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Boon and Bane of Inflammation in Bone Tissue
Regeneration and Its Link with Angiogenesis

Katharina Schmidt-Bleek, PhD,1,2 Brian J. Kwee,3 David J. Mooney, PhD,3 and Georg N. Duda, PhD1,2

Delayed healing or nonhealing of bone is an important clinical concern. Although bone, one of the two tissues
with scar-free healing capacity, heals in most cases, healing is delayed in more than 10% of clinical cases.
Treatment of such delayed healing condition is often painful, risky, time consuming, and expensive. Tissue
healing is a multistage regenerative process involving complex and well-orchestrated steps, which are initiated
in response to injury. At best, these steps lead to scar-free tissue formation. At the onset of healing, during the
inflammatory phase, stationary and attracted macrophages and other immune cells at the fracture site release
cytokines in response to injury. This initial reaction to injury is followed by the recruitment, proliferation, and
differentiation of mesenchymal stromal cells, synthesis of extracellular matrix proteins, angiogenesis, and
finally tissue remodeling. Failure to heal is often associated with poor revascularization. Since blood vessels
mediate the transport of circulating cells, oxygen, nutrients, and waste products, they appear essential for suc-
cessful healing. The strategy of endogenous regeneration in a tissue such as bone is interesting to analyze since it
may represent a blueprint of successful tissue formation. This review highlights the interdependency of the time
cascades of inflammation, angiogenesis, and tissue regeneration. A better understanding of these inter-relations is
mandatory to early identify patients at risk as well as to overcome critical clinical conditions that limit healing.
Instead of purely tolerating the inflammatory phase, modulations of inflammation (immunomodulation) might
represent a valid therapeutic strategy to enhance angiogenesis and foster later phases of tissue regeneration.

Introduction

Delayed or nonunion healing in tissues is still a major
problem. In bone healing, up to 10% of the patients

suffer from delayed or unsatisfactory healing. Therapeutic
options for such delayed healing situations include revision
surgery, are associated with further morbidities for the pa-
tients, are time consuming, and expensive. A deeper un-
derstanding on the causes of a delay in healing is essential
for current treatment and may even lay the foundation for
new treatment strategies. Bone is one of the few tissues that
heal without scar tissue formation. A better understanding of
the causes of delay of healing in bone may be used to un-
derstand healing delays in more complex tissues that are not
known for their intrinsic healing capacity. Thus, knowledge
of the interaction of inflammation, angiogenesis, and re-
generation may be transferred to various other tissues.

Bone healing is a finely tuned sequence of consecutive,
sometimes overlapping, processes, which, if undisturbed,
results in regenerated bone (restitutio ad integrum). The

bone healing cascade starts with an inflammatory reaction,1

in which immune cells release inflammatory cytokines,2

thus initiating the healing process. Recruitment, prolif-
eration, and differentiation of mesenchymal stem cells
(MSCs) are thought to be key events and together with
revascularization and synthesis/remodeling of extracellular
matrix initiate a successful regenerative process.3 In bone
fracture, the granulation tissue matures and develops into a
soft callus, giving some stability back to the injured load-
bearing structure. Herein, fibrous tissue develops into
fibrocartilage and subsequently into hyaline cartilage. Ex-
tracellular matrix consists of collagen II, but changes to
collagen X in hypertrophic cartilage before mineralization
occurs. The cartilage itself is avascular, and a second re-
vascularization event accompanies the mineralization of
the matrix, where collagen I appears and woven bone de-
velops. The hard callus has formed. Now, a remodeling
phase begins, which can last for a month or even years,
adapting the bone to the mechanical strain it encounters
during loading (Fig. 1).4
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In summary, there are at least two essential revasculariza-
tion steps in bone healing, after vessel disruption upon injury
and before woven bone formation in endochondral ossification.

Revascularization in healing

Tissue formation relies on the supply of oxygen, nutri-
ents, signaling molecules, and cells through the vascula-
ture, and the vasculature also represents the best way for the
deposit of unwanted material.5,6 However, upon injury,
vessels are disrupted and supply ceases. Most important,
aerobic energy production is no longer effective. Immune
cells such as macrophages are able to quickly change toward
anaerobic glycolysis and are actually activated upon injury.7

T cells are also able to withstand the less favorable con-
ditions in the hematoma. Other cells, however, such as
endothelial progenitor cells find low oxygen, raised pH
values, and high Na and K concentrations a challenge for
survival.8 Therefore, the first step in healing has to be to
reestablish vascularization to enable progenitors to thrive.
Here, the more robust immune cells are important to initiate
and support this process.

