1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Acta Biomater. Author manuscript; available in PMC 2022 October 01.

-, HHS Public Access
«

Published in final edited form as:
Acta Biomater. 2021 October 01; 133: 4-16. doi:10.1016/j.actbio.2021.03.038.

Macrophage phenotypes in tissue repair and the foreign
body response: implications for biomaterial-based regenerative
medicine strategies

Karen E Martin®P, Andrés J Garcia®P™
aWoodruff School of Mechanical Engineering, Georgia Institute of Technology, Atlanta, GA,
30332, USA

bPetit Institute for Bioengineering and Biosciences, Georgia Institute of Technology, Atlanta, GA,
30332, USA

Abstract

Macrophages are a highly heterogeneous and plastic population of cells that are crucial for
tissue repair and regeneration. This has made macrophages a particularly attractive target for
biomaterial-directed regenerative medicine strategies. However, macrophages also contribute to
adverse inflammatory and fibrotic responses to implanted biomaterials, typically related to the
foreign body response (FBR). The traditional model in the field asserts that the M2 macrophage
phenotype is pro-regenerative and associated with positive wound healing outcomes, whereas
the M1 phenotype is pro-inflammatory and associated with pathogenesis. However, recent
studies indicate that both M1 and M2 macrophages play different, but equally vital, roles in
promoting tissue repair. Furthermore, recent technological developments such as single-cell RNA
sequencing have allowed for unprecedented insights into the heterogeneity within the myeloid
compartment, related to activation state, niche, and ontogenetic origin. A better understanding
of the phenotypic and functional characteristics of macrophages critical to tissue repair and
FBR processes will allow for rational design of biomaterials to promote biomaterial-tissue
integration and regeneration. In this review, we discuss the role of temporal and ontogenetic
macrophage heterogeneity on tissue repair processes and the FBR and the potential implications
for biomaterial-directed regenerative medicine applications.
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1. Introduction

Macrophages are key regulators of tissue homeostasis, inflammation, and regeneration.
During homeostasis, tissue resident macrophages (TRMs) serve critical supportive functions
within their resident tissues. For example, alveolar macrophages in the lung are required
for the normal turnover of lung surfactant, osteoclasts in bone are necessary for

the continuous resorption and remodeling of osseous tissue, and Kupffer cells in the

liver are responsible for the clearance of dying red blood cells and iron recycling[1].
Following tissue injury, macrophages, both tissue-resident and monocyte-derived in
origin, undergo marked phenotypic changes, transiently gaining and losing functions in
response to the varying microenvironmental cues present as the wound healing process
progresses[2]. This phenotypic plasticity allows macrophages to play a multitude of

key roles during all phases of wound healing: initiation, proliferation, and resolution[3].
Disruption of normal macrophage function can initiate a variety of pathological processes,
including the uncontrolled production of inflammatory mediators, deficient generation

of anti-inflammatory macrophage phenotypes, and stimulation of the overproduction of
extracellular matrix (ECM) proteins by fibroblasts, all of which contribute to chronic
inflammatory and/or fibrotic processes[2, 4].

As biomaterials play an ever more central role in regenerative medicine strategies,
considerable effort has been made to modulate immune responses to these materials. In
particular, modulating the macrophage responses is of interest due to its relationship with
not only the wound repair process, but also the foreign body response (FBR)[5]. Traditional
approaches focus on tuning biomaterial physical and chemical properties to mitigate the
FBR. Physical approaches encompass material features such as particle size, substrate
stiffness, and topography, all of which have profound effects on macrophage phenotype and
the development of the FBR (reviewed[6, 7]). Traditionally, chemical approaches focused on
the development of non-fouling materials that prevent serum protein adsorption in order to
prevent initiation of the subsequent inflammatory cascade[8]. Material chemistries such as
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poly(ethylene glycol) (PEG)[9], poly(hydroxyethylmethacrylate) (poly(HEMA))[10], and,
more recently, zwitterionic materials[11, 12] are able to resist the adsorption of serum
protein due to the presence of a hydration layer near the surface of the material[13].
Tuning material properties to temper this process has been shown to result in a smaller
fibrotic capsule[14], mitigation of inflammatory cytokine secretion[15], and a shift towards
anti-inflammatory macrophage phenotypes[16].

More recently, immunomodulatory biomaterial design has shifted towards creating
biomaterial systems that actively interface with the local immune environment. A variety
of bioactive approaches have been implemented to control macrophage phenotype including
strategies incorporating relevant cytokines[17, 18], receptors[19-21], small molecules[22,
23], and immunomodulatory cells (e.g. mesenchymal stem cells (MSC))[24-26] (reviewed
[27-30]). These bioactive strategies are impeded by a lack of understanding of macrophage
phenotypes and their roles in tissue repair, especially in the biomaterial microenvironment.
Furthermore, macrophages exhibit substantial cellular plasticity wherein the functional and
phenotypic states of the cells fluctuate temporally throughout the duration of an immune
response, suggesting that biomaterials targeting only one specific phenotype are unlikely to
be successful. In this review, we discuss the role of temporal and ontogenetic macrophage
heterogeneity on tissue repair processes and the FBR and the potential implications for
biomaterial-directed regenerative medicine applications.

