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Macrophages are key players in many physiological scenarios including tissue homeostasis. In response to injury,
typically the balance between macrophage sub-populations shifts from an M1 phenotype (pro-inflammatory) to
an M2 phenotype (anti-inflammatory). In tissue engineering scenarios, after implantation of any device, it is de-
sirable to exercise control on this M1-M2 progression and to ensure a timely and smooth transition from the in-
flammatory to the healing stage. In this review, we briefly introduce the current state of knowledge regarding
macrophage function and nomenclature. Next, we discuss the use of controlled release strategies to tune the bal-
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Macrophages ance between the M1 and M2 phenotypes in the context of tissue engineering applications. We discuss recent
M1 and M2 literature related to the release of anti-inflammatory molecules (including nucleic acids) and the sequential re-
Inflammation lease of cytokines to promote a timely M1-M2 shift. In addition, we describe the use of macrophages as con-
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trolled release agents upon stimulation by physical and/or mechanical cues provided by scaffolds. Moreover,
we discuss current and future applications of “smart” implantable scaffolds capable of controlling the cascade
of biochemical events related to healing and vascularization. Finally, we provide our opinion on the current chal-
lenges and the future research directions to improve our understanding of the M1-M2 macrophage balance and
properly exploit it in tissue engineering and regenerative medicine applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction: from inert to bioactive to smart implants

Developing strategies that control the immune response and enhance
engraftment is a universal challenge in the clinical translation of tissue
engineered products [1,2]. In the past, most approaches have focused
on minimizing the inflammatory response to bioengineered constructs.
However, recent studies demonstrate that fine-tuning the balance of
pro- and anti-inflammatory responses can benefit tissue engineering
strategies by supporting endogenous healing and regeneration. Thus, un-
derstanding the role of the immune system and its importance in the
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context of regenerative medicine is now considered of great translational
value and yet remains largely unexplored.

The immune response to implantation of any foreign material (e.g., a
tissue engineering scaffold, a biomedical device, a drug releasing im-
plant, etc.) is complex and depends on multiple factors, including the
nature of the implant (its material, surface topography, physical and
chemical properties, size and shape, etc.) and the state of the host tissue
[3-5]. Soon after implantation, a series of immunological and vascular
reactions are triggered on the foreign material surface. Inflammatory
mediators, cytokines, reactive oxygen species, and growth or angiogenic
factors secreted by immune cells all influence a material's performance.
Depending on the reactivity of the immune cells to the material, the spa-
tial-temporal release of bioactive agents and the end-stage result may
vary. One example is the foreign body response (FBR), in which macro-
phages and foreign body giant cells play a primary role [3]. In the FBR,
tissue regeneration is limited and a fibrotic capsule surrounds the
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biomaterial, which results in the accumulation of toxic byproducts of
phagocytosis at the implant site.

In the context of surgical and tissue engineering implants, biomedi-
cal devices, and drug releasing scaffolds, the initial aim of biomedical
engineers was to identify and develop inert and biocompatible mate-
rials that could “evade” the immune response (or render the implant
“invisible” to the immune system). Later, the development of bioactive
and biodegradable materials (and implants) dominated this research
field [5,6]. Currently, the focus has gone one step forward, and the aim
now is to design and develop smart scaffolds and materials for tissue en-
gineering applications—materials that can exert a positive action on the
process of implant integration and healing [4]. A better understanding
of the human immune response to tissue engineered products has

In this contribution, we discuss approaches in which controlled re-
lease strategies are directly used to attenuate inflammation or to favor
a timely transition to an M2 phenotype. In addition, we describe scenar-
ios in which macrophages are used as controlled release vehicles to de-
liver specific cytokines and other molecules in response to chemical or
physical cues from a biomaterial.

1.1. The evolving concept of M1-M2 polarization

Macrophages are key actors during the host immune response in
many different physiological contexts in both health and disease
(Fig. 1A) [7,8] and are involved in autoimmune and inflammatory dis-
eases [9,10], asthma and allergies [11,12], cancer [13-16], and resistance

aided the development of micro- and nanoengineered 3D environments
that can tightly control the spatial and temporal release of chemical cues
to mitigate inflammation and/or promote tissue regeneration.

to infections [17,18]. Macrophages not only influence the innate and
adaptive immune capacity but also play an important role in tissue ho-
meostasis [7]. For example, macrophages generate a chemical
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Fig. 1. Prevalent nomenclature and timing of macrophages. (A) Most adult tissues contain naive tissue-resident macrophages that originated in the embryonic stage [126]. In addition,
circulating monocytes can be recruited to a site of injury where they differentiate into various macrophage phenotypes. According to the most prevalent nomenclature, two
macrophage phenotypes have been recognized. The M1 phenotype (classically activated or pro-inflammatory) is activated by IFNy and LPS or TNF. The M2 phenotype (alternatively
activated or anti-inflammatory) is activated by IL-4 and IL-13. Modified from Mantovani et al. [41]. (B) Parallel events occur during bioengineered tissue formation. The biomaterial
implantation (with or without cells) will trigger an immune response, which leads to recruitment of various immune cells and macrophage infiltration. At this stage, a dominant M1
macrophage phenotype should be expected, and pro-inflammatory stimuli (required during the first stage of an injury) are upregulated. Next, a timely progression towards an anti-
inflammatory chemical scenario could be beneficial for more rapid and smoother implant-tissue integration and healing; thus the M2 phenotype is more desirable in the second stage.
(C) Arecent report by Xue et al. reported many more than the two widely recognized (M1 and M2) phenotypes: (a) Nine different macrophage phenotypes were identified in human
macrophages based on their transcriptome signatures upon activation by different chemical cues. When macrophages were (b) activated with known M1 or M2 chemical cues or
(c) with M1- or M2-related chemical signals, they displayed a biochemical behavior consistent with the M1-M2 polarization model. (d) However, activation with other chemical cues
(e.g., free fatty acids, high density lipoprotein (HDL), or molecules associated with chronic inflammation) resulted in seven other distinct macrophage phenotypes (a multi-axis spectrum;
C1, C3, (4, C5, C7, C8, €9). C2 and C6 are consistent with the expression profile of M2 and M1 phenotypes, respectively. Adapted with permission from Xue et al. [27].
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environment that alerts the body in case of injury and also promotes
healing at the cellular and tissue level [19].

In the context of tissue engineering and regenerative medicine, the
implantation of a scaffold (or any foreign material) triggers a plethora
of biochemical signals wherein macrophages act as protagonists in the
processes of inflammation and healing (Figs. 1B and 2A). In the first
stage, inflammation occurs as a natural response to the presence of
the exogenous material. Pro-inflammatory cytokines (e.g., tumor necro-
sis factor (TNFa), interleukin (IL)-1, etc.) alert the immune system at a
local and systemic level and recruit monocytes (among other cell types)
to the vicinity of the implant. Circulating monocytes differentiate into
macrophages in response to this set of pro-inflammatory chemical sig-
nals. Until recently, the prevailing opinion was that this differentiation
from monocytes was the only origin for macrophages, but strong evi-
dence now indicates that many tissue-resident macrophages originate
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at the embryonic stage, persist, and proliferate into adulthood (see
Fig. 1A) [20-24]. The relative contribution of the macrophages differen-
tiated from monocytes versus tissue-resident macrophages is still un-
clear and remains an active topic of study [21,23,24].