Link of inflammation and vasculature

How are inflammation and angiogenesis connected with
each other and tissue injury? Hippocrates, who lived in the
fifth century BC, regarded inflammation as an early com-
ponent of the healing process after tissue injury. This is

supported by the fact that in a living fossil, the horseshoe
crab, the defense against invading pathogens after injury and
the closure of the breech of tissue integrity (the clotting)
were performed by only one cell type, the amebocyte. In
today’s mammals, an array of cells is responsible for these
two tasks of defense and clotting. These cells change their
phenotypes according to their surroundings, develop to and
from cell subpopulations, are in tight interaction with each
other, and answer to an array of signaling molecules by
means of migration, proliferation, differentiation, and fur-
ther signaling molecule production/activation cascades.3,9–11

The roman writer, Aulus Celsus (30 BC–45 AD), described
the four main signs of inflammation: redness, warmth,
swelling, and pain, and his statements are still valid today. It
remains evident that the first three signs are caused by the
vascular system. The different sections of the vessel system,
especially the arterioles, capillaries, and venules, undergo
changes during inflammation, which explain the redness,
warmth, and swelling. The vasomotor functions are im-
paired, capillary perfusion is reduced, adhesion of leuko-
cytes and platelets is activated as is the coagulation cascade,
thrombosis is enhanced, and vascular permeability is in-
creased. These changes enhance the delivery of inflamma-
tory cells to the injured tissue, isolate the region form
healthy tissue and the systemic circulation, and set the stage
for tissue repair and regeneration. Each injury of the in-
tegrity of a tissue is answered by an inflammatory reac-
tion,12 and it was John Hunt (1794) who coined the term

FIG. 1. Bone healing can be divided in phases, which result in regenerated bone. In the upper window, the basic phases
are depicted. In the lower window, the three main phases are shown to consist of multiple overlapping/consecutive phases.
The further the healing is progressed, the lesser the number of processes that interact to conclude this healing step
successfully. Since the quantities of the various elements are often unknown, the stages are depicted as all having a similar
magnitude. Color images available online at www.liebertpub.com/teb
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angiogenesis to describe growing blood vessels in healing
tissue. The cradle for both the immune and the hematopoi-
etic cells lies in the bone marrow, and both systems are
highly important for bone regeneration.13

Immune cells in bone regeneration

In recent years, the interdependency of the immune and
skeletal systems has gained increasing importance in view
of bone healing research. Immunomodulatory approaches
are now being considered as future treatment options.14

Recently, CD8-positive effector T cells have been shown to
negatively influence the bone healing process,15 and regu-
latory T-helper cells were demonstrated to exhibit positive
effects on regenerative healing.16 These new developments
clearly demonstrate that both the immune and the skeletal
systems have to be considered if we want to understand and
positively influence healing.

Novel approach to look at all three systems together

Following this thought, however, we cannot stop at the
interdependency of the immune and skeletal systems while
considering healing, but have to go one step further and
include angiogenesis. Angiogenesis and inflammation are
closely linked, especially during the early stages of the
healing process.6,17 In the following, we will try to highlight
the interactions/interdependency and interconnectivity of
angiogenesis, immune reaction, and regeneration, which
should be considered together where healing is discussed.

Emerging Roles of Immune Cells
in Tissue Regeneration

Inflammation in bone regeneration

Immune cells and inflammatory cytokines play an im-
portant part in the bone healing process. The recognition of
complex regulatory interactions between bone and immune
cells18–20 introduced the term osteoimmunology.21 This link
becomes even more apparent considering the fact that
macrophages and osteoclasts develop from the same pro-
genitor. A myeloid precursor cell of hematopoietic lineage
differentiates into a macrophage or an osteoclast or a den-
tritic cell. Osteoclastogenesis can be positively influenced
by activated T cells expressing receptor activator of NF-kB
ligand (RANKL).18,22,23 Thelper 17 (Th17) cells also further
osteoclast development through the expression of interleu-
kin-17 (IL-17).18 Other immunological signals, however,
inhibit osteoclastogenesis. Regulatory T cells have an in-
hibitory effect through cell–cell interactions or through the
expression of transforming growth factor beta (TGFb), IL-4,
and IL-10.24 Cytokines expressed by T cells can also in-
terfere with RANKL, thus hampering osteoclastogenesis.
This applies for interferon gamma (IFNg), a cytokine pre-
dominantly expressed by Th1 cells, and also for IL-4, a
typical Th2 cytokine.21,22 Bone-forming cells, osteoblasts,
are also influenced by immune cells. Osteoblasts differen-
tiate from osteoblastic precursor cells that develop from
MSCs, which are recruited into injured bone tissue from the
bone marrow, from the blood, and from the periosteum.
MSCs are attracted by cytokines and trapped in the injured
tissue by hypoxia, which results from blood vessel disrup-
tion.25 These MSCs already have immunomodulatory