2. The role of macrophages in tissue repair

The immune system plays a central role in orchestrating the repair and regeneration of
damaged tissues following infection or injury. During tissue injury, damage-associated
molecular patterns (DAMPS) and/or pathogen-associated molecular patterns (PAMPS) are
released by dead and dying cells or invading pathogens, respectively[31]. These molecules
are recognized by pattern recognition receptors (PRRs), expressed primarily by innate
immune cells, activating inflammatory signaling pathways in TRMSs, neutrophils, dendritic
cells, as well as other local cell populations (e.g. fibroblasts and endothelial cells)[32].
Activation of these cells leads to release of various pro-inflammatory chemokines and
cytokines that induce directed chemotaxis of other innate inflammatory cells to the injured
tissue.

During homeostasis, monocytes are found in the bone marrow, blood, or spleen[33]. Upon
injury, they are robustly recruited from the blood stream to the site of inflammation,
typically via a chemokine receptor 2 (CCR2)-dependent mechanism[33, 34]. Infiltrating
monocytes secrete pro-inflammatory cytokines and chemokines such as interleukin-1 (I1L-1),
IL-8, monocyte chemotactic protein-1 (MCP-1) and chemokine ligand 13 (CXCL13),
further stimulating the infiltration of inflammatory cell populations[35]. Once at the site

of injury, monocytes either act as effectors themselves or differentiate into monocyte-derived
macrophages (moMs) or monocyte-derived dendritic cells (moDCs)[36, 37]. Depending on
local environmental cues, such as the local cytokine milieu, both TRMs and moMs can
acquire differential activation states, traditionally classified by their relation to the classically
activated (IFN-y, LPS) and alternatively activated (IL-4, IL-13) moM phenotypes defined in
in vitro culture[38].
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During successful wound repair, macrophages (largely moMs) will initially assume a
‘classically activated’ phenotype (also referred to as M1) (Fig. 1) in which they promote
inflammation through the release of inflammatory cytokines (e.g. IL-6, I1L-12, TNFa.),
reactive oxygen species, and antimicrobial peptides[33, 39, 40]. M1 macrophages are
also highly phagocytic allowing them to clear debris and bacteria from the wound
environment[39]. Generally identified by high surface marker expression of MHC-I11 and
co-stimulatory molecules such as CD40, CD81, CD86 as well as intracellular iINOS, M1
macrophages are efficient antigen-presenting cells and further promote a type 1 immune
environment through their interactions with T helper 1 cells[41].

After the acute inflammatory phase subsides, the predominant macrophage population
shifts to an ‘alternatively activated’ phenotype (also referred to as M2) (Fig. 1). M2
macrophages are characterized by secretion of anti-inflammatory mediators[42], especially
IL-10, and growth factors (e.g. PDGF, TGF-B) that aid in tissue healing through stabilizing
angiogenesis[43, 44], stimulating progenitor cell ingrowth and proliferation[45], and
promoting ECM assembly and remodeling[46]. These cells are characterized by surface
marker expression of scavenger receptors (e.g. CD204, CD206, CD163) and intracellular
arginase-1. Interactions between M2 macrophages and the adaptive immune system,
especially T helper 2 cells[47] and regulatory T cells[48-50], have been shown to be critical
to the resolution of inflammatory responses in multiple tissues.

In addition to the broadly defined M2 phenotype, several subtypes have been outlined:

M2a, M2b, M2c (also called M(IL-4), M(Ic), and M(IL-10) based on the cytokines used to
generate the phenotype /n vitro)[51, 52] (Table 1). Recently, M2d and M2.¢ macrophages
have also been described. M2d macrophages are activated by Toll-like receptor agonists

and adenosine ApaR agonists and respond by secreting high levels of VEGF [53]. M2
macrophages are induced by efferocytosis, the process by which apoptotic cells are removed
by phagocytic cells. This process suppresses the production of inflammatory mediators in
these cells [54]. Of the defined M2 subtypes, M2a is the subset most commonly associated
with regenerative and fibrotic processes[55]. Although this classification provides improved
phenotypic stratification, it is likely still an oversimplification of macrophage phenotypes

as it is generally accepted that macrophages exist on a continuum of activation states
between M1 and M2[56]. Furthermore, macrophages in /n vivo environments are not
transcriptionally equivalent to their /n vitro counterparts, and surface markers identified

on /n vitro macrophages often do not correspond to /n vivo phenotypes[38]. Nevertheless,
we will use the M1/M2 nomenclature henceforth as that is typically how results are reported
in primary sources.

3. The timing and duration of M1 and M2 macrophage responses are

critical to successful tissue repair

Optimal wound healing is dependent on a highly regulated transition from an M1 to an
M2 macrophage response followed by a return to homeostasis. Factors such as the extent
of injury, duration of inflammation, macrophage activation state, and the tissue type as
well as the health state of the host can influence the course of the tissue repair response.
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Taking the bone repair process as an illustrative example, studies report that the presence
of macrophages during the fracture repair process is critical to successful healing, as

their depletion using methods such as clodronate liposomes[57] or the murine macrophage-
fas-induced apoptosis (MaFIA) model[58] severely impairs bone repair. Furthermore, the
timing and duration of the M1 macrophage-mediated inflammatory response are critical
determinants of bone repair outcomes. The initial inflammatory reaction, where M1
macrophages predominate, is required for optimal fracture healing[59], and suppression

of the immune response (e.g. by NSAIDs or glucocorticoid medications) too early in the
healing process can result in suboptimal bone regeneration[60, 61]. Additionally, depleting
macrophages before or during the initial inflammatory phase has a negative impact on
fracture healing[58, 62, 63]. There are several reports of M1 macrophages, but not M2
macrophages, promoting the osteogenic differentiation and mineralization of mesenchymal
stem cells (MSCs) /n vitro, suggesting an additional role for these macrophages in

bone repair[64, 65]. On the other hand, sustained, chronic M1 macrophage-mediated
inflammation is highly detrimental to bone repair with the continued production of pro-
inflammatory cytokines resulting in bone resorption via increased osteoclast activity and
suppression of bone formation by osteoblasts[59, 66].

