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Abstract

Monocytes and macrophages play a critical role in tissue development, homeostasis, and injury repair. These innate immune cells
participate in guiding vascular remodeling, stimulation of local stem and progenitor cells, and structural repair of tissues such as
muscle and bone. Therefore, there is a great interest in harnessing this powerful endogenous cell source for therapeutic regen-
eration through immunoregenerative biomaterial engineering. These materials seek to harness specific subpopulations of mono-
cytes/macrophages to promote repair by influencing their recruitment, positioning, differentiation, and function within a damaged
tissue. Monocyte and macrophage phenotypes span a continuum of inflammatory (M1) to anti-inflammatory or pro-regenerative
cells (M2), and their heterogeneous functions are highly dependent on microenvironmental cues within the injury niche. Increasing
evidence suggests that division of labor among subpopulations of monocytes and macrophages could allow for harnessing
regenerative functions over inflammatory functions of myeloid cells; however, the complex balance between necessary functions
of inflammatory versus regenerative myeloid cells remains to be fully elucidated. Historically, biomaterial-based therapies for
promoting tissue regeneration were designed to minimize the host inflammatory response; although, recent appreciation for the
roles that innate immune cells play in tissue repair and material integration has shifted this paradigm. A number of opportunities
exist to exploit known signaling systems of specific populations of monocytes/macrophages to promote repair and to better
understand the biological and pathological roles of myeloid cells. This review seeks to outline the characteristics of distinct
populations of monocytes and macrophages, identify the role of these cells within diverse tissue injury niches, and offer design
criteria for immunoregenerative biomaterials given the intrinsic inflammatory response to their implantation.
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foundation for the new area of “immunoregenerative” bio-
material strategies. These materials seek to harness specific
subpopulations of monocytes/macrophages to promote
repair by influencing their recruitment, positioning, differ-
entiation, and function within an injured tissue.”'>* In
order to best implement this powerful repair system, an
understanding of the affordances of each cell type, their
function within specific injury contexts, and their inter-
action with implanted biomaterials is necessary. This
review seeks to outline the features of distinct populations
of monocytes and macrophages, to identify the role of these
cells within diverse tissue injury contexts, and offer design
criteria for materials given the intrinsic inflammatory
response to their implantation.

Introduction

The innate immune system plays a critical role in tissue
development, homeostasis, and repair of injured tissues.
Monocytes and macrophages are among the first respon-
ders to tissue injury and are required for successful tissue
regeneration.'” The striking evolutionary examples of com-
plex tissue regeneration in the salamander limb and zebra-
fish tailfin require the presence of myeloid cells and
regeneration fails when macrophages are depleted prior to
injury.*” Increasing evidence suggests that division of labor
among subpopulations of monocytes and macrophages
could allow for harnessing regenerative functions over
inflammatory functions of myeloid cells;”"™* however, the
complex balance between necessary functions of inflamma-
tory versus regenerative myeloid cells remains to be fully
elucidated.” Engineering exogenous control of the mye-
loid-driven repair system may be the key to developing

Heterogeneity among monocytes
Monocytes (CD1157CD11b"SSC'*"cells) are found in the

regenerative therapies in adult tissues and provides the
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homeostasis and can be recruited to tissue injury or infec-
tion as effectors and as progenitors of macrophages and
dendritic cells."*>* As effectors, monocytes participate in
coordinating efforts between the innate and adaptive
immune response,'”"""'® Kkilling microbial pathogens
and parasites such as Leishmania major,"® and promoting
repair of damaged tissues.*®***' Myeloid cells responding
to injuries typically secrete inflammatory cytokines and
chemokines, phagocytose necrotic debris, secrete proteo-
lytic and matrix remodeling proteins, and produce growth
factors upon entry to the tissue."** Cell surface markers and
functional activities distinguish multiple subsets of mono-
cytes that exist on a spectrum from inflammatory (classical)
to anti-inflammatory (alternatively activated, non-classical,
or resident) (Table 1).

Each monocyte subset responds to distinct chemotactic
and trophic cues and equivalent subsets have been identi-
fied across multiple vertebrate species, including human,
mouse, and rat."®*°-*? Dynamic and biphasic recruitment
of monocyte subsets is a key feature of the early inflamma-
tory response. Monocytes either persist in tissue as mono-
cytes, repolarize to a different monocyte subset, or
differentiate into macrophages.”* Heterogeneity in the func-
tion and differentiation potential of monocyte subsets is
important to consider in designing therapies to manipulate
the innate immune microenvironment, particularly which
subset to recruit and how to educate the cells upon recruit-
ment to perform a desired function.

Inflammatory monocytes (IMs) are characterized by
high surface expression of Ly6C and CCR2, but low expres-
sion of CX3CR1 in mice."® Low expression of CD43 in rat
indicates an equivalent population.’® The human classical
inflammatory subset is CD14"CD16~'**" and an intermedi-
ate population expresses both CD14 and CD16." IMs are
derived from a dividing macrophage-dendritic cell precur-
sor (MDP) or common monocyte progenitor (cMoP) in the
bone marrow”** and have a half-life of about 20h in the
blood at homeostasis.'® They are elevated in circulation fol-
lowing inflammatory injury with a peak concentration near
48h, and the magnitude of mobilization scales with the
severity of the inflammatory injury.”® The source of this
increase is likely mobilization from primary reservoirs in
the bone marrow and spleen®® and requires expression of
CCR2." Early during the innate immune response, IMs are
recruited from blood to sites of inflammation utilizin
integrin 04, and CD62L to arrest on the endothelium® >
and chemokine receptors CCR2 and CCR5 to migrate
toward gradients of inflammatory cytokines such as mono-
cyte chemoattractant protein-1 (MCP-1)."** While IMs are
sparsely adherent and motile on the endothelium during
steady state, they rapidly adhere and transmigrate through
the endothelium when the vessel is activated with inflam-
matory cytokines such as tumor necrosis factor a (TNFa) or
interferon gamma (IFNy).38 The MCP-1/CCR2 signaling
axis is a major experimental tool for exploring the role of
IMs in tissue injury and could be utilized in biomaterials to
specifically target IM recruitment.