In general, macrophages remain at the tissue-implant interface for
the entire lifespan of the implant and become key mediators of inflam-
mation as well as immune and foreign body responses. One key function
of macrophages is degrading materials through phagocytosis. Macro-
phages also play a critical role in tissue regeneration through regulating
cells involved in the wound healing process, such as fibroblasts, osteo-
blasts, endothelial cells, and keratinocytes [25,26]. Depending on the
nature of stimuli they encounter and in response to different micro-
environmental factors, macrophages are “activated” and acquire a spec-
trum of phenotypes [27]. Macrophages at either ends of such a spectrum
are commonly referred to as M1 and M2 subsets. M1 macrophages, also
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Fig. 2. The progression of stages from the M1 to M2 phenotypes can be controlled at various time points through different strategies. (A) A simplified representation of the signaling
network relevant to inflammation and healing after implantation of a scaffold. The main actors in the network are represented: TNFe, IL-4, and IL-10. M1-M2 polarization can be
controlled or disrupted by the controlled release of different molecules that interfere with pro-inflammatory cytokines (e.g., release of anti-TNFa monoclonal antibodies (mAbs) or pro-
teins) or amplify anti-inflammatory stimuli (e.g., release of IL-10). Micro- and nanoparticles loaded with different chemical agents (e.g., sSiRNA, DNA, anti-TNFa mAbs, IL-10 and other cy-
tokines, etc.) have been used as controlled-release agents to modulate the M1-M2 balance. (B) The ultimate aspiration would be to design and fabricate “smart tissue engineering
scaffolds” with controlled release potential that would regulate the M1-M2 balance (and therefore the healing, tissue repair, and vascularization processes). While the M1 macrophage
phenotype is needed immediately after injury, and inflammation is an important and required component of the proper response of the human body to injury, a timely shift towards
the M2 phenotype is required to complete the healing/tissue regeneration process. (C) The different controlled release strategies reviewed here aim to tune the M1-M2 equilibrium.
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referred to as classically activated macrophages, are activated by IFN-y,
LPS (Lipopolysaccharide), and TNFa. They exhibit a pro-inflammatory
expression profile displayed during the early stages of the normal tissue
repair process. At a later time, activated by IL-4 and IL-13, macrophages
at the site of injury assume an M2 phenotype [28]. M2 macrophages,
also known as alternatively activated macrophages, display an anti-
inflammatory expression profile. M1 and M2 phenotypes each show
specific features, such as different cell surface markers; expression of
particular genes; and secretion of specific cytokines, chemokines, and
enzymes (Fig. 1A; [29]).

Arguably, IL-1p and TNFa are the two most prominent pro-
inflammatory cytokines since they are overexpressed and have a role
in almost every inflammatory disease [8]. The M2 phenotype has been
associated with the secretion of several different cytokines and factors.
The anti-inflammatory cytokines secreted by the M2 phenotype inter-
fere with or inhibit pro-inflammatory cytokines secreted by the M1
type. For instance, IL-10, one of the most important anti-inflammatory
cytokines and main biochemical signature of M2 macrophages, sup-
presses IL-6 and TNFa production (Fig. 2A; [30-33]).

Although historically, the terms “pro-inflammatory” and “pro-
healing” have been associated with the M1 and M2 phenotype, respec-
tively, the current state of knowledge in the field does not support the
oversimplified notion of M1 macrophages as being detrimental for
healing and M2 macrophages as being positive for healing. For example,
anti-inflammatory treatments can promote healing of diabetic ulcers, but
only if they are administered three days after injury [34]. On the other
hand, sustained M1 activation hinders healing [35]. M1 macrophages
are required for wound healing, but they must subside after a period of
a few days. Moreover, M2 macrophages have long been known to cause
fibrous encapsulation of biomaterials (see [36]). In summary, M1 and
M2 macrophages are both needed at different time points in the healing
process. Promotion of a rational and timely control of the M1-M2 balance
throughout the healing process seems to be key in tissue engineering and
regenerative medicine applications.

Recent work now challenges the traditional M1 and M2 framework
(see for example [8,27,31,37,38]). Increasingly, the M1 and M2 pheno-
types are being perceived as two extremes of a continuum of functional
states; consequently, in any real biological scenario, a spectrum of mac-
rophage subpopulations, ranging from the M1 to the M2 phenotype,
will be encountered (Fig. 2A). The balance of these subpopulations
will then determine the biochemical environment prevalent in the
local tissue [31]. Moreover, current experimental evidence suggests
that each individual macrophage displays a unique set of combined
markers and will produce a unique repertoire of biochemical signals
that will situate it at a singular distance from the M1 and M2 extremes
[31]. Recently, Xue et al. analyzed the transcriptome of human macro-
phages activated with different chemical stimuli including receptor li-
gands, cytokines, and metabolic cues [27]. The authors conducted a
clustering analysis of the transcriptome signals using bioinformatics
tools (Fig. 1C(a)). The transcriptome signatures aligned well along an
axis when macrophages were stimulated with agents recognized as
M1 (IFN-vy, LPS, TNF) or M2 (IL-4, IL-13, IL-10) activation cues
(Fig. 1C(b-c)). However, when other activators were used (e.g., free
fatty acids, high density lipoprotein (HDL), or chemical cues associated
with chronic inflammation), seven additional phenotypes were ob-
served (Fig. 1C(d)). These results suggest that the M1-M2 macrophage
polarization model, when understood as a spectrum along an axis be-
tween two extreme phenotypes, reasonably describes the biochemical
plasticity of macrophages exposed to cues that are known to activate
the M1 or M2 phenotypes. The M1-M2 model has to be expanded to a
multi-axis spectral model (Fig. 1C(a)) to fully capture the biochemical
plasticity of macrophages when exposed to a wider range of stimuli.

The recent use of state-of-the-art transcriptomic tools has allowed
the identification of key molecular players and their roles in the control
of M1-M2 polarization. A good summary of the current knowledge on
this matter has been presented in recent reviews [8,37]. Despite the

evolving view of M1 and M2 macrophage polarization, the present re-
view will often refer to the simplified case of two distinctive pheno-
types, M1 and M2, since many studies in the literature have adhered
to this paradigm and reported their results in this manner.

Researchers exploring tissue engineering applications aim to
achieve a short (and yet sufficient) pro-inflammatory period in which
M1 macrophages are recruited to the site, followed by an anti-
inflammatory stage where the M2 phenotype dominates. Several strat-
egies can be used to achieve this aim (Fig. 2B and C); this review focuses
on biomaterials-based strategies that examine (a) the controlled deliv-
ery of molecules to minimize pro-inflammatory or promote anti-
inflammatory or tissue healing responses (Fig. 3A-C), (b) the targeted
transfection of macrophages to overexpress anti-inflammatory genes
or inhibit the expression of pro-inflammatory molecules (Fig. 3D), and
(c) the use of physical or mechanical cues to influence macrophage po-
larization in situ (Fig. 4).

2. Delivering molecules to control macrophage polarization

Most reports currently available in the field of injury management
and tissue regeneration have focused on the control of cytokine levels
as a strategy to control inflammation or to promote faster healing. Not
until recently have several reports discussed different strategies for
modulating M1-M2 polarization.

This review will mainly discuss biomaterials-based strategies that spe-
cifically influence macrophage polarization. Most of the strategies for con-
trolling the M1-M2 balance or for promoting faster healing have focused
on interfering with the inflammatory effect of TNF or promoting the re-
lease of IL-10 (a known anti-inflammatory agent mainly secreted by M2
macrophages). However, we will also review a wider range of controlled
release strategies that aim to intervene at different pathway points in the
complex network associated with inflammation and healing.

2.1. Releasing antibodies against TNFa to mitigate inflammation

Due to its potent pro-inflammatory properties, blocking TNFa is an
obvious strategy for attenuating inflammation in tissue engineering ap-
plications. TNFa is a cytokine that mediates immune and inflammation
overreactions in many pathological scenarios and is therefore an impor-
tant target for anti-inflammatory drugs [39,40]. TNFa is produced by
M1 macrophages and has been referred to as an inducer of the M1 phe-
notype [41,42].

To our knowledge, only a limited number of studies have specifically
examined the effect of a local release of an anti-TNFa compound on
M1-M2 polarization. However, TNFa has been reported as a thera-
peutic target for impaired cutaneous wound healing [43]. The topical
addition of anti-TNFa neutralizing antibodies accelerated wound
healing and altered the M1-M2 balance, shifting it towards an M2
phenotype, in a mouse model with severely impaired wound healing
and excessive inflammation [44]. In addition, a number of studies
have examined the controlled release of anti-TNFa agents for
mitigation of inflammation in a context different from injury
healing; these studies provide insight into potential strategies for
mitigating inflammation and possibly tuning the M1-M2 balance in
tissue engineering applications.