Although M2 macrophages are typically considered “pro-healing” and are indispensable

to the inflammation-resolution phase of wound healing, their presence during the acute
inflammatory phase of wound healing may be detrimental to tissue repair[28]. Jetten et al.
explored the role of exogenous delivery of macrophages, differentiated ex vivo into M2a
and M2c phenotypes, on wound healing in a full-thickness cutaneous wound model[67].

In wild type mice, there was no difference in wound healing following local injection

of saline, undifferentiated macrophages, M2a macrophages or M2¢c macrophages during

the acute inflammatory phase immediately post injury. However, in diabetic db/db mice,
complete re-epithelialization only occurred in mice injected with saline and undifferentiated
macrophages, whereas wounds injected with M2a or M2c macrophages failed to fully close.

In soft tissues, such as the liver[68] and the lung[69], macrophages have been shown to
play contrasting roles in the promotion and resolution of fibrotic processes. Macrophages
are widely implicated in promoting tissue fibrosis, and their depletion in liver injury models
has been shown to mitigate their fibrotic effects[68]. For example, in a thioacetamide

model of liver injury in rats, macrophage depletion using gadolinium chloride decreased
myofibroblast activation and overall liver fibrosis[70]. In chronic liver injury models of
fibrosis, monocyte-derived pro-inflammatory macrophages predominate, suggesting that
pro-fibrotic macrophages are derived from this pool. A study by Karlmark et al. identified a
Ly6CNiF4/80* iNOS-producing macrophage population, derived from a Gr1* inflammatory
monocyte population, as the main pro-fibrotic population in a murine model of carbon
tetrachloride (CCly)-induced hepatic fibrosis[71]. Additionally, macrophages secrete potent
pro-fibrotic factors such as TGF-p and galectin-3, which can activate resident fibroblasts,
promote their transdifferentiation into myofibroblasts, and stimulate myofibroblast collagen
production and contractility[4, 72].

Macrophages have also been shown to play pivotal roles in fibrosis resolution, in
part through their secretion of matrix metalloproteases (MMPs), a family of proteases
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that degrade various ECM proteins[73]. During liver injury, macrophage-secreted MMPs
are inhibited by the concurrent production of tissue inhibitors of MMPs (TIMPs) by
myofibroblasts and activated hepatic stellate cells, which results in progressive ECM
deposition and scar accumulation[74, 75]. Upon removal of the injury stimuli, macrophages
are able to undergo a phenotypic shift, driven by the ingestion of cellular debris, towards an
anti-fibrotic, pro-resolution phenotype[76, 77]. In addition to removing cellular debris, these
pro-resolution macrophages secrete a variety of fibrolytic MMPs including MMP9, MMP12,
and MMP13, augmenting fibrotic ECM degradation[77-79].

Several studies have demonstrated that the timing of the M2 response is critical in
determining whether a soft tissue injury results in tissue regeneration and return to
homeostasis or results in chronic fibrosis. For example, in a CCly-induced model of
reversible hepatic fibrosis, Duffield et al. showed that macrophage depletion during the
process of liver injury resulted in fewer myofibroblasts and reduced ECM deposition
compared to control animals[80]. Interestingly, depletion of macrophages during the fibrosis
resolution phase resulted in less ECM degradation compared to controls, highlighting the
importance of temporal control within the macrophage response to injury[80]. In a later
study by Weng et al., these macrophage depletion effects were largely attributed to IL-4Ra.-
expressing M2 macrophages, in that their selective depletion had a similar effect on liver
fibrosis and fibrosis resolution when compared to total macrophage depletion[81].

4. M1 and M2 macrophages promote different stages of neoangiogenesis

The creation of new vasculature at the site of injury via the process of neoangiogenesis

is a vital component of successful wound repair. However, failure to tightly regulate

the angiogenic process can lead to aberrant vessel growth, including abnormal, excessive
vasculature and insufficient vascularization or vessel regression, all associated with various
pathological processes[82]. Macrophages have long been considered indispensable to the
process of neoangiogenesis, and have been shown to facilitate different phases of the
process, including vessel sprouting and anastomosis[83]. Pro-angiogenic characteristics have
long been attributed to M2 macrophages, while M1 macrophages were typically seen as
anti-angiogenic[44, 84, 85]. However, recent studies have begun to identify roles for both
M1 and M2 macrophages in different phases of neoangiogenesis.

Spiller et al. showed that, /n vitro, M1 macrophages secrete high levels proteins involved

in the initiation of angiogenesis, especially the pro-angiogenic factor vascular endothelial
growth factor (VEGF)[43]. This finding is further supported by /in vivo data from Willenborg
et al. that identified a VEGF-expressing macrophage population with an inflammatory gene
signature at early time points during wound healing[86]. Additionally, /n vitro interaction
with M1 macrophages causes endothelial cells to upregulate genes associated with the tip
cell phenotype, a phenotype associated with early vascular sprouting, as well as genes
related to endothelial cell proliferation and migration[87].