Anti-inflammatory monocytes (AMs) have recently
emerged as pro-regenerative cells that support behaviors
such as matrix remodeling, arteriogenesis, and prevention

of fibrosis."®*?* The AM cell surface is characteristically
Ly6C'*%, CCR2™ and CX3CR1"&" in mice, CD14"°"CD16"
and CX3CR1" in human, and CD43M&M in rat'®3031
(Table 1). In addition, AMs express a particular signature
of adhesion molecules, including high lymphocyte func-
tion-associated antigen 1 (LFA-1 or oy f, integrin) and low
L-selectin (CD62L)" that allow them to “patrol” or crawl on
blood vessel walls during homeostasis.*>® At steady state,
AMs maintain a half-life in the blood of greater than two
days, which is more than double the half-life of IMs.1®
Interestingly, IM depletion from the blood in the CCR2 knock-
out mouse increases the circulation half-life of AMs to
approximately 11 days, suggesting that IMs limit the life-
span of AMs at steady state.'® Two models exist for the
origin of blood AMs: they may differentiate from IMs or
directly from a MDP in the bone marrow.'®***! Fate map-
ping, adoptive transfer, and new intravital imaging studies
have elegantly shown progression of labeled IMs to AMs;
however, these studies do not exclude the possibility that
some AMs are derived directly from progenitors in the bone
marrow.*'¢1821334 Eurther evidence suggests that AMs do
not give rise to IMs, and differentiation is unidirectional."®
The signals controlling the switch from IM to AM are not
clear, although recent work suggests that the transcription
factor NR4A1 controls AM development and knockout
leads to an absence of AMs in blood.*!

Chemokine receptors that distinguish AMs from IMs
may be particularly useful in impacting selective recruit-
ment or activity of this regenerative subset. AMs exhibit
higher migration compared with IMs to gradients of
CX3CL1, due their higher expression of the cognate recep-
tor CX3CR1.'"®#? Additional chemotactic receptors, includ-
ing the sphingosine-1-phosphate receptor 3 (S1PR3) and
C-X-C chemokine receptor 4 (CXCR4), are higher on AMs
and may contribute to enhanced sensitization to regenera-
tive chemotactic signals.”'*'*'® We have recently shown
that localized release of SDF-1uo, a CXCR4 ligand, or the
S1PR3-targeting small molecule FTY720 can increase the
recruitment of AMs into injured skin tissue and position
the cells along a gradient from the biomaterial
source.”'*'* SDF-1a may also work in tandem with vascu-
lar endothelial growth factor (VEGF) to position monocytes
in a peri-vascular niche in order to facilitate their role in
vascular repair.*** Localized signals from biomaterials
provide a powerful in situ opportunity to recruit cells
along an engineered gradient and also “educate” or modu-
late the response of recruited cells without impacting sys-
temic inflammatory responses.”'>'#4+4> A clear elucidation
of the signals to which different monocytes respond in vivo
could provide valuable tools for engineering their recruit-
ment and activity within injured tissues and biomaterial
implants.

Origin and heterogeneity of macrophages

Macrophages (MerTK*CD64%)* have many important
tissue functions in development, homeostasis, and tissue
repair.**™*’ Some macrophages are the descendants of cir-
culating monocytes and are replenished at steady state and
during inflammation by blood-derived monocytes.'>*
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The monocyte to macrophage transition, particularly the
phenotypes each monocyte subset produces and under
what circumstances is the target of much recent investiga-
tion. Some studies support a model where monocytes are
recruited to tissues as IMs, then convert to AMs, and sub-
sequently to macrophages.* Others contend that the AMs
are directly recruited from blood to supply monocyte-
derived macrophages.”'® This distinction could be attribu-
ted to differences in tissue injury context; however, experi-
ments to directly test this idea have not been performed.®
Considerable evidence also supports a model of multiple
origins for macrophages, where some macrophages derived
from embryonic sources and self-maintain locally in tissues
throughout adulthood.'®**? Specifically, populations of
tissue macrophages of the heart, lung, brain, skin, and
liver are derived prenatally from the yolk-sac endothelium,
fetal liver monocytes, and early erythroid-myeloid progeni-
tors and are not adult monocyte decendants.'®**~>> Some
injury contexts, such as Th2-linked infection, can increase
local tissue macrophage populations specifically through
proliferation as opposed to monocyte recruitment.”’
Characterization of gene expression signatures among
macrophage populations from different tissues, species,
and polarization and activation states reveal marked het-
erogeneity based on all these factors.”** These studies sug-
gest that “macrophage” is an umbrella term covering cells
that have remarkable diversity in gene and protein expres-
sion and function>?”°*® (Table 1). Despite the diversity of
macrophage origin,” tissue environment,” and secondary
pathologies,'? all macrophages (tissue resident and mono-
cyte-derived) seem to share one common expression signa-
ture of MerTK and CD64 across populations.” For
biomaterial design, it will be critical to account for proper-
ties of the specific population of macrophage resident in the
tissue of interest. Like monocytes, macrophage functional
diversity is described as a continuum from inflammatory to
anti-inflammatory macrophages, and plasticity is believed
to be retained in order to rapidly respond to microenviron-
mental changes.”® As current dogma continues to evolve
concerning the origin of tissue macrophages, evidence sug-
gests that the diversity in macrophage phenotypes likely
extends beyond stimulating factors to cell ontogeny, tissue
context, and other environmental factors.