properties, including suppression of tumor necrosis factor
alpha (TNFa) and upregulation of anti-inflammatory
IL-10.26 MSCs delay macrophage differentiation,26 but en-
courage regulatory T-cell formation.27 The anti-inflamma-
tory growth factor, TGFb, inhibits cytotoxic T cells through
MSC function.28 Therefore, even before cytokines initiate
the differentiation of MSCs to osteoblasts,29 there is an in-
teraction between stem cells and immune cells. Osteoblastic
proliferation occurs in bone healing early on if high con-
centrations of the proinflammatory cytokines, TNFa and IL-
1, are present.30–32 It was reported that IL-4, a typical Th2
cytokine, as well as IL-13, positively influences the migra-
tion of osteoblastic cells.33 On the contrary, IL-10 and IFNg
are considered as inhibitors to osteoblastogenesis and differ-
entiation.29,34 The basis of the synergistic interplay between
osteoblasts and immune cells is still mostly unknown.35 A
balanced immune reaction seems to be essential for successful
bone regeneration. The adequately balanced immune response
of a functional immune system is essential for the initiation of
the bone healing cascade and also for an effective healing
sequel.36–38 The initial immune reaction during successful
bone healing is strictly regulated and short and essential for
the initiation of regeneration.1,14,17,39 However, there are not
only positive effects of the immune reaction on the bone
healing but also negative effects, which have to be consid-
ered.38,40–42 The regulatory circuit is quite complex, as evi-
denced by the fact that the absence of TNFa delays fracture
healing, but a lasting upregulation of TNFa destroys the
bone.43 Therefore, the immune reaction can be a boon or bane
for the bone healing process.

Inflammation is an immediate localized protective re-
sponse to tissue injury, which serves to prepare the tissue for
eventual repair and healing. This inflammatory reaction
should be short-lived and result in the desired protective
response. However, if it is excessive or prolonged, it can
result in tissue damage. The functional changes evident in
the vasculature remain more or less the same in acute and
chronic inflammation (Fig. 2). This means that the role of
the vasculature in mounting and sustaining the inflammatory

FIG. 2. Inflammation occurs upon injury, activating medi-
ators, which act on the vascular system. Endothelial cells and
other cellular components of the vascular wall are activated and
eventually increase the proliferation rate of blood vessels.
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response remains active and the angiogenic effect of the
inflammation is ongoing.

In patients with rheumatoid arthritis, for example, ongo-
ing inflammation in the joint is accompanied by a surplus
amount of blood vessels. This is an indication that a hy-
peractivated angiogenic process is counterproductive to
healing. In fracture healing, blood flow in the affected area
is markedly reduced after injury.44,45 During the fracture
repair, circulation increases,46 and blood supply peaks above
the preinjury level during the healing process.47 This sug-
gests that, similar to the inflammatory response, the angio-
genic response has to be reined in at some point during the
healing cascade.

Inflammation in angiogenesis

While research on angiogenesis has historically focused,
naturally, on the role of vascular cells in this process, it
is becoming increasingly clear that immune cells play
crucial roles as well. Macrophages, in particular, have been
identified as key regulators of inflammatory angiogene-
sis and vascular remodeling. Macrophages isolated from
wounds induce vessel growth in a variety of angiogenesis
assays.48,49 Resident macrophages and macrophages de-
rived from circulating monocytes are believed to contrib-
ute to neovascularization as both are associated with
arteriogenesis in ischemia models.50,51 These effects are
believed to be mediated by a variety of secretory products,
including (i) growth factors, such as vascular endothelial
growth factor (VEGF),52 insulin-like growth factor-1 (IGF-
1),53 platelet-derived growth factor (PDGF),54 TGFa/b,55

and basic fibroblast growth factor (bFGF),56 and (ii) cy-
tokines, such as TNFa,57 IL-8,58 and IL-1b,59 and (iii)
various proteases.60

