s (within 7–10 days following 

injury) 7,85,86. We recently showed that exposing endothelial cells first to the signals derived 

from M1s and then to the signals from M2s (by using culture medium conditioned with one 

or other type of macrophages) resulted in the in vitro formation of blood vessel networks in 

fibrin gels 75. These findings are consistent with the vascular sprout formation at early 

stages of tissue repair that is induced by macrophage-derived VEGF 89. Similarly, in a 

mouse model of skeletal muscle injury, depletion of macrophages at early stages of repair 

via CD11b-diptheria toxin completely prevented muscle regeneration, while depletion at 

later stages just decreased the diameter of regenerating muscle fibers 7. Taken together, 

these studies stress the importance of the temporal presence of both the M1s and M2s for 

successful vascularization of regenerating tissues.

If the M1-to-M2 transition is disrupted, leaving behind M1s as the dominant phenotype over 

prolonged time, the wound suffers from chronic inflammation and impaired healing 43. 

Thus, the balance of macrophage phenotypes largely determines the course and outcome of 

repair, and the ratio of the numbers of M1s to M2s has been used as a predictor of wound 

healing in animal models of atherosclerotic lesions 42, inflammatory renal disease 88, and 

biomaterial implantation 15,16.

HARNESSING THE INFLAMMATORY RESPONSE IN TISSUE ENGINEERING

Scaffold approach

Scaffolds can be quite effective in modulation of inflammatory signals, in vivo and in vitro. 

When bone marrow stromal cells were seeded onto tubular scaffolds and implanted as a 

vascular graft in mice, the exogenous cells survived only a few days but the grafts were fully 

incorporated into the host vasculature through the actions of host monocytes and 

macrophages 67. In fact, this outcome was achieved even using hydrogel microparticles 

releasing monocyte chemoattractant protein-1 (MCP-1), showing that macrophages can be 

harnessed pharmacologically to promote regeneration. Macrophages have been shown to act 

directly on host progenitor cells during repair to promote formation of new tissue (e.g., 

muscle, bone, adipose), further highlighting ability to orchestrate regeneration and 

vascularization 2,4,48.
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Scaffolds may be designed to control macrophage behavior. For example, pore structure has 

been shown to affect macrophage behavior, with resulting effects on vascularization and 

regeneration 14,50. Release of IL-4 from agarose scaffolds enhanced peripheral nerve repair 

in a critically-sized sciatic nerve gap model in rats compared to controls or scaffolds 

releasing IFN-γ, and higher ratios of M2 to M1 macrophages were correlated with increased 

numbers of regenerated axons 59. Similarly, controlled release of sphingosine 1-P (S1P) 

agonists from scaffolds for bone repair promoted the recruitment of macrophages, with 

concomitant increases in scaffold integration, vascularization, and formation of new bone in 

mandibular and tibial defects in rodents 11,25,65. Notably, macrophages exhibit a 

predominantly M1 phenotype at 3 days post implantation and transition to M2 phenotype by 

day 10, mimicking the natural sequence of activation 44.

Cellular approach

Adult mesenchymal stem cells (MSCs) are a favored cell source for tissue repair due to their 

ability to differentiate into mesenchymal tissues and their availability as an autologous cell 

source known to promote angiogenesis and vascular stabilization. A landmark study by 

Arinzeh et al. 6 showed that ceramic scaffolds seeded with allogeneic MSCs caused bone 

regeneration in critical sized segmental defects without a detectable immune response. In 

another study, intravenous infusion of MSCs following myocardial infarction in mice 

reduced inflammation and improved cardiac function 26. These two studies exemplify how 

MSCs enhance tissue remodeling by providing the appropriate signals to dampen the 

immune response via inhibition of T-Cells 82, and by modulating the inflammatory 

responses to improve healing 13,36,56.

The ability of MSCs to modulate macrophages may be beneficial for construct integration 

and healing, provided that they retain their immunomodulatory potential after differentiating 

into mature cell types. One study showed that MSC-seeded scaffolds that were cultured for 4 

weeks prior to implantation were surrounded by more M1 macrophages than acellular 

scaffolds, suggesting that MSCs may lose some immunomodulatory activity during 

differentiation 50. MSCs cultured in tricalcium phosphate/hydroxyapatite scaffolds for only 

one day prior to subcutaneous implantation in immunocompromised mice elicited a greater 

inflammatory response than acellular scaffolds after 8 weeks in vivo 31. In parallel with the 

increase in the inflammatory response, more vascularization and bone formation was 

observed on the MSC-seeded scaffolds. Another study showed that ceramic scaffolds seeded 

with allogeneic MSCs developed sarcomas in immunocompromised mice but not in 

immunocompetent mice or when the cells were injected as cell suspensions 81. Overall these 

studies show that MSCs interact with the biomaterial, T cells, and macrophages to modulate 

the final host tissue response, ultimately affecting tissue formation.