Inflammatory macrophages (M1) are the “classically
activated” subset of macrophage. In vitro, naive macro-
phages can be polarized to an M1 phenotype by treatment
with IFNy, microbial stimuli such as lipopolysaccharide
(LPS), and/or inflammatory cytokines such as TNFa.**
These cells produce many inflammatory cytokines, reactive
oxygen species, and growth factors such as VEGF and
FGF2*?® upon stimulation (summarized in Table 1). IFNy
can be provided in inflamed tissue by natural killer cells
and T-helper 1 (Tyl) cells to activate or polarize macro-
phages.”’ The inflammatory cytokines produced by Mis
support host defense through pathogen clearance, necrotic
tissue clearance, and activation of additional immune
populations. Over-stimulation or failure to resolve the M1
response can be detrimental through activation and propa-
gation of pathogenic T17 cells, which can contribute to

tissue damage and autoimmune disease pathologies when
not properly regulated."

Anti-inflammatory macrophages (M2) are also known
as “alternatively activated” macrophages due to differing
activation signals compared with the M1 subset. This group
of macrophages can be further subdivided into M2a, M2b,
and M2c based on activation signals, cell surface receptors,
and functional diversity (Table 1). In vitro, naive macro-
phages can be polarized to an M2a phenotype by treatment
with IL-4 receptor ligands IL-4 and/or IL-13; an M2b
phenotype can be achieved by treatment with immune
complexes combined with toll-like receptor (TLR) or IL-1R
ligands; and M2c macrophages are generated by IL-10
stimulation.?* M2a macrophages, also called wound heal-
ing macrophages, express high levels of arginase -1 in
response to IL-4, which allows them to generate precursors
for collagen and fibroblast stimulating factor, thus support-
ing their role in extracellular matrix deposition and wound
closure.'® This matrix-remodeling role of M2a cells allows
them to contribute to wound stabilization; however, they
must be carefully coordinated to avoid creating undesirable
fibrotic changes in an injured tissue or surrounding a bio-
material implant.’®* M2b and M2c contribute to suppress-
ing inflammation through secretion of IL-10."0 M2
macrophages retain a great deal of plasticity and are
thought to be able to shift through various transition
states between M2a-c. A greater understanding of their spe-
cific functions in tissue has been difficult due to the com-
plexity of signal integration in vivo and the lack of defined
set of distinguishing markers for each class of macrophage.

Functions of monocytes and
macrophages in tissue repair
The “injury niche”

A niche is a specialized microenvironment that instructs
and supports the behavior of its resident cells through loca-
lized paracrine signaling, cell-cell interactions, cell-matrix
interactions, and environmental factors such as hypoxia.>
The site of tissue injury can be functionally equated to a
niche or “injury niche,” based on localized complex signal-
ing that orchestrates the progression of inflammation and
healing. After injury, rapid and spatially controlled changes
occur within the tissue through the evolutionarily con-
served endogenous programs of clean-up, repair, and
regeneration. The tissue microenvironment becomes rich
with signals to recruit, position, and functionally instruct
cells of the inflammatory system to program repair and
inflammation resolution. Recruited cells further propagate
the response by releasing their own paracrine signals that
continue to guide inflammation even after their apoptotic
clearance.

Each tissue injury niche has a unique set of damage,
recruitment, and education signals coordinating the repair
response that arise from specialization within the tissue
composition and the type of injury. Unique microenviron-
mental cues are created by sterile inflammation versus
pathogen-mediated inflammation due to the damage-asso-
ciated molecular patterns recognized by inflammatory cells
rather than pathogen-associated molecular patterns.
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Similarly, ischemic injury can activate signaling divergent
from traumatic injury based on induction of hypoxia sig-
naling and reactive oxygen species. Upon recruitment from
the vasculature, monocytes differentiate into macrophages
based on signals they encounter within the injury niche.
Physiology/biology of the particular tissue also signifi-
cantly impacts the way the injury niche orchestrates
repair. For example, repair of a bony structure requires
vastly different activities than regeneration of skeletal
muscle, as reflected by the differences in cytokine, chemo-
kine, and growth factors present during homeostasis and
wound healing in these two tissues. The local stromal cell
and tissue-resident macrophage populations, mechanical
properties and organization of the tissue, and extent of vas-
cularization and oxygenation could all contribute to differ-
ential engagement of immune cell populations in situ.
Tissue-resident macrophage populations show remarkable
heterogeneity in gene expression due to epigenetic pro-
graming by their surrounding tissue microenvironment to
assume tissue-specific functions.’>?””” In addition, chronic
conditions such as diabetes,'? atherosclerosis, obesity, or
sickle cell disease® may pose singular challenges during
pathogenesis and healing of an injury. Perhaps, these dis-
tinctions underlie some of the controversies in the literature
regarding dynamics of monocyte recruitment, origin and
fate tracking of subpopulations of cells, and differentiation
sequence into macrophages. These factors contribute to the
diversity of macrophage phenotypes and repair programs
produced by the innate immune system.

For biomaterial-mediated tissue repair strategies seeking
to leverage endogenous monocyte/macrophage popula-
tions, the inflammatory injury microenvironment may
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contribute significantly to material design criteria.
Immunoregenerative materials can be designed to release
molecules to boost or interfere with certain features of the
injury niche to facilitate repair,”*>'* but should also priori-
tize the overall healing goals of a particular tissue. In order
to mimic and take advantage of this powerful natural repair
system, we need to understand what cells are required to
support healing and what cues direct them within a particu-
lar wound environment. A better understanding of these
signals and processes will allow us to design therapeutics
that can push repair processes in a desirable direction.