A study by Gurevich et al. suggests an /in vivorole for M1-type macrophages in early
stage neoangiogenesis in a live-imaging zebrafish wound model[88]. The presence of pro-
inflammatory, TNFa-expressing macrophages at the wound site was required for wound
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neoangiogenesis during the early stages of tissue repair, and inhibiting their presence

either through the administration of anti-inflammatory agents hydrocortisone and I1L-10 or
using zebrafish with mutant colony-stimulating factor 1 receptor (CSF1R) greatly reduced
wound neoangiogenesis. In addition, these pro-inflammatory macrophages were observed to
preferentially associate with vessel tips both /in vivoand in vitro, reinforcing the role they
likely play in early endothelial cell sprouting.

In contrast, Spiller and colleagues have reported that M2 macrophages in culture secrete
significantly higher levels of PDGF-BB, a growth factor implicated in the recruitment of
pericytes and MSCs, both cell types critical for stabilizing blood vessels[43]. Interactions
between M2 macrophages and endothelial cells upregulate endothelial cell gene expression
signatures associated with pericyte cell differentiation and smooth muscle differentiation,
processes associated with later stages of vascular maturation[87]. Taken together, these
studies support distinct roles for M1 and M2 macrophages in vascularization, where M1
macrophages promote early stages of vascularization, such as endothelial cells sprouting,
while M2 macrophages play a critical role in later stages of vascularization and vessel
maturation. However, the roles that these different macrophage phenotypes play during
vascularization in an /n vivo setting remain to be fully elucidated.

5. Macrophages are key players in the FBR

The early stages of the sterile inflammatory response following biomaterial implantation
generally parallel that of a response to sterile tissue damage. Injury to blood vessels during
biomaterial insertion initiates the blood-material interaction cascade[89]. Within minutes,
plasma components including proteins, lipids, and sugars are adsorbed onto the material
surface[89]. The types and quantities of molecules that are adsorbed are influenced by
material properties such as the topography, roughness, chemistry, and surface energy of
the implanted material[90]. Local cell interactions with DAMPs triggers the inflammatory
cascade[7]. Neutrophils infiltrate the site acutely after implantation and are the primary
cell type for the first 2 days, at which point macrophages, largely derived from infiltrating
monocytes, become the predominant cell type[91].

Presence of a biomaterial implant often leads to a chronic inflammatory state in which

the strong acute inflammatory response following implantation never resolves. Adherent
macrophages will fuse to form foreign body giant cells (FBGC), large multinucleated
cells, that to try to degrade the material by secreting reactive oxygen species (ROS)

and degradative enzymes, a process called frustrated phagocytosis[89]. Additionally, a
high concentration of cytokines, such as TGF-B, around biomaterial implants promotes
the transformation of fibroblasts to myofibroblasts that secrete copious amounts of ECM
proteins, forming a fibrotic capsule around the biomaterial implant[35, 92]. Fibroblasts
begin to appear around 7 days post implantation and increase in number until day 28 when
they represent the majority of cells in the fibrotic capsule[35, 93]. In addition to the surface
properties that modulate protein adsorption to the material, other bulk material properties
such as stiffness[94], adhesivity[95], porosity[96], and particle size[97] can modulate this
response.
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Macrophages are critical regulators of the FBR. Several macrophage depletion studies

have demonstrated that depletion of macrophages from the foreign body environment
significantly reduces or eliminates the FBR [35]. The depletion of macrophages using a
transgenic MaFIA mouse model significantly reduced cell adhesion to implanted alginate
spheres, a critical step in the initiation of the FBR [97]. Studies using clodronate liposomes
as a method of depleting macrophages have also demonstrated that macrophage depletion
reduces neovascularization, FBGC formation, and fibrotic capsule development [93, 98]. A
recent study by Doloff et al utilizing a series of macrophage, neutrophil, and lymphocyte
knockout models showed that depletion of macrophages by clodronate liposome eliminated
the FBR to implanted alginate, whereas elimination of other immune populations had less
significant or no effect on the FBR [99]. CSF1R, a gene specific to macrophages within the
foreign body microenvironment, was identified as a key component of the FBR. Inhibiting
CSF1R using the small molecule inhibitor GW2580 minimized fibrous encapsulation of the
alginate gels while leaving other macrophage functions, such as VEGF and ROS production,
unchanged[99].

6. Macrophage phenotype during the FBR

Although the requirement for macrophages in the FBR is well established, the phenotype of
macrophages involved in the FBR and how these phenotypes may change over the course of
FBR development are not well understood and reports are often conflicting. Recent intravital
imaging studies have shown that M1-like macrophages are the predominant phenotype at

all stages of the FBR, from initiation to FBGC formation and fibrous encapsulation in mice
[98] and zebrafish[100]. In the zebrafish study, treatment with the anti-inflammatory agent
hydrocortisone or using zebrafish with mutant CSF1R significantly reduced the amount of
fibrosis and the number of FBGCs, indicating that a chronic inflammatory state may be
responsible for progression of the FBR. This is consistent with other studies that have shown
that materials and surface coatings that reduce the amount of M1 activation and increase the
ratio of M2 to M1 macrophages correlate with less fibrosis and FBGC formation[101, 102].

Complicating this model, however, is the fact that /n vitro FBGC formation is highly
dependent on I1L-4 and IL-13 signaling, both of which are potent M2 modulators[89, 103].
Additionally, the macrophage mannose receptor (CD206), a marker of M2 phenotype,

has been shown to play a role in macrophage fusion, and inhibition of CD206 prevents
multinuclear FBGC formation[104]. Furthermore, while M1-associated pro-inflammatory
cytokines such as TNFa and IL-1a are described to be transiently present near implants

at early time points, cytokines typically associated with M2 macrophages including TGF-B,
PDGF, and IL-10 are associated with more extensive implant fibrosis, likely due to the role
these cytokines play in promoting fibrosis[105-107].