Many different therapeutic formulations are available commer-
cially to block TNFa. Among these are monoclonal antibodies
(mAbs) (e.g., infliximab, adalimumab, and golimumab), antibody
fragments (e.g., certolizumab pegol), or fusion recombinant proteins
(e.g., Etanercept), which are common therapeutic choices in many
autoimmune diseases such as rheumatoid arthritis (RA), mainly
due to their selectivity [44]. Anti-TNFo mAbs are normally delivered
systemically by intravenous injection; however, their harmful side
effects when administered this way [44-46] have prompted the ex-
perimental development of local delivery strategies using controlled
release systems. Several recent contributions have described the
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fabrication of engineered materials for the controlled release of anti-
TNFa antibodies in different biological or physiological scenarios
(see also the review by Grainger [47]). For example, Shamji et al.
entrapped a commercial anti-TNFa mAb into chitosan gels prepared
by co-dissolving with glycerophosphate [48]. They observed total
and sustained in vitro release (of 8 ug of mAb per mL of gel) over
10 days. The mass fraction of mAb released from the chitosan gels in-
creased nearly linearly with time during the first 10 days.

In one recent study, anti-TNFa antibodies were conjugated to
hyaluronic acid (HA) to mitigate inflammation in burns [48,49]. The au-
thors compared equivalent doses of locally delivered mAb and HA ver-
sus the conjugated (anti-TNFo mAb)-HA formulation in an in vivo rat
wound model. The (anti-TNFa mAb)-HA formulation was more effec-
tive in triggering earlier wound healing than an equivalent dose of local-
ly delivered mAb. In addition, the authors observed significantly less
secondary necrosis in rats treated with (anti-TNFo mAb)-HA. These au-
thors suggested that conjugation simply slowed down the diffusivity of
the mAb, which then modulated the intensity of the inflammation
cascade.

The use of particles to encapsulate (or attach) and release anti-TNFa
molecules has been recently reported by different groups. In two sepa-
rate studies, Foong et al. [50] and Marquette et al. [51] encapsulated a
full-length anti-TNFo mAb into poly(lactic-co-glycolic acid) (PLGA)
particles. Foong et al. encapsulated infliximab, a commercial anti-
TNFa mAD, within PLGA particles using a high speed dispersion strategy
combined with thermally induced phase separation (TIPS) [50]. The au-
thors tested the neutralizing activity of the released antibody against re-
combinant TNFa in experiments where L929 fibroblasts were incubated
in the presence of cytotoxic concentrations of recombinant TNFa. Fibro-
blast viability was significantly higher in experiments where anti-TNFo
mADb releasing particles were used than when equivalent concentra-
tions of soluble anti-TNFae mAb were used. In a more recent study, Mar-
quette et al. produced anti-TNFa IgG loaded microparticles (average
diameter < 100 um) by dispersing the spray-dried antibody and the
PLGA particles into a solid-oil-water emulsion where ethyl acetate
was used as an organic solvent [51]. The authors demonstrated that
these anti-TNFa antibody particles retained biological activity after
4 weeks when stored at 5 °C. In vitro release profiles showed that this
delivery system slowly released 40 to 80% of the loaded anti-TNFo anti-
body over a time window of 4 weeks. Carrillo-Conde et al. used poly-
anhydride nanoparticles for the delivery of active anti-TNFo monoclo-
nal antibodies [52]. Using a very extensive set of in vitro and in vivo
(mouse model) assays, the authors demonstrated that these nanoparti-
cles preserved the biological activity and functionality of the antibody
and provided an effective vehicle to control its release kinetics for rela-
tively extended periods of time (up to 20-30 days).

In yet another study, Etanercept, a commercial anti-TNFo fusion pro-
tein of the TNFa receptor and the constant portion of the IgG1 antibody,
was encapsulated in microspheres fabricated with poly(g-caprolactone)
(PCL) and its co-polymer with poly(ethylene glycol), methoxy-
poly(ethylene glycol)-poly(e-caprolactone)-methoxypoly(ethylene gly-
col) (MPEG-PCL-MPEG) [53]. Sustained Etanercept release was observed
in in vitro experiments using fibroblast-like synoviocyte cells. A signifi-
cant decrease in levels of pro-inflammatory cytokines (namely interferon
gamma (IFNvy), TNFa, IL-6, and IL-17) and matrix metalloproteinases
(MMPs, namely MMP-3 and MMP-13) was observed in the synoviocyte
cell cultures. These cells are important players in maintaining homeosta-
sis at the inner layer (intima) of the synovium, or the inner lining of joints.
Fibroblast-like synoviocytes also have an important role in rheumatoid
arthritis (RA). Synovial hyperplasia (an over-proliferation of these cells)
is a typical feature of RA; fibroblast-like synoviocytes also release a num-
ber of pro-inflammatory signal molecules, especially IL-6, IL-8,
prostanoids, and MMPs, which potentially affect other cells and also en-
hance inflammation [54].

More recently, Wang et al. presented a glucose-sensitive system ca-
pable of local long-term mitigation of inflammation by delivering an

anti-TNFa antibody through a chitosan and collagen scaffold [55]. This
collagen-chitosan scaffold was capable of attenuating the inflammatory
response to bone marrow stromal cells under a condition of hyper glu-
cose and TNFa. In addition, the authors investigated the biological ef-
fects of the scaffold in a diabetic rat model with an ample fluctuation
of blood glucose levels. An enhanced expression of osteogenic proteins
and alveolar bone healing was achieved in this diabetic rat model.

The controlled release of anti-TNFa mAbs has been commonly re-
ported in the context of inflammatory diseases but has yet to be assayed
in the specific context of M1-M2 regulation. The use of anti-TNF mAbs
alone or in combination with other anti-inflammatory molecules
could be a valuable addition to the toolbox currently available to atten-
uate local inflammation and promote faster tissue healing.

2.2. Release of cytokines to control M1-M2 dynamics

Restoration of the normal cytokine equilibrium at a specific site of
inflammation is another obvious strategy for inhibiting inflammation
and promoting healing [56]. Among the multiple alternatives available
for restoring cytokine homeostasis, manipulation of the local concentra-
tions of IL-10, an anti-inflammatory cytokine, has been widely used. For
instance, Carvalho et al. produced a biologically active recombinant mu-
tant version of IL-10 in Escherichia coli cultures and showed that this cy-
tokine was spontaneously incorporated into a dextrin nanogel matrix
[57]. The resulting complex stabilized the protein and allowed its slow
release (up to 15% during the first few hours). One challenge with using
IL-10 is that it is effective at reducing inflammation in animal models
but has not yielded equally successful results in human clinical trials [58].

The sequential release of chemical signals has been recognized as an
important part of the delicate and complex system by which tissues un-
dergo auto-repair. The design of scaffolds capable of sequential release
of healing factors or molecules has been proposed and tested by several
groups. Kumar et al. (2015) have recently described the use of a biomi-
metic multidomain peptide hydrogel capable of sequestering cytokines
in its nanofibrous matrix [59]. The material was engineered to achieve a
biphasic pattern of cytokine release to activate monocytes and macro-
phages using monocyte chemotactic protein (MCP-1) and IL-4. Further-
more, macrophage-material interactions were promoted without
generation of a pro-inflammatory environment. Macrophage interaction
with and response to the peptide composite facilitated: (i) the recruit-
ment of monocytes/macrophages, (ii) a sustained residence of immune
cells until degradation, and (iii) promotion of a pro-resolution M2
environment.

Recently, Spiller et al. modified decellularized bone to release IFNvy at
early times to promote the M1 phenotype, which secretes vascular
endothelial growth factor (VEGF) and is thus involved in initiating the
process of angiogenesis, followed by a more sustained release of IL-4
to promote the M2 phenotype, which secretes platelet-derived growth
factor (PDGF-BB) and is thus involved in later stages of angiogenesis
for bone regeneration [28]. Different strategies, including physical ad-
sorption and biotin-streptavidin affinity binding, were used to respec-
tively bind IFNy and IL-4 to the scaffolds. IFNvy was released over the
first three days, whereas most IL-4 was released during the first six
days. These decellularized bone scaffolds effectively triggered sequential
polarization from a dominant M1 to a dominant M2 phenotype as mea-
sured by the secretion of four cytokines and determination of ten M1 or
M2 molecular markers. However, the overlap between the phases of
IFN<y and IL-4 release masked a more defined polarization. Finally, a mu-
rine subcutaneous implantation model showed increased vascularization
in bone scaffolds releasing IFNy and IL-4 as compared to plain scaffolds.