Monocytes/macrophages in vascular remodeling

Vasculature is a universal necessity for the delivery of
oxygen and nutrients to tissue and vascular damage is a
common feature of many injury niches. Injuries ranging
from ischemia to trauma produce vascular damage and
induce the two major processes of vascular remodeling:
angiogenesis and arteriogenesis. Regenerative or reparative
therapies, including the implantation of biomaterials or
tissue-engineered constructs, similarly must ensure
proper oxygen and nutrient supply through remodeling
or expansion of existing vascular networks.®® Monocytes
and macrophages have been implicated in supporting vas-
cular network remodeling and 7growth in development,
homeostasis, and repair’'>'**>4762-%4 (Figure 1). During
development, embryonic macrophages similar to an M2
phenotype physically associate with sprouting angiogenic
tip cells to guide connections between fusing vessels in both
murine and zebrafish models.*” This direct association of
macrophage and endothelial cell suggests that the position-
ing of myeloid cells relative to vessels is important for their
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Figure 1

implanted materials

During injury, heterogeneous populations of monocytes (IM and AM) are recruited from circulation, where they can persist transiently as monocytes or

rapidly differentiate into macrophages ranging in phenotype from M1-type to M2-type. Within the specific injury niche, monocytes and macrophages can guide tissue
repair by promoting angiogenesis and arteriogenesis, secreting growth factors that guide progenitor cell differentiation and proliferation, regulating the secretome of
parenchymal cells, and releasing inflammatory mediators that guide other immune cells. (A color version of this figure is available in the online journal.)
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pro-angiogenic function, and therefore implies the import-
ance of spatially guiding recruited myeloid cells with
immunoregenerative material strategies. Genetic mutation
of colony stimulating factor receptor 1 (CSFR1) in the op/op
mouse, which is essential to normal myeloid development,
causes not only a reduction in circulating monocytes and
tissue macrophages but also aberrant collateral anasto-
moses, reduced collateral tortuosity, smaller diameter
arteries, and immature hindbrain vasculature.”*’
Monocyte recruitment to sites of vessel injury and their
ability to adhere to the endothelium® have been correlated
with the extent of collateral arterial growth®'*¢*% and
effective angiogenesis.”” Depletion of myeloid cells after
myocardial cryoinjury leads to regression of capillary struc-
tures and reduces the formation of vascularized granulation
tissue.>®® In a typical biphasic injury response, IMs are the
first monocyte responders, followed by AMs around three
days later. Loss of CCR2, which leads to depletion of IMs
from the blood and decreased tissue myeloid cells,*
impairs the development of collateral arteriogenesis in
mice after ischemic hindlimb occlusion.®” MCP-1 infusion
into an ischemic hindlimb causes an increase in total mono-
cyte accumulation in parallel with increase in the density of
collateral arteries, the number of sprouting capillaries
increase and an overall significant enhancement of bulk
and collateral conductance within an ischemic hindlimb.**
MCP-1 is a key chemotactic molecule for IMs, so this may
suggest that IMs play a role in arteriogenesis following
ischemic damage. Constitutive overexpression of MCP-1
in heart tissue leads to severe damage to the myocardium
that is related to persistent monocyte infiltration and
macrophage metalloelastase-mediated tunneling within
cardiac tissue.”® Collectively, these studies suggest that
IM/M1 cells may be essential for effective vascularization,
perhaps through matrix degradation, although overzealous
activation of these cells can lead to tissue damage.
Connecting the IM and AM response, some studies sug-
gest that cells on the IM/M1 end of the myeloid spectrum
produce VEGF.?® Pathologically, VEGF can be upregulated
by endothelial cells or pericytes in a stress response to hyp-
oxia to stimulate angiogenesis. Transgenic organ-specific
VEGEF induction causes robust tissue infiltration of circulat-
ing CX3CR1" monocytes.* Increased transgenic VEGF
expression causes peri-vascular cells to produce the chemo-
tactic factor SDF-1o, which supports the positioning of
CXCR4" monocytes in proximity to vascular structures,
allowing for reciprocal paracrine signaling between the
monocytes and the vasculature.*> While this study did not
characterize the subset of monocyte that was recruited, the
expression of CX3CR1 and CXCR4 suggests that these cells
may be AMs."® Release of SDF-la from a biomaterial
implant in a dermal inflammatory wound causes an
increase in the early recruitment of AMs, which correlated
with later parameters of vascular remodeling.'®
Intravascularly, AMs patrol the endothelial layer for signs
of damage and assist in clearing apoptotic endothelial
cells.®® Loss of IL-4 receptor a, which plays a major role in
M2a polarization, leads to massive hemorrhage and
delayed epithelialization in a skin injury model, highlight-
ing the critical role these cells play in supporting repair.’

Monocyte/macrophage subset discrimination analysis has
suggested that an enhanced pool of AM/M2 cells or accel-
erated recruitment correlates with increased vascular
remodeling.”'> The precise mechanisms by which each
subset of myeloid cell contributes to vessel development
and stabilization remains to be fully elucidated; however,
secretion of soluble factors, matrix deposition/remodeling,
and stabilization of nascent endothelial sprouts is likely to
mediate the process.