In addition to the seemingly incongruent roles ascribed to M1 and M2 macrophages

during FBR, several studies have also reported co-expression of M1 and M2 markers in
macrophages associated with FBR[108-110]. Many of these studies analyze the biomaterial-
associated macrophage phenotype by histology using a limited number of surface markers,
making it difficult to ascertain whether these FBR-associated macrophages are a hybrid
phenotype co-expressing M1 and M2 markers or both M1 and M2 macrophages are present
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at the site at various ratios that change in time. Moreover, interpretation of studies performed
using a variety of materials in a variety of different /n vitroand in vivo models makes
cross-study analysis challenging.

7. Macrophage heterogeneity in the biomaterial immune
microenvironment — beyond M1 and M2

Recent exploration of the /n vivo biomaterial immune microenvironment has revealed the
existence of macrophage phenotypes defined by markers outside the M1/M2 paradigm, often
with no clear relation to the M1/M2 activation status of the cells. Sadtler et al. identified

a scaffold associated macrophage phenotype (termed SAMSs) with the expression pattern
F4/80*CD11c*~CD206MCD86*MHCII* in macrophages associated with both ECM-derived
and synthetic matrices in subcutaneous and volumetric muscle loss injury environments[111,
112]. More recently, a SAM-type population has also been reported in the microenvironment
surrounding biomaterials implemented to treat both cancer[113] and type 1 diabetes[114].
These SAMs express both the classical M1 marker CD86 and the classical M2 marker
CD206, in line with the hybrid phenotypes previously described in the biomaterial immune
environment[110]. A subpopulation of these cells also, interestingly, co-expresses F4/80, an
established murine macrophage marker, and CD11c, which is frequently used as a dendritic
cell marker, but is also canonically expressed by several TRM populations (e.g., alveolar
macrophages and intestinal macrophages). Inflammatory, monocyte-derived F4/80*CD11c*
macrophages (also referred to as hybrid antigen-presenting cells) have also been identified
in several tissues including intestine, lung, spleen, and vasculature, with an increased
presence of this cell population during inflammatory processes such as infection, cancer, and
atherosclerosis[115-117]. Whether these F4/80*CD11c* macrophages are broadly relevant
across different inflammatory conditions or represent tissue-specific or biomaterial-specific
populations remains to be determined.

Using single cell RNA sequencing (scRNA-seq) techniques, Sommerfeld et al.

further probed the gene expression patterns of macrophages associated with

fibrotic (synthetic) or regenerative (ECM-derived) scaffold environments[118]. In the
regenerative environment, phagocytic F4/80*CD301b*CD9~CD206" and non-phagocytic
F4/80*CD301b*CD9*CD11c* phenotypes were identified. Macrophages associated with
the fibrotic environment were CD301b~CD9" and expressed genes associated with
autoimmunity including IL-36y, a cytokine associated with a type 17 immune response, and
Trem1. Type 17 inflammation has been shown to play a critical role in fibrosis associated
with the FBR[119]. CD9* macrophages have also been associated with fibrotic processes
related to liver cirrhosis[120] and atherosclerosis[121]. Indeed, when examining other data
sets, Sommerfeld et al. also found CD301b~CD9M macrophages populations within human
sarcoma and idiopathic pulmonary fibrosis samples, indicating a possible broader relevance
of these markers for identifying a subpopulation of macrophages associated with fibrosis and
inflammation.
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8. Macrophage ontogeny — tissue-resident macrophages vs. monocyte-

derived macrophages

In addition to the different roles that macrophages play based on their activation state,

their ontogenetic origin can heavily influence their behavior (Fig. 2). There are two main
ontogenetic classes of macrophages: TRMs and moMs. TRMs perform tissue-specific
functions to maintain homeostasis within their local niche (reviewed [1, 122, 123]).
Although it was originally assumed that TRMs arose from the differentiation of circulating
monocytes, recent studies have demonstrated that most TRMs originate from the early yolk
sac or fetal liver and populate their resident tissue during fetal development[124-126].
Under homeostatic conditions, many TRM populations are able to self-maintain within their
niche via longevity and limited self-renewal, independently of adult hematopoiesis[127],
with the notable exception of intestinal TRMs[128]. The niche is critical in driving the
maturation of functional, tissue-specific TRMs, irrespective of ontogenetic origin (e.g. yolk
sac, fetal liver, or adult monocytes)[129, 130]. Additionally, TRMs themselves are sensitive
to the niche in which they reside, and they readily change their transcriptional program

in response to new environments[131, 132]. When designing biomaterials for regenerative
medicine, it is therefore critical to think about the tissue-specific functions that macrophages
must fulfill in order to return to tissue-specific homeostasis and also the niche-specific
factors required to promote the maturation of tissue-specific macrophage phenotypes.