The sequential release of molecules is inspired by the natural healing
process of tissue. The development of sequential release strategies (and
the engineering of materials capable of doing so) promises to signifi-
cantly advance the state of the art in M1-M2 modulation in tissue engi-
neering and will therefore be an important research topic in the near
future.
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sources to small molecules isolated from plants. For example, triptolide
is a trypanosome-suppressive immunomodulating factor (TSIF) [60]
that is a widely used medicinal compound isolated from the Chinese
herb Tripterygium wilfordii. It has been released from gelatin hydrogels
in combination with BMP-2 (bone morphogenetic protein-2) to

2.3. Release of other anti-inflammatory molecules

Besides biologicals, several other compounds also exhibit anti-
inflammatory properties. These immunomodulatory molecules range
in chemical complexity and origin from proteins isolated from diverse
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Fig. 3. Examples of controlled release strategies used to modulate the M1-M2 balance in tissue engineering applications. (A) Use of a hydrogel scaffold loaded with immunomodulators.
Three-dimensional microCT images of bone regeneration in a rat defect model six weeks after implantation of hydrogels loaded with (a) PBS, (b) SEW2871, (c) PRP, and (d) SEW2871 and
PRP are shown. Reprinted with permission from Kim et al. [66]. (B) Encapsulation of N-terminal peptide consisting of amino acids 2-26 of Annexin A1 (Ac2-26) in a PLGA-PEG
nanoparticle conjugated to a peptide targeting collagen IV. Reprinted with permission from Kamaly et al. [75]. (C) Decellularized small intestinal submucosa (SIS) was coated with
anti-inflammatory peptide amphiphiles (AIF-PAs) derived from uteroglobin protein sequences. Five weeks after implantation in a rat bladder augmentation model, SIS coated with
peptides 1 or 2 (SIS/AIF-PA1/2) showed decreased numbers of M1 macrophages (labeled as M1 + M2 — where CD86+ cells were labeled as M1+ ) compared to uncoated (SIS)
scaffolds or scaffolds coated with a control peptide amphiphile (SIS/AIFC-PAG). After five weeks, SIS/AIF-PA1/2 scaffolds had lower total numbers of M1 and M2 cells (M1 + M2+
where CD206+ cells were labeled as M2+) compared to control scaffolds. Top and bottom row of asterisks represent comparisons to SIS and SIS/AIFC-PABG, respectively, and *
represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, and **** represents p < 0.0001. Reprinted from Bury et al. (2014), with permission from Elsevier [81]. (D) Delivery
of AF488-siRNA and MIF expression within primary macrophages. (a) Confocal microscopy images of macrophage cultures. Nuclei were stained with DAPI (blue), and nanoparticles
with siRNA were dyed green. (b) Western blots showing MIF and -actin (used for normalization) protein expression in macrophages. (c) qRT-PCR analysis of MIF gene expression in
macrophages. PBS and scrambled siRNA served as negative controls. Reprinted with permission from Zhang et al. [89].
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accelerate bone repair [61]. In this section, we examine the use of some
of these anti-inflammatory molecules and emphasize those that have
been used in controlled release strategies in tissue engineering or tissue
repair scenarios.

In addition to cytokines, studies have introduced other molecules to
manipulate the M1-M2 response. For example, coating collagen scaf-
folds with bacterial lipopolysaccharide (LPS) caused an increase in
blood vessel infiltration and was accompanied by high levels of M1
and M2 macrophages [62].

Roh et al. demonstrated that vascularization of poly-L-lactide and
poly-g-caprolactone [P(CL/LA)] scaffolds was strongly dependent on the
action of recruited macrophages and was enhanced by the delivery of
MCP-1 using alginate microparticles [63]. In another study, FTY720, a
sphingosine 1-P (S1P) receptor agonist was released from poly(lactic-
co-glycolic acid) thin films in inflamed and ischemic tissues [64]. This de-
livery resulted in a reduction in pro-inflammatory cytokine secretion, an
increase in anti-inflammatory cytokine secretion, and increased vascular-
ization in rodents. Similarly, Das et al. reported that local delivery of
FTY720 from composite poly(pL-lactide-co-glycolide) (PLGA) nanofibers
enhanced blood vessel growth, increased M2 macrophage recruitment,
and led to significant bone tissue proliferation within critical-size bone
defects after 12 weeks of treatment [65].

Kim et al. studied the effect of two agents, the macrophage recruiting
agent SEW2871 (a sphingosine-1 phosphate receptor agonist) and
platelet-rich plasma (PRP), on bone remodeling when applied alone or
in combination [66]. The authors formed micelles of SEW2871 (non-
water soluble) in gelatin grafted with L-lactic acid. These micelles and
PRP were then incorporated into gelatin hydrogels, which allowed the
controlled release of SEW2871 and PRP. These molecules acted syner-
gistically to enhance macrophage migration in in vitro assays. In exper-
iments conducted in a rat bone defect model, a higher number of
macrophages were recruited by mixed hydrogels containing both
SEW2871 micelles and PRP than by hydrogels containing only one of
the components. In addition, the use of this combined released
system appeared to promote a sequential induction of inflammatory
responses. Three days after application, an enhanced level of TNFa
was observed. Later, an increase in the expression of osteoprotegerin
(OPG) and IL-10 was observed. Increased levels of TGF-31, another
anti-inflammatory cytokine (with reported tissue fibrosis effects [67]),
were also measured ten days after the intervention. A significantly
greater amount of bone regeneration was induced by the hydrogels
that contained a mixture of SEW2871-micelles and PRP than by
hydrogels that contained only one of these components or only PBS
(see Fig. 3A).

Vasconcelos et al. (2015) evaluated the effect of lipoxin A4 (LxA4)
and resolvin D1 (RvD1), two different pro-resolution lipid mediators,
on the modulation of the inflammatory response to chitosan-based scaf-
folds [68]. The authors conducted in vivo experiments using a mouse
air-pouch model of inflammation. They demonstrated that both mole-
cules shifted the M1 macrophage inflammatory response to an M2 re-
parative response and decreased several pro-inflammatory cytokines.
Recently, the same group developed chitosan-based 3D porous scaffolds
loaded with RvD1 by dispersing RvD1 over freeze-dried scaffolds
followed by a second freeze-drying step [69]. The authors investigated
the inflammatory response caused by this biomaterial in an in vivo
model (the mouse air-pouch model of inflammation) and found a sig-
nificant shift towards an M2 macrophage population and a decrease in
the inflammatory cells around and within the implanted scaffolds.

The release of anti-inflammatory agents from particles or scaffolds is
an effective strategy to control inflammation in tissue engineering ap-
plications. More research is needed to fully assess the clinical potential
of this approach. The spectrum of anti-inflammatory molecules that
are potentially useful in tissue engineering applications range from pro-
teins to small molecules. Among them, anti-inflammatory peptides
have recently been the focus of intense research and merit a separate
discussion.

24. Controlled delivery of anti-inflammatory peptides

Peptides offer an attractive strategy for influencing the inflammato-
ry and healing response. Because of their shorter length, peptides are
less expensive to manufacture and do not require additional processing
steps (e.g., re-folding steps) compared to full-length proteins. Recent re-
search has investigated a number of different peptides and delivery
methods for reducing inflammation and introducing a pro-resolution
response.

One peptide that has been studied extensively in numerous applica-
tions is a-melanocyte stimulating hormone («a-MSH), which is a
tridecapeptide with anti-inflammatory properties. The Bellamkonda
group successfully attached a-MSH to the silicon surface of neural im-
plants and, compared to control electrodes, observed reduced inflam-
mation in vivo as evidenced by lower numbers of activated microglia/
macrophages and reduced TNFa secretion [70].