Monocytes/macrophages in muscle repair

The dynamics of myeloid cell recruitment and the concepts
of local differentiation and local education in the muscle
hold many unanswered questions. During skeletal muscle
toxin-induced injury, the myeloid response is characterized
by an early IM/M1 infiltration for the first four days after
injury, followed by a substantial boost in AM infiltration
beginning around four days after injury.* Upon depletion
of AMs from the blood with clodronate liposomes, IMs
infiltrate the muscle and convert to AM/M2s in situ,* sug-
gesting that one mechanism of AM/M2 deposition in the
tissue is differentiation. Similar biphasic kinetics of early
M1 cells followed by M2 cells in the muscle tissue have
been observed in other skeletal muscle injury models.”" In
vitro studies suggest that M1-polarized macrophages can
re-polarize toward an M2 phenotype upon phagocytosis
of necrotic muscle debris and induce secretion of TGF-B1
while downregulating TNF-u secretion.* Blockade of M2
polarization by transgenic knockout of IL-10 causes an
increased/sustained M1 response and poor regeneration
in an injured muscle.”! This phenotype switching in the
muscle may be a key step in normal healing and may sug-
gest that both polarization states are important for muscle
repair. Muscle tissue maintains the ability to regenerate in
the adult through maintenance of a quiescent-resident stem
cell population known as satellite cells or myogenic precur-
sor cells. Macrophages in injured muscle can produce pro-
regenerative growth factors such as IGF-1 to stimulate the
activity of satellite cells (Figure 1). CCR2-deficient muscle
had a significantly dampened macrophage response and
coordinately reduced IGF-1 expression. Injection of exogen-
ous IGF-1 was able to partially rescue the healing defect in
the absence of recruited monocy’ces.49 In vitro, M1 macro-
phages stimulate proliferation of myogenic precursor cells
but inhibit their fusion into myotubes. M2a and M2c cells
enhance differentiation of in vitro progenitor cells by
increasing myogenin expression and large myotube forma-
tion.*”? The role of myeloid cells in the repair process is
emphasized by depletion studies showing delay or failure
of skeletal muscle regeneration in the absence of myeloid
cells.* Loss of CCR2, which is an essential receptor for IM
trafficking,**" causes a deficit in inflammatory cell infil-
trate and impaired regeneration, suggesting that the recruit-
ment of IMs is critical to muscle healing.*” Interestingly, two
recent studies support roles for CX3CR1 that are not related
to AM trafficking; however, these studies do not agree on a
positive or negative role for CX3CR1 in regeneration of
toxin-induced injury.”>”* Nevertheless, CX3CR1 was
important for macrophage phagocytosis functions,
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regulation of apolipoprotein E (ApoE) production, secretion
of the inflammatory cytokine IL-6, and the trophic factor
IGF-1.727*

The inflammatory response to ischemic injury in the
heart requires a phase for clearance of debris balanced
with a structural repair phase that must avoid overzealous
remodeling of the ventricular wall leading to dysfunction.
The myeloid response to myocardial infarction has been
characterized as predominantly monocytic within the first
week of injury. IMs and AMs respond dynamically in two
phases with IM recruitment peaking at day 3 through ele-
vated MCP-1 and AM recruitment dominating from day 5
onward in parallel to decreased MCP-1 and increased
CX3CL1 and VCAM-1 expression.® Monocyte recruitment
appears to be ongoing throughout this acute phase of injury,
with a significant contribution of spleen-derived mono-
cytes, and a turnover rate estimated to be 20 h.2”%8 Both
monocyte subsets were found critical to proper repair
with IMs contributing to debris clearance and AMs sup-
porting healing through granulation tissue formation and
vascular remodeling.”®® The differentiation of these
monocytes into macrophages within the post-ischemic
heart is not fully elucidated. Tissue-resident CX3CR1™"
macrophages are found within the myocardium in contact
with vessel structures and cardiomyocytes during homeo-
stasis.” This resident population at steady-state expresses a
number of M2-associated genes (including CD206, CD163,
MMP13, Yml, Fizzl) with enrichment compared with
brain- or spleen-derived CX3CR1" cells.”” Age-dependent
changes in ability to respond to injury couples to age-
dependent differences in resident and recruited myeloid
populations. In the neonatal mouse, response to toxin-
induced myocardial injury resulted in a greater response
of a MCH-II'""CCR2~ (AM/M2-like) embryonic macro-
phage compared with a dominant MHC-ITM8"CCR2" (IM/
M1-like) monocyte-derived macrophage response in the
adult.*” The neonatal heart has a higher capacity for
repair and less deleterious remodeling requiring MCH-
II'°WCCR2™ embryonic macrophages associated with less
T cell activation, inflammasome activity, and lower secre-
tion of IL-1.> When cardiac macrophage subsets are fur-
ther defined in the adult heart, multiple distinct classes of
myeloid cells are present.’® The relative role of resident
macrophages in muscle versus recruited monocytes and
monocyte-derived macrophages is incompletely under-
stood and may further inform a desirable engineered
immune response.

As in other tissues, myeloid cells responding to the ische-
mic heart are janus-faced. They support clean-up and
regeneration, but unchecked activity can also produce pro-
teolytic tissue damage by IMs or fibrotic scar formation and
undesirable remodeling by AMs. Co-morbidities such as
atherosclerotic disease can shift the inflammatory balance
towards the deleterious IM response and thus may call for
intervention in recruitment or survival of IMs. Indeed, par-
tial reduction of IM recruitment to myocardial infarction in
the ApoE—/— mouse by RNAi-mediated silencing of the
CCR2 receptor promoted considerable repair benefits,”
while massive depletion of early monocyte response by clo-
dronate liposomes or splenectomy exacerbates injury in

wild-type mice.>*® Therefore, the design of immunomodu-
latory therapies for the heart and other tissues must walk a
fine line to allow sufficient debris clearance in the inflam-
matory phase, while supporting effective regeneration
without over-activation of matrix deposition by AM/M?2
cells. Additional investigation into the M2 macrophage
component of repair may lend further therapeutic targets
given the diverse functions of the M2 subsets (M2a, M2b,
and M2c). Further considerations include the presence of
additional disease states or risk factors such as atheroscler-
osis, diabetes, age, and obesity that may contribute to dif-
ferential signaling or response in myeloid cells.'*”®