The proangiogenic activity of macrophages, however, is
largely dependent on whether they are activated61 as well as
their polarization toward specific activation states. Macro-
phages can either be activated into M1 or M2 macrophages,
which correspond to Th1 and Th2 immune responses, re-
spectively. M1 macrophages, induced by classical activation
signals, such as IFNg, lipopolysaccharide (LPS), and TNFa,
are typically considered proinflammatory and are associated
with the acute phase of inflammation.62 M2 macrophages,
induced by alternative activation signals, such as IL-4, IL-
10, and IL-13, are typically considered anti-inflammatory
and are associated with the chronic phase of inflammation.62

Traditionally, M2 macrophages have been more associated
with angiogenesis and vascular remodeling. Tumor-associated
macrophages, which are known to drive tumor angiogene-
sis, are more polarized to the M2 phenotype.63 Vascular
remodeling and arteriogenesis are dependent on expansion
of resident M2 macrophages as well as selective recruitment
of M2 macrophages.64,65 In addition, it has been proposed
that M2 macrophages can be further divided into subclasses
with varying proangiogenic activity.66 Macrophages can be
polarized toward M2a, with exposure to IL-4 and IL-13, or
M2b, with exposure to immune complexes and TLR/IL-1R
agonists.66 These macrophages have traditionally been less
associated with angiogenesis as they promote type II re-
sponses and immunoregulation. M2c macrophages, induced
by IL-10, are believed to play a more prominent role in
angiogenesis as they induce immune suppression, matrix

deposition, and tissue remodeling.66 Recent work, however,
suggests that M1, M2a, and M2c macrophages may all play
important and distinct roles in promoting angiogenesis. M1
macrophages were shown to be potent sources of angiogenic
factors, including VEGF, while M2a macrophages secrete
high levels of PDGF-BB, which recruits pericytes for vessel
stabilization; M2c macrophages secrete high levels of ma-
trix metalloproteinase 9 (MMP9), a protease associated with
vascular remodeling.67

Other immune cells, such as dendritic cells, mast cells,
neutrophils, T cells, and natural killer cells, may also play
important roles in regulating angiogenesis and vascular re-
modeling. Conventional dendritic cells secrete high levels of
VEGF and low levels of FGF2 when they are alternatively
activated in the presence of anti-inflammatory molecules,
namely calcitrol or prostaglandin E2.68 Mast cells have also
been shown to be potent sources of proangiogenic mole-
cules, including VEGF, PDGF, bFGF, monocyte chemoat-
tractant protein-1 (MCP-1), and granulocyte-macrophage
colony-stimulating factor (GM-CSF).69 Neutrophil infiltra-
tion into ischemic tissue contributes to MMP9 expression,70

which enhances the effects of VEGF-induced angiogene-
sis.71 These cells secrete VEGF in ischemic tissue when
stimulated with factors such as G-CSF.72 T cells have also
been shown to play an important role in recovery of ische-
mic tissue as impaired vessel regeneration in hind limb is-
chemia was observed in athymic mice.73 Of the two T cell
subsets, studies suggest that CD4 + T cells mainly contribute
to VEGF-mediated neovascularization,74 whereas CD8 + T
cells induce CD4 + T-cell recruitment by IL-16.75 Previous
observations also suggest that type 1 CD4 + T cells more
strongly support neovascularization than other T cell sub-
sets. These observations include the finding that natural
killer cell depletion inhibits arteriogenesis,76 and it is known
that natural killer cells release IFNg to polarize T cells into
the type 1 phenotype.77 In addition, VEGF has been shown
to induce type 1 polarization of T cells in vitro.78 Last, T
cells have also been shown to play a role in polarizing
monocytes to a proangiogenic phenotype through cell–cell
contact and paracrine signaling mechanisms.79,80

Inflammation Coordinates the Link Between
Angiogenesis and Bone Regeneration

Central message: inflammation and angiogenesis
are a boon for bone healing, but can be a bane
if not controlled

Inflammation and angiogenesis are essential processes in
bone healing. Not only are their initiation and progression
important for the successful outcome but their timely ter-
mination and a balance between these processes are also
important.