Benkirane-Jessel and coworkers directly coupled the N-terminus of
the a-MSH peptide to poly(L-glutamic acid) (PGA-o.-MSH) and fabri-
cated polyelectroyte multilayers using alternating layers of PGA-o-
MSH and poly(L-lysine) (PLL) [71]. Human monocytic THP-1 cells cul-
tured on the films had decreased TNFa and increased IL-10 secretion
compared to cells cultured on control surfaces. Further studies showed
that using these polyelectrolyte multilayers with a-MSH to coat trache-
al prostheses made of titanium beads resulted in increased IL-10 secre-
tion compared to control prostheses [72].

Recent studies by the O'Connor group have physically adsorbed o-
MSH onto PLGA microspheres, which resulted in decreased TNFa pro-
duction by LPS-activated RAW 264.7 macrophages at 24 and 48 h but
not 72 h compared to control surfaces [73]. There was not a strong effect
of the adsorbed oi-MSH when implanted subcutaneously into the backs
of rats. The short-term in vitro effects and weak in vivo effects were hy-
pothesized to be due to the rapid release of a-MSH. Thus, O'Connor and
co-workers modified their system to prolong the release of a-MSH by
decreasing the diffusion rate [74]. Specifically, they made porous PLGA
microspheres, physically adsorbed a-MSH, and also added polyelectro-
lyte layers with embedded fibroblast growth factor (FGF) on top of the
o-MSH. When implanted subcutaneously, the porous microspheres
that had a polyelectrolyte layer on top of the adsorbed oi-MSH had statis-
tically fewer ED1-positive macrophages compared to microspheres with
adsorbed o-MSH and no polyelectrolyte layer. However, the untreated
microspheres resulted in high variability, and there was no statistical dif-
ferences between the control and treated scaffolds. Collectively, these
studies demonstrate that controlled delivery of a-MSH peptides can re-
duce inflammation in diverse applications.

Annexin Al is another anti-inflammatory and pro-resolution mole-
cule. Kamaly and coworkers encapsulated an N-terminal peptide
consisting of amino acids 2-26 of Annexin A1 (Ac2-26) in a PLGA-PEG
nanoparticle conjugated to a peptide targeting collagen IV (Fig. 3B),
which is found in vascular basement membrane [75]. These nanoparti-
cles reduced acute inflammation in mouse models of periotonitis and
hind-limb ischemia. In addition, these polymeric nanoparticles de-
creased chronic inflammation in a mouse model of atherosclerosis
[76]. Moreover, these nanoparticles increased healing in mouse models
of colitis or colonic wounds introduced through biopsy [77]. Thus, the
Ac2-26 peptide derived from Annexin Al has strong pro-resolution ef-
fects in vivo; however, further studies need to be performed to elucidate
its role in macrophage polarization. One recent study found that full-
length Annexin A1l increased IL-10 secretion and decreased the M1
macrophage phenotype [ 78] whereas another study found that Annexin
A1 did not appear to contribute to macrophage polarization [79].

Zachman and coworkers used porous scaffolds and filled the pores
with collagen gels loaded with a tetrameric anti-inflammatory peptide
derived from thymosin 3-4 (SDKP) and/or a pro-angiogenic peptide de-
rived from laminin (C16) [80]. In co-culture experiments with human
umbilical vein endothelial cells (HUVECs) and monocyte-derived mac-
rophages (MDMs) activated with LPS, scaffolds with SDKP alone or
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SDKP and C16 resulted in lower phagocytic activity and decreased levels
of anti-inflammatory cytokines (IL-1f3, IL-6, IL-8, and TNFa) compared
to control scaffolds without peptide. When the scaffolds were im-
planted subcutaneously into mice, scaffolds with the SDKP peptide
had lower numbers of macrophages and decreased phagocytic activity
compared to scaffolds without the SDKP peptide. The SDKP peptide
thus has the ability to reduce inflammation in soft tissue models.

Bury et al. recently incorporated short sequences from the uteroglobin
protein into self-assembling peptide amphiphiles [81]. The peptide am-
phiphiles were then used to coat decellularized small intestinal submuco-
sa (SIS), a material that has shown promise in many tissue engineering
applications but is pro-inflammatory. The materials were then implanted
in athymic rats in a bladder augmentation model. After ten days, rats im-
planted with two of the peptides had decreased pro-inflammatory
markers (IL-13 and TNFa) and increased anti-inflammatory markers
(IL-10 and IL-13) compared to rats implanted with uncoated controls or
a sequence-scrambled control peptide. Furthermore, after five weeks,
these two peptides reduced the level of M1 macrophages compared to
control scaffolds (Fig. 3C). Improvements in the inflammatory status
also correlated with increased bladder function. Thus, this study demon-
strated the promise of these uteroglobin peptides in reducing inflamma-
tion and increasing function in a bladder tissue engineering application.

Anti-inflammatory peptides could be a more cost-effective strategy
to control inflammation than full-length proteins — it is easier to chem-
ically conjugate them to scaffolds or nanoparticles, they can be pro-
duced easily and at a relatively low cost, and they are more stable
than proteins. These studies demonstrate the promise of using anti-
inflammatory peptides in treating inflammation. In particular, the pep-
tides were able to modulate the secretion of pro-inflammatory and anti-
inflammatory cytokines. In some cases, peptides modulated the M1-M2
balance; however, more studies are needed in this area to elucidate the
effect of individual peptides on macrophage polarization.

2.5. Peptides to reduce the effects of inflammatory cytokines

The previous approaches have successfully delivered anti-
inflammatory peptides to the site of interest. An alternative approach
is to design scaffolds that inhibit the detrimental effects of inflammatory
cytokines. Because of their small size, it is often not feasible to design a
scaffold that excludes these molecules. Instead, the Anseth group de-
signed a PEG hydrogel conjugated to the WP9QY peptide, which binds
the pro-inflammatory cytokine TNFo [82]. High levels of TNFa induce
apoptosis in many cell types. Encapsulating differentiated PC12 cells,
mouse pancreatic islets, and human mesenchymal stem cells (hMSCs)
in PEG hydrogels with the WP9QY peptide reduced the number of
cells undergoing apoptosis when challenged with TNFo compared to
cells encapsulated in control PEG hydrogels. In addition, when chal-
lenged with TNFa, islet cells maintained their levels of insulin secretion
and hMSCs maintained their ability to undergo osteogenic differentia-
tion when encapsulated in PEG hydrogels with the WPQ9Y peptide,
whereas cells in control hydrogels experienced decreases in their func-
tional abilities. This study thus showed the potential of incorporating
peptides to sequester pro-inflammatory cytokines within the gel and
prevent the harmful effects of pro-inflammatory cytokines.

The Messersmith group also designed gels intended to protect cells
from the detrimental effects of anti-inflammatory cytokines [83]. PEG
hydrogels were functionalized with an IL-1 receptor inhibitor peptide
(IL-1RIP) and/or the RGD cell adhesion peptide. IL-1RIP interacts direct-
ly with the IL-1 receptor of encapsulated cells and prevents the detri-
mental interaction of pro-inflammatory cytokines with cells. The RGD
cell adhesion peptide was shown to be important for survival of the
mouse insulinoma (MIN6) cells used in this study. When cells were
challenged with a cocktail of IL-13, TNF«, and IFN-+y, they had increased
viability in gels with both peptides compared to control hydrogels with-
out peptide or with a single peptide. Thus, this study demonstrated that

localized delivery of peptides to cell receptors decreased the negative
effects of pro-inflammatory cytokines.

These two studies demonstrate the use of peptides to mitigate the
detrimental effects of inflammatory cytokines. In one case, the inflam-
matory cytokines were sequestered within a hydrogel, and in the
other study, the cells were unable to effectively interact with inflamma-
tory cytokines. These alternative approaches of using peptides that
counteract inflammatory cytokines will continue to be an intense
focus of research in tissue engineering in the following years.