Role of monocytes/macrophages in bone repair

A role for monocytes and macrophages in bone repair has
become increasingly recognized in recent years.”” During
homeostasis, osteal macrophages form a canopy structure
along the endosteal bone surface, and their depletion either
with clodronate liposomes or macrophage Fas-induced
apoptosis (Mafia) transgenic mice rapidly eliminates
bone-forming osteoblasts.”®”? Macrophages appear to dir-
ectly signal to osteogenic cells, as they promote mineraliza-
tion during in vitro co-culture through soluble cues.” Long-
term depletion of macrophages in the Mafia mouse results
in severe osteopenia that is not rescued by parathyroid hor-
mone, which is used clinically to promote bone anabol-
ism.®” Genetic depletion of macrophages using transgenic
mice expressing diphtheria toxin A in lysozyme-M-expres-
sing cells results in shorter bone length and reduced bone
density by three months of age.®" While bone-resorbing
osteoclasts are derived from circulating monocytic progeni-
tors, osteoclasts can be retained during macrophage deple-
tion strategies.®’ During bone injury, monocytes and
macrophages play diverse roles in repair, modulating the
acute inflammatory response,*® producing growth factors
such as BMP-2*? and PDGF-BB,* and inducing ostegeon-
esis of mesenchymal progenitor cells”®”® (Figure 1).
Impaired monocyte trafficking induced by genetic knock-
out of CCR2 does not affect osteoclast numbers but impairs
vascular remodeling and delays bone repair.®* Interestingly,
the observed vascular defects were due to impaired arter-
iogenesis (decreased vascular diameter) and not angiogen-
esis (no change in total vascular length). Macrophages are
required for callous formation after fracture, and they local-
ize to regions undergoing early endochondral ossification.®
Depletion of macrophages significantly impairs intramem-
branous bone repair®® and prevents fracture repair, result-
ing in fibrotic tissue formation instead of endochondral
bone.®! Taken together, monocytes and macrophages are
multi-faceted cellular regulators of the healing response
after bone injury, and likely represent a powerful target
for immunoregenerative therapies.

Innate immune response
to engineered materials
Biomaterials afford many advantages as a system to exploit

the repair functions of monocytes/macrophages; however,
foreign materials unavoidably elicit a biological response
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when implanted in vivo. The immune response must be
carefully considered in the material design in order to
avoid unwanted cell recruitment/attachment, heightened
secretion of inflammatory cytokines, fibrous encapsulation,
or chronic inflammation.*”®® Physical properties such as
geometry, topography, and porosity and biochemical prop-
erties such as surface chemistry, ligand functionalization,
and degradation mode are critical factors in the host
response to the material (Figure 2). Immunomodulatory
or immunoregenerative materials seek to alter this inflam-
matory response or tune the immune response for regener-
ation typically through biomolecule or small molecule
delivery (Figure 1). As the innate immune response is
highly dynamic, spatiotemporal control of delivery is crit-
ical to target specific phases of inflammation and repair in
vivo. Localized release can be utilized to generate a gradient
of a particular compound, which is important for providing
spatial information to monocytes in order to recruit them to
the desired site. Materials can also be used to provide a
substrate or scaffold to organize complex tissue reconstruc-
tion, however, can face challenges such as proper integra-
tion into host tissue, vascularization, and circumventing
fibrosis and the foreign body response. By engineering
material properties and biomolecule delivery, the biological
response can be tuned to maximally promote repair, while
not prolonging the inflammatory response.

Geometry and topography

Material geometry on the bulk, micro-, and nanoscale, can
greatly impact material-host interactions and presents an
opportunity to design features of a material to best hone the
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Figure 2 The fate of monocytes and macrophages surrounding implants can
be greatly affected by material properties, both those inherent to the selected
material and those engineered to confer additional functionality. Properties with
effects on macrophages include topographical cues, bulk mechanical properties
such as elasticity and stiffness, porosity, functionalization with ligands, and
release of biomolecules. (A color version of this figure is available in the online
journal.)

inflammatory response. Phagocytic cells like monocytes
and macrophages are primary responders to foreign mate-
rials, and the ability of these cells to interact with the mate-
rial is greatly impacted by the shape and size.
Pathophysiologically, myeloid cells use size and shape of
microbes they encounter to dictate the immune response
they signal.** Geometry can influence the ability of cells to
adhere to a surface, phagocytose, or align with one another.
Spherical materials appear to induce far less fibrous encap-
sulation than cylindrical or materials containing sharp
angles.”” Moreover, a spherical diameter around 1.5 mm is
superior to smaller spheres across a wide range of materials
(including alginate hydrogels, stainless steel, and glass) for
reducing foreign body response, perhaps due to reduced
cell attachment to the particle surface.”® Sub-micron silicon
particles induce a robust inflammatory response in naive
bone marrow-derived macrophages by secretion of IL-1f3
and TNF-a due to disruption of the lysosomal machinery
in the cells.” Macrophages are most able to phagocytose
microspheres around 2 pum in diameter, both the number
of microspheres internalized, and their total volume.”?
Microsphere shape is equally important, as macrophages
detect a “local shape” at the initial point of contact that
determines whether they will spread along or initiate pha-
gocytosis of the material.” Interestingly, a wide range of
shapes can be engulfed by macrophages if the initial orien-
tation is correct and total size primarily affects completion
of phagocytosis. Further, the sub-micron size of particles
can determine whether a particle is engulfed by endocytosis
(~150nm) versus phagocytosis (~500nm), a distinction
that could impact the extent of macrophage activation.”
Liposomal material strategies can take advantage of the
phagocytic nature of monocytes and macrophages to speci-
fically target drug delivery to myeloid cells. Phagocytosis of
unilamellar nano-liposomes (~200nm) has been exploited
experimentally as a tool to specifically deplete myeloid cells
with clodronate-loaded liposomes.