Inflammation requires the rapid recruitment of myeloid cells to the site of injury. For

this reason, acutely following injury, there is a large influx of Ly6CNICCR2* monocytes,
where their egress from the bone marrow and entry into the inflamed tissue are both
CCR2-dependent processes[133, 134]. Monocytes and moMs rapidly become the major
class of mononuclear phagocytes at the injury site, where they perform a variety of functions
from antigen-presentation to promoting and resolving inflammation to repopulating empty
TRM niches (reviewed [135, 136]). A continuum of phenotypic states from monocyte

to moM has been demonstrated to exist as monocytes progressively lose monocyte
characteristics and gain those of macrophages through a process termed the “monocyte
waterfall[137].” In the classical monocyte waterfall model, originally outlined during the
process of intestinal macrophage repopulation, monocytes transition through four phases:
(P1) Ly6CNMHC™11"CCR2* monocytes that are phenotypically similar to blood monocytes,
(P2) Ly6C*MHC™1I*CCR2* monocytes upregulate MHC-I1, (P3) Ly6C"MHC-II"CCR2™
intermediates downregulate Ly6C and markers of extravasation such as CCR2, and finally
(P4) Ly6C~ MHC-II*CCR2™ (CX3CR1MCD64M) cells upregulate markers such as CX3CR1
giving rise to mature macrophages[138, 139]. A recent study has also shown that, upon
arrival in the tissue, Ly6CN monocytes give rise to two distinct interstitial macrophage
populations, one associated with nerve bundles and one with blood vessels, a dichotomy
observed across several tissues[140]. In addition to the phenotypic heterogeneity that

arises as a result of the monocyte to moM maturation process, monocytes themselves are
comprised of multiple subpopulations, most notably the Ly6C"i classical monocytes and
Ly6C'® non-classical monocytes in mice (CD14*CD16~ and CD14!°CD16* respectively in
humans), which have been shown to assume divergent functions during homeostasis and
periods of inflammation[37, 135, 141, 142].
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9. Outlook

Macrophages are highly heterogeneous, a feature that allows them to play many key roles
during homeostasis, inflammation, and wound healing processes. This makes them an
attractive target for biomaterial-directed immunomodulatory strategies. However, when it
comes to macrophage phenotypes in the biomaterial immune microenvironment, there are
many outstanding questions.

Analysis of macrophages present in the FBR has conventionally been done using histology,
reporter genes, or flow cytometry techniques, which are all limited in the number of
markers they are able to analyze. While useful for gaining a general understanding of

the FBR as a whole, defining macrophage populations based off a limited number of
protein markers hinders finer understanding of the subpopulations present. Out of these
studies has arisen the question of whether “hybrid’ macrophage phenotypes, which express
both M1 and M2 macrophage markers, have a role in the FBR[110, 143]. While many
behaviors are attributed to macrophages at both ends of the M1/M2 spectrum, the function
of intermediary populations remains to be defined[144]. There is the additional question

of whether these M1/M2 hybrid cells represent a stable population or are a transient
population on their way to one end of the spectrum. A recent study showed that /n vitro
co-stimulation of macrophages with both M1 (LPS and IFN-y) and M2 (IL-4) stimuli results
in a heterogeneous population with a distinct global transcriptional program from M1 and
M2 macrophages[145]. Nevertheless, how ‘hybrid’ macrophages generated using this /n
vitro method relate to /7 vivo populations remains to be explored.

Further confounding /n vivo application of the M1/M2 phenotype paradigm is the presence
of both TRMs and moMs acutely following tissue injury [34, 146]. Immature moMs
express higher levels of M1-type markers, whereas mature TRMs express more M2-type
markers[131, 147]. During the course of tissue repair, moMs mature and increasingly
phenotypically resemble TRMs, a process that can take weeks[147]. Thus, initially, when
immature moMs predominate, local macrophage population will appear to be M1 polarized
and as the moM population matures the mixed moM/TRM population will appear to switch
to an M2 phenotype[34]. Ultimately, this raises the question of whether these markers are
solely indicative of macrophage activation, or more reflective of macrophage differentiation
and maturity. Additionally, the relative contributions of TRMs and moMs to inflammatory
and reparative processes remain to be studied in detail in many disease contexts, and this
subject has not been broached at all in the biomaterial environment. However, recently
researchers have shown that selective depletion of moMs, but not TRMs ameliorates
asbestos-induced lung fibrosis[148]. Thus, exploring the role of macrophage ontogeny in
the context of FBR, another fibrotic process, could be illuminating.

More research is needed to further understand the specific roles of macrophage phenotypes
in wound healing and fibrotic processes, including in response to implanted biomaterials.
Even small differences in macrophage activities may be important in orchestrating these
processes, and these differences will likely be appreciated at both the transcriptional and
post-transcriptional level (e.g. microRNAs, protein turnover)[149]. Furthermore, it is likely
that these differences will be tissue-dependent, time-dependent, and material-dependent, in
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cases where biomaterials are implanted. Understanding of macrophage phenotypes in all of
these contexts will be required to optimize biomaterial strategies for tissue integration and
wound healing.

Traditional immunology techniques such as flow cytometry and quantitative polymerase
chain reaction (QPCR) make studying macrophage heterogeneity challenging. Flow
cytometry is limited to probing a small number of pre-characterized proteins due to

the relatively small number of concurrent markers that can be run (~17 markers) and

can be further biased when performing analysis by hand using bivariate dot plots[150].
gPCR is limited by the need for pre-determined primer selection and design as well

as the fact that, traditionally, it is a measure of the gene expression of a population

of cells and thus not suitable for appreciating cell heterogeneity within this population.
With advances in cytometry techniques (e.g. mass cytometry (CyTOF) and spectral flow
cytometry), lineage tracing systems, and single-cell transcriptomics, rapid progress is being
made in identifying distinct macrophage subpopulations in a variety of contexts. CyTOF
allows for the simultaneous measurement of up to 40 markers on a single cell[151].
scRNA-seq allows for transcriptomic analysis through techniques based on next generation
sequencing, giving information on the expression of thousands of genes at the single