2.6. Release of nucleic acids to control M1-M2 polarization

Small interfering RNA (siRNA) and microRNA (miRNA) platforms
have been proposed to regulate the immune response to implants, pro-
mote wound healing, and improve host-implant integration [84]. In par-
ticular, a limited number of studies have explored the controlled release
of nucleic acids (e.g., genes, miRNAs, and siRNAs) to alleviate inflamma-
tion or promote healing by targeting macrophage-related functions in
tissue engineering applications [84]. However, in other inflammatory
scenarios, such as inflammatory diseases, autoimmune diseases, and
cancer, the delivery of nucleic acids has been frequently tested as a
means of controlling inflammation or promoting healing. For instance,
several conventional gene transfer approaches for treatment of inflam-
matory bowel disease (IBD) have been extensively reviewed elsewhere
[85]. The main aims have been to overexpress IL-10 or to block TNFo
to control inflammation.

The delivery of genes encoding IL-10 by viral and non-viral vectors is
one strategy for delivery of anti-inflammatory cytokines. Bhavsar and
Amiji developed a nanoparticle-in-microsphere oral system (NiMOS)
for the controlled release of the IL-10 gene in a colitis Balb/c mouse
model, which was induced using tri-nitro-benzene-sulfonic acid
(TNBS) [86]. They found that IL-10 gene expression could successfully
suppress the expression of several pro-inflammatory cytokines, includ-
ing IFNvy, TNFa, IL-1a, IL-1f3, and IL-12. In addition, the animals showed
clinical improvement. NiMOS technology was later used to deliver
siRNA and silence TNFa expression in an acute colitis mouse model (in-
duced by dextran sulfate sodium) [87]. The use of NiMOS in this exper-
imental in vivo model also downregulated the production of IFNv, IL-1p3,
and MCP-1 and reduced myeloperoxidase activity. Furthermore, the au-
thors showed that releasing both anti-TNFo and anti-cyclin-D1 siRNA
had a stronger effect than anti-TNF therapy alone.

Recently, Boehler et al. transfected pre-polarized macrophages with
a lentivirus encoding IL-10 and measured the levels of TNFo produced
[88]. After an inflammatory challenge, transfected cells produced signif-
icantly less TNFa than cells treated with either an empty control virus or
a bolus dosage of recombinant IL-10 protein. These results demonstrate
the technical feasibility of lentiviral transfection of IL-10 to macro-
phages and the potential of this delivery strategy for inducing and sus-
taining M2 macrophage polarization in biomedical applications.

The targeted delivery of siRNA to macrophages presents some tech-
nical challenges. Most siRNA delivery strategies rely on internalization
of siRNA into dividing cells. Therefore, macrophage delivery systems
have to be engineered to promote the active uptake of siRNA. Addition-
ally, macrophages are phagocytes that produce a wide range of degrada-
tive enzymes. Any delivery vehicle that can successfully target
macrophages also has to protect the siRNA against enzymatic degrada-
tion by the macrophages. Ideally, a macrophage-targeted delivery sys-
tem should enable a controlled and long-lasting delivery of siRNA for
effective modulation of the immune response. Zhang et al. (2015) re-
cently described a glucan-based nanoparticle carrier system to deliver
siRNA (referred to by the authors as BG34-10-Re-I) [89]. These BG34-
10-Re-1/siRNA nanoparticles effectively inhibited the expression of
macrophage migration inhibitory factor (MIF) in primary macrophage
cultures both at the mRNA and protein levels (Fig. 3D).

The use of virus-like particles, recognized as potent effectors of the
immune system, has been also proposed as a delivery platform for
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immunomodulatory compounds [90]. Wilson et al. reported the use of
orally delivered thioketal nanoparticles (TKNs) loaded with anti-TNFo
siRNA for the treatment of an intestinal inflammation murine colitis
model [91]. The TKNs were fabricated from poly-(1,4-phenyleneacetone
di-methylene-thioketal), a polymer that degrades selectively in the
presence of reactive oxygen species (ROS). Since high levels of ROS are
characteristic of sites of intestinal inflammation, TKNs allowed the
targeted release of anti-TNFa siRNA to tissue with inflammation. This
therapeutic approach diminished the levels of TNFoe mRNA in the colon
and effectively protected animals from ulcerative colitis. Similarly,
Huang et al. recently reported the use of cationic konjacglucomannan
(cKGM) microparticles to release an antisense TNFot oligonucleotide to
target intestinal inflammation in a rat IBD model [92].

Other vehicles have been proposed to deliver anti-TNFa siRNAs
to monocytes. Examples include a new acid-degradable poly(ketal
amidoamine) (PKKA) carrier, which was successfully tested in an
acetaminophen-induced liver failure rat model [93], and polyamidoamine
(PAMAM) dendrimers and dextran nanogels, which were assayed in vitro
in LPS-activated RAW 264.7 macrophages with promising results [94].

Other siRNAs could be important targets (or agents) for modulation
of M1-M2 polarization. For example, miR-21 has become an attractive
subject of study in this context. MiR-21 appears to play a dynamic role
in inflammatory responses by acting as a mediator of the balance be-
tween the M1 and M2 phenotypes and the transition between the
pro-inflammatory and anti-inflammatory states [95]. The induction of
miR-21 has been described as a “molecular rheostat” that regulates
the inflammatory balance. However, more research is needed to fully
identify all miR-21 mRNA targets and the signaling pathways and cellu-
lar processes that it regulates [95].

The controlled release of nucleic acids holds great promise to finely
and specifically control the dynamics of the M1-M2 balance. However,
this approach faces important challenges, which are mainly related to
safety concerns and stability in in vivo settings. More fundamental and
translational research needs to be performed in the near future to ad-
dress these concerns and clear the path for these technologies in clinical
applications.

3. Biomaterial strategies to manipulate M1 vs. M2 differentiation

Several recent reports show that macrophage polarization into M1
or M2 phenotypes can be regulated not only by chemical cues
(e.g., soluble factors), but also by physical cues present in the extracellu-
lar environment (Fig. 4).

These findings are especially attractive in the context of tissue engi-
neering because they open up the possibility of modulating the immune
response to a foreign material (implant) by simply manipulating the
material's physical properties. Several reports state that the cellular
shape, expressed markers, and cytokine or chemokine secretion profiles
of macrophages can be manipulated by controlling surface patterns [32,
96], surface roughness [97], feature sizes (e.g., micro- or nano-
topographies) [98], porosities [96,99], and substrate stiffness [100] or by
culturing in 2D or 3D scaffolds [101,102]. Rostam et al. present a compre-
hensive table that summarizes the results of several studies on the effects
of surface topographies on macrophage behavior [103].

The notion that physical cues have an effect on macrophage behav-
ior may explain the fact that M1 and M2 macrophages can co-exist in
the very same locations—where the chemical environment is practical-
ly the same—and still exhibit different secretion profiles and pheno-
types. Small differences in the local topography may exist and induce
different macrophage phenotypes [32].

In the framework of tissue engineering, a promising strategy would
be to design biomaterials capable of inducing the M2 phenotype in
order to moderate the inflammatory host response to the foreign materi-
al. As previously mentioned, the M1-M2 classification is an evolving
framework that has shifted to view the classification as a continuum. Sev-
eral authors interested in the polarization of macrophages towards the

M2 phenotype using physical cues have argued that the M1-M2 classifi-
cation is not always accurate and sometimes can even be misleading
since M1 and M2 macrophage characteristics frequently overlap. For in-
stance, Bartneck et al. reported a comparison of macrophages cultured
in 2D and 3D scaffolds with the same chemistry [101]. Their aim was to
induce an M2 phenotype. Instead, they found that the 2D system yielded
macrophages that exhibit not only M2 markers (CD163*) but also an un-
expected release of significant amounts of pro-inflammatory cytokines.
The 3D system yielded macrophages that had M1 markers (27E10™)
but had a dominant M2-like secretion profile (Fig. 4A). Mohiuddin et al.
[87] showed that size differences, even at the nanoscale, have an effect
on cell attachment and expression of inflammatory genes. Macrophage
attachment was higher on surfaces with 10-50 nm features than on flat
surfaces and lower on 100-200 nm nanotopographies. Also, they ob-
served that pro-inflammatory genes were mildly up-regulated on sur-
faces of 100-200 nm features (Fig. 4B).