Topographical cues at the micro- or nano-scale direct
macrophage responses to materials after implantation,
including adhesion, spreading, activation, migration, and
polarization. Murine macrophages appear unable to
detect nano-topographical features less than 150nm,
whereas cells such as fibroblasts and endothelial cells are
able to detect smaller topographies and display decreased
spreading as feature size increases from 55nm to 200 nm.*
Parallel gratings made of different polymers ranging from
250 to 2000 nm promote spreading and elongation of unpo-
larized macrophages and impact secretion of M1-associated
cytokines such as TNF-o, MCP-1, and VEGFE.”® Electrospun
fibers, which can create scaffolds mimicking natural extra-
cellular matrix, support differing amounts of macrophage
response based on diameter, packing, and alignment fea-
tures.” ™ The topographical orientation appears to also
be important, as randomly oriented nanofibers reduce
fibrous encapsulation in vivo compared with aligned nano-
fibers or non-patterned substrates.”” Three-dimensional
(3D) microstructure similarly reduces inflammatory cyto-
kine production compared with surface-restricted geome-
tries.'” Material geometry and topography can also be used
to engineer desired inflammatory outcomes. Micro-
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patterned lines of fibronectin (20 pm in width) promote
macrophage elongation, reduce inflammatory cytokine pro-
duction, and prime these cells for differentiation into M2
macrophages compared with larger patterns or no pattern-
ing.'"! Generally, porous implants are more readily vascu-
larized and can exhibit lower fibrous encapsulation than
their non-porous counterparts.'®® '® PTFE materials with
pores 4.4 um in width increase secretion of IL-1$ by human
monocytes in vitro compared with non-porous materials or
those with smaller pores (1.2 or 3.0 um) but demonstrate
reduced fibrous encapsulation in vivo.'™*

Chemical properties

The chemical makeup of the material impacts properties
such as surface charge and hydrophobicity. For small cellu-
lose microspheres, macrophages are less able to phagocy-
tose non-ionic hydrophilic particles, demonstrating an
eight-fold increase in phagocytosis for particles that are
highly anionic or a four-fold increase for highly cationic
particles.”” Negatively charged particles induce apoptotic
clearance of IMs following scavenger receptor-dependent
uptake in the circulation. A negative charge was required
for therapeutic efficacy in preventing IM accumulation and
reducing disease symptoms during myocardial infarction,
encephalitis, colitis, and other experimental inflammatory
diseases.'” The surface properties of macro-materials
impact the foreign body response, with hydrophilic or anio-
nic surfaces causing macrophage apoptosis and inhibiting
macrophage fusion in vivo compared with unmodified,
cationic, or hydrophobic surfaces.'” Effects on macrophage
function by chemical properties of the material may be due
to variations in the type'”” and conformation'® of adsorbed
proteins or related to the charged regions on macrophage
membranes.'?”

Mechanical properties

Like many other cell types, macrophages are able to detect
mechanical properties of their substrate such as stiff-
ness."'%"2 Soft PEG hydrogels (modulus of 130 kPa) pre-
vent macrophage spreading and formation of actin stress
fibers, as well as prevent inflammatory gene expression in
vitro and fibrous encapsulation in vivo."! Stiffer hydrogels
(up to 840 kPa) prime macrophages for higher expression of
IL-1B and IL-6, and promote thicker capsules. A decrease in
inflammatory response with decreasing material stiffness
applies to even softer substrates such as polyacrylamide
hydrogels below 150 kPa.'® Interestingly, inflammatory
mediators such as IFN-y or LPS increase the elasticity of
the macrophages."® Consequently, cellular mechanics can
be regulated both by substrate properties and through bio-
chemical cues in macrophages.

Functionalization

The emergence of chemical conjugation strategies that
enable biomaterials scientists to have precise control over
ligand presentation and degradation mode, while paving
the way for the next generation of biomaterials. For exam-
ple, bioorthogonal click chemistry has increased

opportunities to develop diverse and complex materials
that are both biocompatible and biofunctional. Hydrogels
have been increasingly utilized in tissue engineering for
their ease of tunability to specific applications, relative
inertness in vivo, and compatibility for cell and biomolecule
delivery. Inflammatory cell interactions with materials are
mediated by adsorption of proteins such as albumin, fibri-
nogen, and components of the complement system,">*
which is dictated by properties such as surface chemistry
and hydrophobicity. Due to their protein-fouling nature,
hydrogels often must be functionalized with adhesive
ligands such as the integrin recognition site arginylglycy-
laspartic acid (RGD) to reduce protein aggregation on their
surface. Poly(ethylene glycol) (PEG) hydrogels functiona-
lized with RGD adsorb less protein than unfunctionalized
hydrogels following subcutaneous implantation in vivo,
although the relative composition of adsorbed protein
remains approximately 90% the same."* Functionalization
with RGD reduces inflammatory gene expression by macro-
phages in vitro,"”® and reduces the inflammatory response
to non-degradable PEG hydrogels in vivo."'® Interestingly, a
delay in RGD presentation via in vivo light-triggered activa-
tion reduces the fibrous capsule thickness surrounding
implanted PEG hydrogels,* highlighting the potential
importance of spatiotemporal control of biomaterial fea-
tures. Components of the extracellular matrix may inher-
ently be immunomodulatory, as coating polypropylene
meshes with various types of extracellular matrices shifts
the macrophage response from M1 to M2 and reduces the
foreign body response.'” Taken together, adhesive ligands
enable better integration with surrounding tissue, which
may reduce the material-mediated inflammatory response.