By understanding these interactions, the immunoregulatory aspects of MSCs can be utilized 

in tissue engineering depending on the timing of implantation following injury and/or the 

type of inflammatory environment present at the site of injury.
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Timing of implantation

Another aspect of the host tissue response that could be harnessed as part of a tissue 

engineering strategy is the timing at which an engineered construct is implanted. The host 

tissue response has dynamics that can persist from days to months. Given the changes 

observed during the different stages of inflammation, timing of implantation could play a 

significant role in vascularization of engineered constructs 33.

Engineers can take advantage of these events and design the engineered construct in ways 

that takes this environment into account to maximize survival and engraftment. A recent 

study looked at the effects of an engineered cardiac patch composed of cardiac extracellular 

matrix (ECM) and MSCs implanted during the acute or chronic phases of myocardial 

infarction, finding that patches implanted during the acute phase showed better healing and 

angiogenesis than patches implanted during the chronic phase 36. In addition, a larger 

number of MSCs migrated out of the patch and invaded the infarcted tissue when implanted 

during the acute phase.

Interestingly, pre-conditioning the MSCs with transforming growth factor-β (TGF-β) 

increased their migration toward the inflammatory response-derived cytokine stromal 

derived factor-1 (SDF-1), highlighting the idea that interactions between implanted cells and 

the inflammatory response can be mediated 36. Another example of the importance of timing 

of implantation or delivery is a study where TNF-α was administered to mouse bone 

fractures within 24 hrs of injury and showed accelerated healing 35, while prolonged 

inflammation is well-known to impair healing in a variety of tissues 15,16,43.

Based on these results, MSCs or injectable signals could be delivered soon after injury to 

maximize the recruitment of repair cells into the wound and increase angiogenesis. 

Implanted cells may also be preconditioned to interact more favorably with the 

inflammatory response. Although these principles might not apply to all cells and injury 

environments, it is likely that similar approaches can be used for different wound types once 

the interactions between repair cells and host tissue has been established.

SUMMARY AND FUTURE DIRECTIONS

The next generation of scaffold-bioreactor approaches to tissue regeneration will meet a 

number of emerging clinical needs, directed towards consideration of interactions between 

the engineered construct and its vasculature with the native cells and inflammatory response 

of the host environment (Figure 4).

More relevant models of disease conditions

Engineered tissues are usually evaluated in healthy animals, while most patients have 

comorbidities that can influence the inflammatory response. For example, while stimulating 

inflammation may be beneficial for inducing tissue regeneration in an otherwise healthy 

person, it may need to be suppressed in a patient with a chronic inflammatory disease such 

as diabetes. It is known that macrophages in diabetic and chronic venous ulcers are stalled in 

the M1 state 74, so inhibiting M1 activation may be a useful strategy in treating these 

wounds. Implantation into chronic inflammatory environments would help develop 
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strategies for modulating the inflammatory signals towards most stable and robust function 

of the engineered constructs. Design principles derived from these studies in animal models 

of osteoarthritis or diabetes, for example, would further extend the application of tissue 

engineering to clinical conditions of interest.

Also, biomaterial scaffolds are traditionally evaluated in small animal models, even though 

their immune systems and response to injury are quite different from that of humans 71. A 

deeper understanding of the similarities and differences between rodent and human immune 

systems, and between in vitro and in vivo behavior of both rodent and human tissue 

constructs, would allow extension of experimental findings to clinical applications. A range 

of microtissue platforms is being developed for testing drug toxicity 17,78 and studies of 

interactions between implanted cells and the inflammatory system of the 

host 15,16,32,33,62,70,75. These platforms are likely to be a major driver towards understanding 

differences between rodent and human systems, and using these insights to design tissue 

constructs for maximal survival and function after implantation.

In addition, the use of humanized mice engrafted with human hematopoietic stem cells, 

peripheral blood mononuclear cells, or fetal liver and thymus tissue may also allow more 

complex studies of the interactions between engineered tissues and cells of the human 

immune response73. These systems have already been used to develop tissue-engineered 

human liver as a drug testing platform20. However, components of the mouse innate 

immune system remain in these models and represent an impediment to faithful 

recapitulation of the human immune system72.

Advanced methods for analyzing data

Future studies will also require advanced methods for analyzing macrophage behavior, and a 

more nuanced understanding of their phenotypes. Most current studies use one or two 

markers to indicate macrophage phenotype without considering that hybrid phenotypes may 

also play significant roles in tissue healing. Macrophages exist as a spectrum of phenotypes 

and their response to engineered tissues have not been explored in depth. In addition, in vitro 

studies typically employ relatively homogenous populations of M1 and M2 macrophages, in 

contrast to the dynamically changing populations that are observed in vivo. Most studies 

consider M2a and M2c macrophage subtypes as one single general category, even though 

they have little in common 48,75. While it has been described that M1 and M2 macrophages 

appear sequentially during progression of normal wound healing, the temporal distribution 

of M2a and M2c macrophages has not been studied.