The macrophage response to rough surfaces has been studied by sev-
eral groups. Although these studies agree that roughness influences mac-
rophage behavior, at present, no clear consensus has been reached on the
actual effect that this physical cue has on macrophage phenotype. Lee
et al. observed that macrophages cultured on nano-structured titanium
surfaces showed a more moderate secretion of pro-inflammatory cyto-
kines and reduced production of nitric oxide when compared to macro-
phages attached to a flat titanium surface [104]. In contrast, Refai et al.
reported that more pro-inflammatory chemokines and cytokines
(TNFa, IL-1R, IL-6, MCP-1, and macrophage inflammatory protein
(MIP)-1ax) were secreted by macrophages cultured on rough titanium
surfaces (produced by a sandblasting and acid etching process) than by
macrophages cultured on polished titanium surfaces [105]. This effect
was magnified when macrophages were chemically stimulated with
LPS. Likewise, Alfarsi et al. (2014) found that 16 pro-inflammation related
genes were up-regulated in macrophages cultured on rough titanium
surfaces when compared with macrophages cultured on polished titani-
um [106]. In a similar experiment, Barth et al. observed that macro-
phages cultured on sandblasted and acid-etched titanium surfaces
exhibited a dominant M2 behavior; they displayed reduced secre-
tion of interferon gamma-induced protein 10 (IP-10) (M1-related
cytokine) and upregulated secretion of MCP-1 and MIP-1o (M2-re-
lated characteristic) when compared with macrophages cultured
on a polished substrate. However, these macrophages exhibited a
low expression of Arg1, which is not consistent with a typical M2
phenotype [107]. The discrepancies in these studies may be due
to the inherent differences of the cell lines used in each study
since macrophages from different species or anatomical sites are
known to behave differently [108].

Several authors have also studied the effect of micropatterned struc-
tures on macrophage functionality. McWhorter et al. reported a success-
ful way to polarize macrophages towards an M2 phenotype by
manipulating cell shape [32]. They demonstrated that the use of culture
surfaces micropatterned with lines of 20 pm width (with a 20 pm dis-
tance between lines) induced macrophage elongation. In these cultures,
several M2 phenotype markers were expressed, but the secretion of
some anti-inflammatory cytokines was reduced (Fig. 4C). Better results
were obtained when macrophages were cultured on these elongation-
promoting surfaces and also exposed to low doses of M2-inducing cyto-
kines (e.g., IL-4/1L-13); elongated macrophages expressed M2 markers
much more efficiently than non-elongated macrophages exposed to the
same level of cytokines. In addition, the authors found that cytoskeletal
contractility had an important role in the development of an M2 pheno-
type when induced by shape elongation. This phenomenon was demon-
strated by pharmacologically inhibiting the actin-myosin contractility in
macrophages cultured on the micro-patterned surfaces. Although the
macrophages were successfully elongated, they did not show an upreg-
ulated expression of arginase-1, an M2 marker that had been
overexpressed in analogous experiments conducted in the absence of
actin-myosin inhibition.



358 M.M. Alvarez et al. / Journal of Controlled Release 240 (2016) 349-363

A 2D sP(EO-stat-PO)

Stabilin 1

PR

/V @ TNFa

3D sP (EO-stat-PO) coated nanofibres

@ L8
MARCO 4
R _7 @ccL

S
C

o Same expression levels of INOS  =——————

@®—— Same expression levels of Argl =~ =—@

Unpatterned

WVPro-inflammatory
cytokines (CD54, IFN-y,

MIP-1a)

ANExpression of Argl

Seeded with bone marrow derived macrophages

Trend of iINOS
expression
Trend of Argl
expression

——'
44

A Angiogenic
cytokines (VEGF,
TGF-B1 and bFGF)

94

" 1 TNF-alpha
1 s

74 Bl cCCL-3

Fold Change

64 . L-10
5 JccL-2
44
34
24
14
04

10-nm 50-nm 100-nm 200-nm

800- KEAK

| '§| T |

i g1 !

200 | £ 5
| K] o T

0% T%12% | 0% 7% 12% 0% % 12% | 0% 7% 12%
day1 day 2 day 1 day 2

Relative expression

Relative expression

Relative expression

0% 7% 12% | 0% T% 12%
day 1 day 2

Fig. 4. Effect of physical cues found in different scaffolds. (A) Cartoon showing the effect of culturing macrophages in 2D vs. 3D substrates of the same chemical composition. Reprinted with
permission from Bartneck et al. [101]. (B) Macrophages seeded in scaffolds with nanotopographies composed of nanodots on the order of 10-200 nm. Micrographs show the effect on cell
shape, and histograms show the effect on the cytokine and chemokine gene expression profile. Reprinted with permission from Mohiuddin et al. [98]. (C) Micropatterned scaffolds
promote cell elongation. The induced cell shape derives from expression of differential markers and secretion of several cytokines. Reprinted with permission from McWhorter et al.
[32]. (D) Electrospun sheets containing various polymer concentrations form scaffolds with different porosities and surface area. Macrophages respond differently to each scaffold
architecture and show M2-like behavior when seeded on scaffolds produced with high concentrations of polymer. Reprinted with permission from Garg et al. [102]. (E) Macrophages
adhering to electrospun scaffolds and subjected to different strain levels. The applied deformation affected the macrophage phenotype and gene expression profile. Reprinted with

permission from Ballota et al. [109].

In another study, Bartneck et al. cultured macrophages on surfaces
micropatterned with different geometrical features: lines and large
and small posts (widely separated and closely packed) [96]. They
found that the different micropatterned shapes were able to induce im-
portant differences in the macrophage phenotype. Macrophages cul-
tured on substrates with line patterns (10 pm width separated by

30 um) predominantly developed surface marker profiles characteristic
of M1 (high expression of 27E10 and low expression of CD163). The
cells cultured on line patterns also secreted higher levels of MIP-1a
but lower levels of CCL2 (both pro-inflammatory chemokines) when
compared with macrophages cultured on surfaces with the other
micropatterns. In addition, the secretion of IL-13 was completely
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inhibited. Macrophages cultured on surfaces decorated with large posts
(20 pm in diameter and separated by 70 um) developed a non-
inflammatory profile. In particular, they showed low expression of the
27E10 surface marker, high expression of CD163 (M2-like phenotype),
and down-regulation of the pro-inflammatory chemokines MCP-1 and
[P-10. Macrophages cultured on lines and large post micropatterns
showed an increased IL-6 secretion compared to cells attached to sur-
faces with small posts. However, the IL-6 concentration levels were
two orders of magnitude lower than in experiments where chemokines
were induced with LPS. These results suggest that physical cues trigger
weaker M2 polarization responses than chemical cues. Macrophages
cultured on surfaces containing small posts (3 pm in diameter) also
showed different behaviors depending on the spacing between the
posts. Surfaces with a packed post array (posts separated by 6 pm) in-
duced an enhanced secretion of MCP-1 with levels comparable to
those observed by LPS induction. Greater post separation induced
lower secretion levels of MCP-1. A combination of packed and separated
post arrays triggered a weak secretion of IL-1(.

Electrospinning has been also used as a technique for producing
scaffolds that can provide different physical cues for macrophages in
the form of different fiber thicknesses, surface areas, structural align-
ments (aligned or random structures), and porosities [102,109,110].
For instance, Garg et al. produced electrospun scaffolds with different
architectures by using three different polymer (polydioxanone) con-
centrations [102]. The fiber diameter, pore size, and porosity of these
scaffolds were directly proportional to the polymer concentration
(Fig. 4D). The expression of the Arg]l marker (characteristic of the M2
phenotype) correlated with the polymer concentration used to fabricate
the scaffold; the higher the polymer concentration, the higher the ex-
pression of the Arg1l marker. Consistent with these results, expression
of iNOS (an M1 marker) showed the opposite trend. In addition, macro-
phages on higher polymer concentration scaffolds, which expressed the
Arg1 marker, also secreted higher concentrations of angiogenic cyto-
kines (VEGF, TGF-31, and basic FGF) when compared to macrophages
cultured on lower polymer concentration scaffolds. Scaffolds fabricated
with similar fiber diameters but different porosities suggested that
these polarization effects might be attributed mainly to the pore size
(ranging from ~1-15 um) rather than to the fiber diameter (ranging
from 0.35-2.3 pum).