Inflammation and angiogenesis are a boon for regenera-
tive healing processes, but with a disturbance in their tightly
regulated course, they can turn into the bane that prevents
the successful healing outcome.

Hematoma formation in bone healing

Cellular composition and cytokines change over time.
Upon injury, blood vessels are disrupted and hematoma for-
mation starts. In the hematoma, multiple cell types are
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present, resembling the cellular composition of blood. Nu-
cleated cells mostly represent leukocytes such as granulo-
cytes, macrophages, and lymphocytes. In a fracture, this
hematoma fills the space between the bone fragments and
thus is connected to bone marrow, cortical bone, periosteum,
endosteum, and muscle, and therefore to a unique environ-
ment, which subsequently plays a role in the regenerative
healing process of bone. The short life span, for example, of
neutrophils (12–24 h), determines the change in the cellular
composition of the initial hematoma.81 This was confirmed
in a sheep osteotomy model investigating the initial phase of
healing. Cell death was relatively high 1 and 4 h after os-
teotomy in the sampled hematoma that developed between
the bone fragments. Then, the percentage of dead cells in the
hematoma dropped significantly ( p = 0.031) between 4 and
12 h. This indicates a high macrophage and therefore debris
removal activity. Histological images show lower numbers
of nucleated cells in a 12-h hematoma compared with a 4-h
hematoma (Fig. 3).

Cells from the tissues surrounding the osteotomy follow
cytokine signaling from the hematoma, leading to cell mi-
gration and an increase in cell number between 12 and 24 h
(Fig. 4). At this time, the signaling is predominantly pro-
inflammatory, with peak expression of TNFa, IL-1b, IL-6,
and macrophage colony-stimulating factor (MCSF).42

Transition from pro- to anti-inflammatory signaling. The
cellular composition of the initial hematoma undergoes
continual changes (Fig. 4). The cytotoxic T cell percentage
decreases during undisturbed normal healing in bone, and the
regulatory T-helper cell percentage increases. In accordance
with this finding was the expression pattern of cytokines.42

Between 24 and 36 h, after osteotomy, the proinflammatory
signaling changed to anti-inflammatory signaling, indicated
by peak expression of anti-inflammatory IL-10 and TGFb.42

This downregulation of inflammation occurs in the same
time frame as the upregulation of proangiogenic factors such
as hypoxia-induced factor 1 alpha (HIF1a), VEGF, and he-
moxygenase 1 (HMOX1). This can be seen as a clear indi-
cator of the interdependency of the immune reaction and
angiogenesis during the initial steps of regenerative healing.

In the periosteum, a possible source of new blood vessel
formation into the injured region, the expression of angio-
genic factors HIF1a, HMOX1, PDGF, and CD34 (cluster of
differentiation 34 is a marker for hematopoietic stem cells)
is upregulated 60 h after bone injury, with a shift toward
reduction of the proinflammatory signaling.

The initial inflammatory reaction in the healing cascade of
bone is therefore essential for the onset of angiogenesis, with the
important addendum that the downregulation of the inflamma-
tory reaction is crucial for a fast/timely onset of angiogenesis.17

FIG. 3. Hematoxylin and eosin
staining of hematoma 4 h (A) and
12 h (B) after osteotomy in a sheep
model. Blue dots represent nucle-
ated cells, which are markedly
less in the 12-h hematoma
(marked with arrows). Color
images available online at www
.liebertpub.com/teb

FIG. 4. Left: Mean values of live cell counts calculated per gram of hematoma revealed a drop in cell numbers between 4
and 12 h, with a subsequent increase between 12 and 24 h. Right: Cellular composition changes during the first 60 h of
healing in a sheep osteotomy model. Proinflammatory cytotoxic T cells (CD8CD5) continually decrease, while the anti-
inflammatory regulatory T-helper cell (CD25CD4) percentage increases over time (relative to preinjury blood lev-
els = 100%). Color images available online at www.liebertpub.com/teb
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Prolonged inflammation delays angiogenesis