Incorporation of degradation sites has enabled more pre-
cise control over the kinetics and mechanism of degrada-
tion, as well as release rates of embedded biomolecules that
are diffusion limited. Protease-sensitive linkers allow a
material to be environmentally responsive in the sense
that degradation depends on the abundance of proteases
surrounding the material. Proteases such as MMP-2,
MMP-9, and cathepsins are upregulated during the early
stages of inflammation. Materials that degrade in response
to MMP activity promote better integration with host tissue
and healing compared with non-degradable materials."'®
The rate of degradation can be further controlled by
tuning the affinity, avidity, and protease specificity of cross-
linkers used." Growth factor delivery can be engineered to
be environmentally responsive through conjugation to PEG
monomers with a protease-sensitive linker.'* While pro-
tease-sensitive materials, as well as similar pH-sensitive
materials, are able to dynamically respond to their environ-
ment, they are not able to respond to user-defined stimuli.
Consequently, an emerging field in regenerative medicine
that will likely be a critical component of immunoregenera-
tive therapies is the application of materials that can be
regulated temporally by external stimuli such as light,
ultrasound, and heat.'® For example, macrophage and neu-
trophil adhesion to hydrogels can be activated by transder-
mal application of ultraviolet light due to functionalization
with “caged” adhesive ligands. Non-invasive adhesive
ligand activation seven days post-implantation reduces



fibrous encapsulation, providing control over the inflam-
matory response in both space and time.®*

Proof-of-principle experiments have demonstrated that
changes to specific material properties alter the biological
response to implanted materials, but this may become more
complicated when multiple parameters are simultaneously
varied. For example, the foreign body response to materials
varying significantly in surface chemistry, stiffness, and
topography (polymers, ceramics, metals, and plastics)
is most controlled by the material’s size (0.5mm or
1.5-2mm),” despite previous studies demonstrating that
each of these properties can impact the inflammatory
response. Consequently, high-throughput and empirical
studies may be required when optimizing material
design. While a set of unified principles describing the
impact that material properties have on inflammatory cell
response have yet to be developed, the design of next-gen-
eration immunomodulatory materials will likely rely on a
deeper understanding of how specific material properties
impact immune cell function in vivo.

Biomolecule delivery

Delivery of synthetic and natural molecules from implanted
materials can be used to further modulate the host
response. Generally, biomolecules embedded to regulate
monocyte and macrophage function can target the follow-
ing biological processes: (1) recruitment of monocytes and
macrophages from blood or surrounding tissue, (2) mono-
cyte/macrophage polarization state, and (3) macrophage
proliferation. Recruitment can be controlled by locally
delivery of chemokines that selectively target monocytes
and macrophages, such as MCP-1, SDF-1, CX3CL1, or
bioactive sphingolipids. This strategy can be further fine-
tuned by selecting biomolecules that target monocyte/
macrophage subsets. For example, SDF-1 delivery from
heparin-PEG hydrogels can selectively enhance recruitment
of AMs, but not IMs, by exploiting their relative overexpres-
sion of CXCR4."® Delivery of MCP-1, which broadly recruits
monocytes through CCR?2, increased the frequency of argi-
nase-positive M2 macrophages and improved endothelial
cell transplantation.'* Delivery of PDGF-BB and FGF from
PEG hydrogels recruits more macrophages to the cornea
and better supports vascularization than VEGF,'* further
indicating that targeting specific cell recruitment can
improve repair. Polarizing cytokines can also be released
to condition the local macrophages to a particular pheno-
type. Delivery of IL-4 from an agarose-based scaffold
enhanced M2 macrophage bias in the local tissue and cor-
related with increase in peripheral nerve regeneration.'*
Sequential delivery of IFN-y and IL-4 can be used to
guide the kinetics of macrophage polarization on decellu-
larized bone matrices to achieve a biphasic inflammatory to
regenerative macrophage profile.* Delivery of macrophage
polarizing factors has been achieved on other types of
matrices, such as silk, either through adsorption, or direct
conjugation.'® Inflammation-induced macrophage prolif-
eration has only recently been appreciated and may provide
a new therapeutic target, given that tissue macrophage
expansion depends on IL-4 and M-CSF.'*® Material-based

biomolecule delivery has the unique advantage of the abil-
ity to control both the spatial and temporal profiles of
released molecules, both of which are critical aspects of
the immunological response after injury.

Summary

Historically, biomaterial-based therapies for promoting
tissue regeneration were designed to minimize the host
inflammatory response; however, recent appreciation for
the roles that innate immune cells play in tissue repair
and material integration has shifted this paradigm. As our
understanding of the affordances of monocyte and macro-
phage roles in repair continues to sharpen, a great oppor-
tunity arises to meet the challenge of engineering
regeneration utilizing immunoregenerative strategies. In
this pursuit, we must balance complex goals of cell recruit-
ment, cell phenotype, dynamic shifts in polarization, and
material-immune interactions. Biomaterials afford many
advantages as a drug delivery system to coordinate this
innate immune response. Design features could include
sustained or tunable release, tandem or sequential release
of different molecules, and localized versus systemic
release. Temporal control of drug delivery is critical to
target specific phases of inflammation and repair in vivo.
Localized release can be utilized to generate a gradient of
a particular compound, which is important for providing
spatial information to monocytes in order to recruit them to
the desired site. Materials can also be used to provide a
substrate or scaffold to organize complex tissue reconstruc-
tion; however, they can face challenges such as proper inte-
gration into host tissue, vascularization, and circumventing
fibrosis and the foreign body response. By engineering
material properties and biomolecule delivery, the biological
response can be tuned to maximally promote repair, while
not prolonging the inflammatory response leading to
“immunologically smart” materials that better integrate
with biological systems.
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