The effect of fiber diameter was also a subject of study for Saino et al.
[110]. They evaluated four different types of poly(L-lactic) acid (PLLA)
scaffolds: (a) aligned and (b) randomly oriented microfibers whose di-
ameters were ~ 1.6 um and (c) aligned and (d) randomly oriented nano-
fibers whose diameters were ~0.6 pm. Pro-inflammatory cytokine
secretion was more strongly affected by fiber diameter than by fiber
alignment. The use of nanofiber scaffolds attenuated the secretion of
pro-inflammatory molecules (TNFo, RANTES (regulated on activation,
normal T expressed and secreted), granulocyte-colony stimulating fac-
tor (G-CSF), and MIP-1a) when compared to microfibrous scaffolds
and flat films. Furthermore, the angiogenic cytokine VEGF was secreted
by the macrophages cultured on all the electrospun scaffolds but not
those cultured on flat films. In particular, the scaffolds fabricated with
randomly oriented nanofibers sustained the secretion of VEGF during
7 days of culture.

Ballota et al. also evaluated electrospun scaffolds for the effect of cy-
clic strain on the polarization of macrophages towards the M1 or M2
phenotype [109]. They found that the degree of strain (0, 7, or 12%)
has a significant effect on macrophage phenotype. Macrophages with
M1 markers were present at all the tested strain degrees. M2 macro-
phages were also present in scaffolds subjected to 0 and 7% strain
(Fig. 4E), and their numbers increased over time. The gene expression
of pro-inflammatory (MCP-1, IL-6, and TNFa) and anti-inflammatory
(IL-10) markers was also evaluated in this study. The treatment at 7%
strain showed the highest levels of expression for all the genes evaluat-
ed compared to the unstrained and 12%-strained samples. This study
also demonstrates that macrophages subjected to strain forces are

capable of the same deposition of collagen type IIl and sulfated glycos-
aminoglycans as seen in macrophages cultured in unstrained scaffolds.

The importance of physical cues in determining cell fate and behav-
ior has been well established in recent years. However, our understand-
ing of the fine details is incomplete, and more research is needed on this
topic. In general, it is not a trivial task to cleanly discriminate the effects
of shape, size, roughness, mechanical properties, and chemical composi-
tion in a biological experimental setting. Consequently, some of the
available experimental evidence on the effect of particular physical
cues in macrophage behavior is inconclusive or conflicting. The design
of scaffolds for tissue engineering applications, particularly for M1-M2
modulation, will be highly influenced by the notion of the influence of
physical cues in the years to come.

4. Applications, challenges, and the road ahead

The controlled released strategies discussed here can be applied in
diverse tissue engineering and regenerative medicine scenarios and
can be further extended to other non-tissue engineering areas, includ-
ing treatment of autoimmune diseases, metabolic syndrome, etc.

Tissue engineering applications involving M1-M2 immuno-
modulation of vascularization and bone regeneration are receiving
(and will continue to receive) remarkable attention. The roles of the var-
ious macrophage populations, particularly M1 and M2, in vascularization
and angiogenesis are currently controversial and poorly understood
[111]. In general, evidence supports the idea that M1 macrophages initi-
ate vascularization [112], but the role of M2 macrophages is less well un-
derstood. M1 macrophage-secreted factors, such as IFN<y, TNFa, IL-1p,
and VEGF, are known to enhance blood vessel sprouting by inducing
the proliferation of endothelial cells, whereas signaling from M2 macro-
phages is known to promote vascular anastomosis through secretion of
PDGF-BB [113-115]. However, monocytes/macrophages can also inhibit
angiogenesis and neovascularization in different diseases and in re-
sponse to Wnt-calcineurin-Flt1 signaling [116-118].

Inflammation, angiogenesis, and bone tissue regeneration are close-
ly tied together, and the proper signaling sequence is critical for normal
bone healing [119]. Therefore, scaffolds for vascularized bone have been
designed that specifically control macrophage responses by tuning the
release of specific cytokines and drugs (Table 1) [28,62,64-66]. Recent
studies suggest that inflammatory-related signals from M1 and M2
macrophage phenotypes can enhance bone tissue regeneration by pro-
moting angiogenesis and vascularization [28]. However, further investi-
gation is still needed to determine the actual interplay between M1 and
M2 macrophages that regulates angiogenesis during the bone tissue
healing process.

Autoimmune diseases are another area in which the use of con-
trolled release immunomodulatory strategies could be of great help in
clinical practice. One of the challenges in treating autoimmune diseases
is the inability to reach specific cells in target tissues to deliver a specific
drug. In this context, nanotechnology strategies can be highly useful.
The various drug delivery approaches that have been proposed or
assayed for the treatment of several common autoimmune diseases
have been recently reviewed by Yuan et al. [120]. For example, recent
evidence indicates that type 2 diabetes is an inflammatory disease;
thus, immunomodulation has been suggested as a viable strategic treat-
ment approach [121].

The application of immunomodulation based on controlled release
strategies to different biological scenarios must be accompanied by
more fundamental research. Our understanding of the interplay be-
tween implants and the immune response is still incomplete. The use
of state-of-the-art high-throughput gene expression profiling of cell
(or tissue) responses to immunomodulating biomaterials could reveal
amore complete and clearer picture of the interconnection between rel-
evant biochemical signals during inflammation and healing. The use of
genetic profiling has recently been initiated in this context [4].
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Table 1
Controlled release studies that affect the M1-M2 balance in vascularization and bone regeneration.
Materials Controlled release methods Cytokine/drug Role and in vivo effect Reference
Decellularized bone scaffold Biotin-avidin binding IFNy Promotes M1 macrophages [30]
Increases blood vessels in vivo
IL-4 Promotes M2 macrophages

Collagen scaffold Adsorption

poly(L-lactic acid) oligomer
grafted gelatin hydrogels

Dissolved in poly(L-lactic acid)
oligomer grafted gelatin

Nanofibers of poly(DL-lactide-
co-glycolide) (PLGA) and
polycaprolactone (PCL)

PLGA thin film

Dissolved in PCL/PLGA

Simple loading in film

Lipopolysaccharide (LPS)

SEW2871 (Sphingosine-1
phosphate (S1P) receptor agonist)

FTY720 (S1P receptor agonist)

FTY720 (S1P receptor agonist)

Promotes M1 macrophages [63]
No vascularization in vivo but high inflammatory

cell infiltration into scaffolds

Promotes macrophage migration [67]
When combined with platelet-rich plasma (PRP),
increases bone regeneration in vivo compared to

either agent alone

Promotes M2 macrophages [66]
Increases vascularization and bone regeneration

in vivo

Promotes M2 macrophages [65]

Increases arteriolar diameter and capillary
tortuosity in vivo

The development of new and smarter materials for M1-M2 modula-
tion is another clear area of development in the immediate future. The
need for new materials implies the parallel development (or refinement)
of the micro- and nanofabrication technologies now available. The use of
microfabrication techniques such as 3D printing, micromolding, and
photopatterning will expand the spectrum of possibilities to produce
smarter biomaterials for immunomodulation in tissue engineering and
other applications. And yet, even simpler strategies remain to be ex-
plored. For instance, the use of anti-TNFa antibody fragments (instead
of the more costly full length anti-TNFo: mAbs) could simplify (and signif-
icantly lower the cost of) the controlled release platforms now available
to control inflammation. Other immuno-modulatory peptides (not nec-
essarily mAb fragments) promise to add significantly to our toolbox to
control inflammation and promote healing. In addition, the use of small
molecules in controlled release applications to mitigate inflammation
by interfering with or blocking TNFo has not been reported. However, re-
cent publications demonstrate that small anti-TNFo drugs can effectively
mitigate inflammation (by different mechanisms) when administered
systemically or applied topically. These molecules might be the next gen-
eration of anti-inflammatory drugs and could hold great potential in the
context of tissue engineering and regenerative medicine, niches in which
their use has not been explored yet [39,122-125].
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