cell level[152]. An additional benefit of ScRNA-seq is its unbiased nature. Combined
with novel bioinformatics and dimensionality reduction algorithms (e.g. tSNE[153],
UMAP[154], FlowSOM[155], SPADE[156]), scRNA-seq can lead to the identification

of novel immune cell subpopulations without being biased by the selection of markers.
Emerging next-generating adaptions of single-cell transcriptomics (e.g. CITE-seq[157],
INs-seq[158]) are being developed that incorporate features of both flow cytometry and
scRNA-seq, integrating protein-level and transcriptome-level data from the same cell.
CyTOF and scRNA-seq, either alone or in combination, have been used to probe myeloid
cell heterogeneity and plasticity within a variety of immunological systems including
identification of macrophage subpopulations that contribute to pathological fibrosis in
the lung[159] and liver[120], identification of myeloid populations present during kidney
injury and repair[160], characterization of myeloid populations in a mouse model of
multiple sclerosis[161] and in human MS patients[162], and exploring aortic macrophage
heterogeneity in a mouse model of atherosclerosis[121].

When studying immune responses to biomaterials, consideration must also be given to
differences in immune system organization between animal models and humans. Due to
the difficulty of acquiring biomaterial explants from human patients, the vast majority

of biomaterial-related (immunological) studies occur in small animal models. Mice, in
particular, are used for this purpose due to their reproducibility, scalability, low cost, and
the range of transgenic models readily available for mechanistic studies. Although there

is appreciable homology amongst many human and murine immune cell subsets[163],
there is a significant body of literature highlighting immunological differences between the
two species [164, 165]. These include differences in cellular phenotypes[166], the ratio of
myeloid to lymphoid cells in the blood[167], signaling responses to molecules such as IFN-
v[168] and lipopolysaccharide (LPS)[169], macrophage gene expression /n vitro[170], and
transcriptional responses to inflammation[171]. Even considering high-level marker gene/
protein expression for general immune populations (e.g. monocytes, neutrophils), it is easy
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to identify discrepancies between organisms. For example, murine monocytes, neutrophils,
and macrophages can be identified by surface expression of Ly6C, Ly6G, and F4/80
respectively [163]. However, Ly6C and Ly6G have no know human orthologs [172] and

the human ortholog for F4/80, EMRL1, is an eosinophil-specific receptor in humans[173].
These immunological differences raise concerns over the ability to fully model human
immune responses to biomaterials and other immunomodulatory agents in mice. Thus, as we
continue to grow a more nuanced and complete understanding of macrophage phenotypes,
it will be critical to relate subpopulations identified in humans and mice to avoid designing
materials around macrophage subpopulations not present in human patients. One strategy
being explored is the development of methods for aligning transcriptomics data across
disease states[174], individuals[175], and species[175-177]. Using these methods, two
recent studies comparing human and murine mononuclear phagocyte populations reaffirmed
the existence of conserved broad immune populations between the two species[175, 176].
However, differences among subtype-specific gene sets[176] and significant variability in
macrophage subtype complexity between species[175] caution against blindly extrapolating
more specific immune cell states and genes from murine data to human immunology.

Exploration of the biomaterial immune microenvironment using high-dimensional data
analysis techniques is in its infancy. Insights gained from their application towards
understanding biomaterial-immune-tissue interactions will inform biomaterial design

by identifying novel macrophage phenotypes important in biomaterial-driven tissue
regeneration and fibrotic processes (Fig. 3). To capitalize on this new knowledge, novel
biomaterial strategies will likely also need to be developed. Due to the complexity

and plasticity of macrophage responses to tissue injury, it is unlikely that static

biomaterial systems will be able to overcome the challenge of integrating with the

immune microenvironment to promote biomaterial-tissue integration and tissue repair. Thus,
designing biomaterial systems to target one particular macrophage phenotype (typically

M2 in past literature) may have limited impact, as even current knowledge indicates that
M2 macrophages are not the only ones performing beneficial functions. Instead, novel
strategies involving dynamic systems, such as sequential drug delivery platforms[17, 178,
179] or biomaterial delivery of immunomodulatory cells that can actively interact with local
immune cells[25, 180, 181], could potentially result in more productive biomaterial-driven
macrophage immunomodulation.

Additionally, scRNA-seq is being used to identify novel transcription factors (TFs) and
receptors associated with specific macrophage subpopulations. Using biomaterials to
delivery molecules that directly target these TFs and receptors could allow localized and
prolonged modulation of specific macrophage phenotypes. For example, the transcription
factor interferon regulatory factor 5 (IRF5) has been shown to promote monocyte
differentiation into inflammatory macrophages[117]. The receptor TREM-1 has been
shown to have elevated expression in macrophages associated with fibrosis-inducing
biomaterials[118]. Inhibitory peptides have been previously developed for both IRF5[182]
and TREM-1[183] that could be potentially incorporated into biomaterials. SCRNA-seq
data has also demonstrated that macrophage heterogeneity varies between natural and
synthetic materials[118]. Given that, it is possible that as we broaden our understanding
of macrophage phenotypes related to other materials/material properties (e.g. chemistry,
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stiffness, surface topology, adhesivity), we could rationally design materials that elicit
certain macrophage phenotypes without the need for additional modulatory proteins/drugs.
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Statement of Significance

This review outlines the contributions of different macrophage phenotypes to different
phases of wound healing and angiogenesis. Pathological outcomes, such as chronic
inflammation, fibrosis, and the foreign body response, related to disruption of the
macrophage inflammation-resolution process are also discussed. We summarize recent
insights into the vast heterogeneity of myeloid cells related to their niche, especially

the biomaterial microenvironment, and ontogenetic origin. Additionally, we present

a discussion on novel tools that allow for resolution of cellular heterogeneity at

the single-cell level and how these can be used to build a better understanding of
macrophage heterogeneity in the biomaterial immune microenvironment to better inform
immunomodulatory biomaterial design.
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!:i_gure 1. Time course of immune cell recruitment and macrophage phenotype following tissue
injury.