In a model of delayed healing, the inflammatory process
is prolonged and the angiogenic processes are delayed. This
is evident in the lower expression of von Willebrand factor
(vWF) and HMOX1 in the periosteum of the delayed
healing group. In the hematoma itself, angiogenic factor
expression is significantly reduced in the delayed healing
group concomitant with the prolonged inflammatory reac-
tion17 during the first 21 days of healing (HMOX1, VEGF,
vWF, PDGF).82 The hypoxia-induced transcription factor,
HIF1a, however, has a significantly lower expression in the
normal healing group 7 days after osteotomy, indicating that
revascularization has been successful and oxygen supply has
been reestablished. Indeed, the histology shows new blood
vessels 7 days after osteotomy in the normal healing group
(Fig. 5).17,42,82 A follow up clearly demonstrated a delayed
bone healing process in the animals with the prolonged in-
flammatory and initially reduced angiogenic processes.83

This summary of articles about the initial bone healing
processes in sheep osteotomy models1,17,81–83 demonstrates
the connection and interaction of the inflammation and the
onset of angiogenic processes and their impact on a successful
bone healing outcome. It is remarkable that the regenerative
healing is already well underway 60 h after bone injury. This
might be important for clinical treatment of fractures as pa-
tients are often treated with a delay between injury and sur-
gery. During surgery, the hematoma is often removed, along
with cells and factors, which already initiated the healing
cascade. Even if there is a second hematoma induced during
surgery, the initial healing potential might be irreplaceable.
Furthermore, the newly formed hematoma follows a different
time sequence compared with the surrounding tissues, which
are already further progressed in the healing sequel. The
balance between cells and signals is disturbed. Every surgeon
should therefore try to keep as much of the initial hematoma
as possible during the treatment of a bony injury.

Directing Inflammation

Under physiological conditions, revascularization after
injury is induced by hypoxia and inflammation. Immune cell
activity results in cytokine patterns that induce angiogenesis.
However, even today, in complicated cases, bone healing

failure is often due to poor revascularization.5 Approaches are
being considered, in which the proangiogenic effect in tissue
engineering is driven by inflammatory cells.6 Vessels have
been proposed to be a source of osteogenic cells during the
regenerative healing process of bone; however, the commu-
nication between endothelial cells and osteoblastic cells is as
yet not well understood,84 but could very well include im-
mune cell signaling.

Growth factor and cytokine release from materials
to enhance bone regeneration

Material-based delivery of soluble factors, such as cyto-
kines and growth factors, at sites of bone injury can be used
to direct the inflammatory responses to drive angiogenesis
and bone regeneration. Appropriate presentation of anti-
inflammatory cytokines (e.g., IL-4, IL-13, and IL-10), for
example, may resolve prolonged inflammation and transition
the inflammatory response to express proangiogenic factors.
However, bolus delivery of these factors is often ineffective
due to short half-lives of these molecules, which are typically
in the range of minutes.85,86 Bolus delivery often requires
supraphysiological doses of the drug being delivered to
achieve a therapeutic effect, which results in waste, and po-
tential toxicity and systemic effects. Drug delivery materials,
which act as a depot for these factors and control their re-
lease, can overcome these challenges in several ways. First,
they provide localized presentation of the factor near the site
of bone injury at therapeutic concentrations (Fig. 6A). Sec-
ond, they enhance the half-life of these factors by protecting
them from degradation until release. Third, they present the
factor over longer periods of time, thus sustaining their ther-
apeutic concentration (Fig. 6B). These aspects of material-
based delivery can restrict the effects of the delivered
cytokines to their desired polarizing effects, while avoiding
off-target effects.87 In the context of growth factor delivery,
material-based delivery of VEGF has been shown multiple
times to be much more effective in inducing angiogenesis
than bolus delivery of VEGF (Fig. 6C).88–90

Material delivery systems offer a variety of approaches
for controlling the spatiotemporal presentation of a soluble
factor for directing inflammation. The spatiotemporal pre-
sentation of the factor is ultimately determined by the