Contributing to our tendency to oversimplify macrophage behavior is the difficulty in 

characterizing macrophage phenotypes. Most studies have used the presence or absence of a 

single surface receptor as indicator of macrophage phenotype, but in reality all macrophage 

subtypes express multiple and often overlapping markers, and it is the up-regulation or 

down-regulation that actually marks the phenotype changes, than the presence or absence of 

expression 75. Thus, the intensity of expression would be a better indicator of macrophage 

phenotype.
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New generation of scaffold-bioreactor systems

Biomaterial scaffolds are now being designed with perfusable microfluidic channels that 

mimic small blood vessels and provide interfacial area for transport between the vascular 

and parenchymal compartments 90. Other approaches are proposed for synergizing vascular 

development and tissue development within the same scaffold 23. Controlled-release 

scaffolds providing sequential presentation of pro-angiogenic and pro-maturation factors are 

used to enhance vascularization and integration of implanted tissues 17. These trends will 

likely continue, as they are tackling a fundamental problem of the whole field of tissue 

engineering.

The next generation of tissue engineering strategies should continue to take into 

consideration the inflammatory response. We recently showed that scaffold vascularization 

can be achieved solely through manipulation of macrophage behavior 75. One can envision 

that immunomodulatory factors may be released from scaffolds in a sequential fashion to 

recruit the M1 and M2 macrophages. Many elements are needed for developing tissue-

engineering scaffolds with the capacity to actively modulate vascularization, integration and 

maturation of implanted engineered tissues. Harnessing the inflammatory signals of the host 

is emerging as a particularly effective component of these strategies.
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Abbreviations, symbols, terminology

M0 mature and non-polarized macrophages

M1 macrophages polarized to the inflammatory phenotype, either by in vitro 

stimulation or in the in vivo environment

M2 macrophages polarized to the anti-inflammatory phenotype, either by in vitro 

stimulation or in the in vivo environment

M2a macrophages polarized through the addition of IL-4

M2c macrophages polarized through the addition of IL-10

PBMCs peripheral blood mononuclear cells

MSCs mesenchymal stem cells

IL interleukin

TNF-α tumor necrosis factor-alpha

TLRs toll-like receptors

VEGF vascular endothelial growth factor

bFGF basic fibroblast growth factor

PDGF-BB platelet-derived growth factor-BB
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MMP9 matrix metalloprotease-9

MCP-1 monocyte chemoattractant protein-1

IFN-γ interferon-gamma

S1P sphingosine-1-phosphate

ECM extracellular matrix

TGF-β transforming growth factor-β

SDF-1 stromal-derived factor 1
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Figure 1. Biomaterial scaffold
Schematic showing the steps towards an engineered construct where the scaffold is designed 

to harness the host tissue response and maximize the angiogenic response. The first step is to 

select the cell source and the biomaterial of interest. These two components are then 

assembled and trained in a bioreactor by applying tissue appropriate biophysical forces. At 

this stage, a vasculature can be formed and perfused in vitro. This “artificial vasculature” 

can then be connected to the host tissue vasculature by harnessing the inflammatory 

response at the site of implantation. Artwork provided by Servier Medical Arts.
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Figure 2. Differentiation and polarization of macrophages
Monocytes that are recruited to the site of injury differentiate into macrophages via local 

signals. These macrophages polarize into a spectrum of macrophage subtypes ranging from 

pro-inflammatory (M1) to wound healing phenotypes (M2c). Artwork provided by Servier 

Medical Arts.

Spiller et al. Page 19

Ann Biomed Eng. Author manuscript; available in PMC 2016 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Contributions of M1 and M2 macrophages to angiogenesis
(a) M1 but not M2 macrophages increase sprouting of endothelial cells on Matrigel (* 

indicates p<0.05 and o indicates p>0.05 compared to control, one-way ANOVA and 

Tukey’s post-hoc analysis). Networks were stained with Live/Dead kit (Invitrogen), imaged 

at 10x magnification with an Olympus IX81 fluorescent microscope, and analyzed with 

ImageJ’s Angiogenesis Analyzer macro. (b) Endothelial cells organized into a loosely 

connected network on fibrin gel when the media is changed from M1-conditioned media to 

M2-conditioned media, which did not occur when endothelial cells were cultured uniformly 

in either M1- or M2-conditioned media. Endothelial cells were stained with DAPI and 

phalloidin tagged with Alexafluor-488 and imaged at 10x with an Olympus Fluoview 

FV1000 confocal microscope. (c) Proposed model of macrophage control over angiogenesis, 

in which M1 macrophages initiate sprouting via VEGF and M2 macrophages promote vessel 

stabilization via guiding anastomosis and possibly recruiting pericytes via PDGF. (Figure 

modified with permission from 75). Artwork provided by Servier Medical Arts.
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Figure 4. Immunomodulation of engineered tissues for enhanced vascularization and healing
Advanced tissue engineering strategies will take into account interactions between the cells 

and vasculature of engineered tissue with the native cells and inflammatory response of the 

host environment. Artwork provided by Servier Medical Arts.
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