N:eutilophils and monocytes predominate during the early inflammatory phase. Upon arrival
at the injury site, infiltrating monocytes differentiate into macrophages, which at first take
on an M1-type phenotype. Around days 4-7, the primary macrophage phenotype switches
from M1 to M2. Lymphocytes, fibroblasts, and tissue progenitor cells are also readily
recruited to the injury site during this period. For successful wound healing to occur, both
the inflammatory and regenerative phases of wound healing must terminate, resulting in a
return to homeostasis. If the inflammatory phase does not resolve, chronic inflammation will
result. Conversely, if the regenerative phase does not resolve, chronic fibrosis will result.
Tissue repair functions ascribed to M1 and M2 macrophages are listed in black. Pathological
processes associated with M1 and M2 macrophages are listed in red. Figure adapted from
[194].
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Figure 2. Factors contributing to macrophage heterogeneity.
During embryogenesis, tissue-resident macrophages (TRMs) are derived from the

embryonic yolk sac and fetal liver progenitors. Distinct macrophage phenotypes arise

as a result of the tissue niche in which the macrophage resides. Microglia (brain and
central nervous system), osteoclasts (bone), alveolar macrophages (lung), and intestinal
macrophages (intestine) are four examples of TRMs, and each organ system in the body
has its own unique TRMs. In the post-natal period and adulthood, monocyte-derived
macrophages arise from bone marrow progenitors and typically traffic to their destination
via the circulatory system. Ly6CN monocytes are typically the early responders to
inflammation and differentiate into M1-type macrophages upon arrival at the injury site.
Additionally, Ly6C" monocytes can fill empty TRM niches, such as in the intestine.
Ly6C!° monocytes patrol the vasculature during homeostasis and have been indicated to
preferentially differentiate into M2-type macrophages during inflammation. Tissue resident
macrophages have also been shown to have a more M2-like phenotype. During periods

of inflammation, macrophages are polarized along a spectrum of activation states from a
pro-inflammatory, M1-type phenotype to a pro-regenerative, M2-type phenotype, with most
/n vivo macrophages acquiring a phenotype somewhere in between the two extremes.
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Figure 3. Outlook.
Single-cell techniques for generating high-dimensional data, such as CyTOF and scRNA-

seq, can be combined with a variety of novel computational methods to achieve a more
nuanced understanding of biomaterial-associated macrophage heterogeneity. Subpopulation
identification: clustering cells by single-cell transcriptomic profiles can enable the
identification of subtypes and underrepresented or rare cell states, as well as biomaterial-
or disease-specific cells states when compared to the appropriate controls. Cell trajectory
inference: scRNA-seq data can be analyzed using pseudotime diffusion mapping or RNA
velocity algorithms to map cell trajectories over the course of a dynamic process, such as
differentiation, clonal evolution, or cell state transition, of a specific cell type or between
related cell types (e.g. from monocyte to macrophage). Cross-species analysis: single-cell
data can either be analyzed and annotated separately, then cross-annotated by hand or
combined into a single analysis/annotation step using unbiased, computationally intensive
methodologies[195]. Results of such studies can then be used to iterate on biomaterial

design.
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Table 1
Classifications of in vitro monocyte-derived macrophage subtypes.

Macrophages can be classified by their /in vitro differentiation stimuli into a classically activated (M1)
phenotype or one of several alternatively activated (M2) phenotypes. These phenotypes are characterized

by their surface markers (receptors), gene expression, cytokine secretion, and resulting associated functions.
Genes denoted (mo) are markers for macrophage subtypes in murine, but not human, cells. IFN-y: interferon
gamma, TLR: toll-like receptor, LPS: lipopolysaccharide, TNF-a.: tumor necrosis factor alpha, IL: interleukin,
TGF-B: transforming growth factor beta, NOS2: nitric oxide synthase 2, Argl: Arginase-1, Fizz1: resistin-like
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molecule alpha, Yml: chitinase-like protein, PGE2: prostaglandin E2, PAF: platelet-activating factor, MMP:
matrix metalloproteinase, VEGF: vascular endothelial growth factor.

M1 M2a M2b Ma2d M2esr
Inmmine IL-6. TIR
, IFN-y, TLR complexes iz
In vitro
agonists (e.g. 14, IL-13 (ICs), TLR H10, Lol Efferocytosis
stimulation: d TGF-f1 Adenosine
LPS), TNF-u agonists (e.g. P ot
LPS), IL-1 saRagonists
Surface CDS6, CDS0, gfzg MHC-L
markers: MHC-II, MHC-IT CD36 CD163,
TLR2. TLR4 CCR2, TLRI, ? ?
TLRS8
Argl (mo),
Marker NOS2 (mo} Fiz=1 (lm), NOS2 (mo)
genes: Yml (mo)
Associated TNF-q, IL-1
S 2 ’ IL-10, TGF-p. TNF-a, IL-1, TGF-p,
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