FIG. 5. Movat Pentachrome staining of osteotomy hematoma from a sheep study showing organization processes of the
granulation tissue 4 and 7 days after osteotomy. (A) Four days after osteotomy, fibroblasts and fibrocytes are embedded in
newly formed connective tissue (blue) in the outer layers of the hematoma; (B) 7 days after osteotomy, the granulation
tissue has matured, large areas with connective tissue (blue) replace the hematoma (erythrocytes—red), and in a higher
resolution (C), newly formed blood vessels are clearly visible. Color images available online at www.liebertpub.com/teb
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mechanism(s) that a material uses to control factor release.
These mechanisms include (i) diffusion through the mate-
rial, (ii) drug–carrier affinity, (iii) degradation of the mate-
rial, and (iv) covalent immobilization of the factor to the
material.91 The mechanism that dominantly controls release
from a delivery system depends on a variety of factors,
including choice of material and physical and chemical
modifications to the system. Alginate hydrogels, for ex-
ample, control release of encapsulated factors by material
degradation, diffusion through the alginate matrix, as well
as matrix affinity with heparin-binding proteins.89 These
hydrogels are amendable to several modifications for con-
trolling factor release, including changing polymer con-
centration to alter pore size and diffusion,92 partially
oxidizing the alginate to increase degradation,93 and chem-
ically immobilizing factors to the alginate matrix.94 Con-
vection of soluble factors out of the material provides
another mechanism by which the timed release of the
factor can be controlled, particularly with application of an
external stimulus to the material. Incorporation of iron
oxide particles into an alginate hydrogel with micropores,
for example, allows the material network to deform in
a magnetic field, leading to convection in the device and
accelerated release of factor.95 Electrically responsive hy-
drogels with macropores can similarly undergo collapse
under an electrical field to enhance convective release of
factors.96 These approaches may be useful for inducing
delayed or precisely timed release of anti-inflammatory
cytokines since an initial inflammatory reaction is believed
essential for the onset of angiogenesis.

Material-based delivery of multiple soluble factors in
combination and in sequence may be required to regulate
inflammatory responses and promote bone regeneration.
Materials that deliver both a factor and its corresponding
antibody in spatially restricted zones have been shown to be
effective in inducing temporally stable and spatially re-
stricted regions of tissue regeneration.97 This approach may

be helpful in further localizing the effects of delivered im-
munomodulatory factors to a specific site. In addition, se-
quential delivery of factors to drive distinct regenerative
processes has also been shown to be effective in driving
bone regeneration. Sequential delivery of VEGF to induce
angiogenesis, followed by bone morphogenetic protein-2
(BMP-2) to drive osteogenesis, was shown to enhance ec-
topic bone formation compared with BMP-2 delivery
alone.98,99 Adding factors to regulate immune responses to
this sequential delivery may further enhance the efficacy of
these treatments. Last, materials that provide combined
signals to recruit and program specific immune cell popu-
lations100 may further enhance the beneficial effects of the
factors in bone regeneration.

Material-based delivery of cells, antibodies, and cyto-
kines could be used to modulate inflammation and angio-
genesis to enhance bone regeneration. The discovery of the
immunosuppressive functions of MSCs101 suggests that
these cells may be ideal instruments to change the inflam-
matory reaction in bone defects and direct a beneficial
outcome. Recognition of the negative effect of terminally
differentiated CD8-positive T cells on bone regeneration15

opens the possibility of using material-based antibody treat-
ment to locally suppress these cells in fractured bone. The
identification of the importance of the macrophage pheno-
type in bone healing success102 could lead to strategies using
material-based delivery of cytokines to polarize macro-
phages toward a proregenerative function.

Summary and Future Directions

Revascularization after injury has been recognized as a
key process for successful healing and regeneration in re-
search as well as in clinical settings. The interdependency of
this process on the immune system, however, is often ne-
glected. Immune cells and immune signals are tightly linked
to the induction of revascularization, and also in the

FIG. 6. Material-based delivery
can provide (A) localized presenta-
tion of therapeutic soluble factors
that mainly affect cells at the site of
injury as well as (B) sustained pre-
sentation of factors; factors deliv-
ered by bolus delivery, in contrast,
rapidly decrease in concentration
with time. Material-based delivery
of vascular endothelial growth fac-
tor (VEGF) at sites of ischemia
shows greater efficacy in promoting
angiogenesis (C) and in restoring
perfusion to ischemic tissue (D)
compared with bolus delivery. In
(C), tissue sections from ischemic
hind limbs are immunostained for
endothelial marker, CD31. In (D),
data shown are for mice with no
treatment (,), blank material (6),
bolus VEGF delivery ( ), and
material delivery of VEGF (�).
Images adopted from Silva and
Mooney.89 Color images available
online at www.liebertpub.com/teb
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regulation of this process, as it has become more and more
apparent that too much is often detrimental in regenerative
processes. An overshoot of the immune reaction is well
known to be disadvantageous, while an over reactive an-
giogenic process, while not yet well established, may also be
harmful. The progress being made in regenerative research
is making clear the interdependency of the involved systems
and the importance of a beneficial balance of interacting
processes in promoting regeneration.
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