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Abstract

Biomaterial-mediated inflammation and fibrosis remain a prominent challenge in designing
materials to support tissue repair and regeneration. Despite the many biomaterial technologies that
have been designed to evade or suppress inflammation (i.e. delivery of anti-inflammatory drugs,
hydrophobic coatings, etc.) many materials are still subject to a foreign body response, resulting
encapsulation of dense, scar-like extracellular matrix. The primary cells involved in biomaterial-
mediated fibrosis are macrophages, which modulate inflammation, and fibroblasts, which
primarily lay down new extracellular matrix. While macrophages and fibroblasts are implicated in
driving biomaterial-mediated fibrosis, the signaling pathways and spatiotemporal crosstalk
between these cell types remain loosely defined. In this review we set out to decipher the role of
M1 and M2 macrophages (and soluble cues) involved in the fibrous encapsulation of biomaterials
in vivo. Additionally we also focused this review on fibroblast and macrophage crosstalk /n vitro,
along with /7 vitro models to study the foreign body response. Lastly, we highlight several
strategies that have been used to specifically modulate macrophages and fibroblast behavior /n
vitroand in vivoto control biomaterial-mediated fibrosis.
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1. Introduction

Each year in the U.S., tens of thousands of biomaterial implants and medical devices are
implanted into patients to repair, replace, or regenerate damaged tissues throughout the body
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[1.2], As the size of the biomaterials-based medical devices market and number of Food and
Drug Administration (FDA)-cleared and -approved products continues to grow [3: 41, failure
to achieve clinical or patient satisfaction remains a significant challenge for biomaterials
engineers. The clinical and research-based incidences of such failures are difficult to
quantify due to the diversity of biomaterial therapies, applications in which they are used,
and reasons for biomaterial removal or revision. However, it is known that all materials are
subject to the inflammatory response upon implantation. The host response to an implanted
biomaterial remains a continuing challenge for the future of regenerative biomaterials for
applications in tissue repair and regeneration [,

When diseased or damaged tissue becomes non-functional (i.e. from trauma, degenerative
processes, etc.), biomaterials are employed to aid in repair and regeneration. When
biomaterials require surgical implantation, this additional injury may magnify the biological
response to the biomaterial. Following biomaterial implantation, a series of well-established
biological events is initiated [6], starting with protein adsorption to the biomaterial surface.
Through damaged blood vessels, platelets migrate to the site, where complement activation
is initiated to form a transient provisional matrix on and around the biomaterial. The
extravasation of blood also initiates the recruitment of innate immune cells, including
neutrophils, monocytes, and macrophages to the biomaterial implant and surrounding tissue.
The provisional matrix and influx of innate immune cells present myriad
microenvironmental signals including structural and cellular components along with
cytokines, growth factors, chemoattractants, and other bioactive signals to initiate the
inflammatory response by macrophages. Macrophages function to clear debris, bacteria,
apoptotic cells, and foreign material via phagocytosis; secrete enzymes that remodel the
blood-based provisional matrix; and produce signals that recruit additional support cells,
such as fibroblasts. Fibroblasts migrate, proliferate, and produce new extracellular matrix
(ECM) to repair and replace damaged tissue in the vicinity of the implanted biomaterial. The
newly formed ECM surrounding the biomaterial either (1) integrates with the biomaterial
and facilitates tissue repair or regeneration of new tissue over time, or (2) develops into a
pathological positive feedback loop where more and more ECM is deposited. This process,
known as the foreign body response, isolates the biomaterial from the rest of the body in a
thick collagenous scar-like tissue capsule, rendering the biomaterial nonfunctional (for a
review of the foreign body response, see Ref. [¢]). During the foreign body response,
macrophages fuse into multinucleated foreign body giant cells (FBGCs) that secrete
enzymes that degrade the foreign material if possible [7- 8. With macrophages being the
driver of inflammation and fibroblasts being critically involved with laying down new ECM,
it is clear that these cells are tightly regulated in vivo to facilitate healthy tissue repair [9 101,
Although macrophages and fibroblasts have each been shown to play independent roles in
tissue repair and the foreign body response, it remains unclear how these cells communicate
with one another in these processes to promote healthy tissue regeneration.

This review highlights recent work that has investigated macrophage and fibroblast behavior
within the context of biomaterial-mediated fibrosis, macrophage-fibroblast crosstalk, and
various biomaterial and drug delivery strategies that modulate macrophage and fibroblast
behavior to promote tissue regeneration. Lastly, we provide perspective on remaining
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questions and future directions within the scope of macrophages and fibroblasts in
biomaterial-mediated fibrosis.

1.1. Macrophages

It has long been established that macrophages are the primary cell at the biomaterial-tissue
interface [11]. Several studies from the 1950’s and 1960°s described how sutures derived
from various materials elicited different responses /n vivo. For example, materials like
multifilament silk sutures implanted in heart tissue elicited early (24 hours to one week)
qualitative inflammation, thrombus, and suppuration formation, which were associated with
a high number of macrophages, FBGCs, and edema; three to six months later, the same silk
sutures were associated with sterile abscesses and granuloma formation, suggesting that the
early immune response to biomaterials was critical to the long term function and outcome
(12, 13] \What we now appreciate is that macrophages are highly plastic cells that exhibit a
spectrum of phenotypes in response to local cues in vitroand in vivo 141, Although
macrophages are most commonly referred to as either classically activated/pro-inflammatory
“M1” or alternatively activated/anti-inflammatory “M2”, aligning with the helper T cell
nomenclature [23], many other phenotypes exist. Specific phenotypes that have been
identified and characterized in the context of tissue repair include M1, stimulated with pro-
inflammatory signals like lipopolysaccharide (LPS), interferon-gamma (IFN+y), or tumor
necrosis factor alpha (TNFa); M2a, stimulated with Th2 cytokines such as interleukin-4
(IL4) with or without interleukin-13 (IL13); M2b, stimulated with immune complex (IC)
and LPS; M2c, stimulated with the anti-inflammatory cytokine interleukin-10 (IL10),
glucocorticoids, or transforming growth factor beta (TGFB1) [16. 171: M2d, simulated with
Toll-like receptor ligands and adenosine A,a receptor agonists [18]; and M2f, stimulated via
uptake of apoptotic cells [19: 201 (Figure 1). It is worth noting that the nomenclature of
macrophage phenotype is somewhat controversial [17]. In this review we will use the M1/M2
nomenclature, as opposed to “classically/alternatively activated,” or others, because it is
agnostic about macrophage function, which is context-dependent, as discussed in Ref [21],
Macrophage fusion into FBGCs might also be considered a distinct macrophage phenotype;
while the M2a-promoting cytokine 1L4 has been used to promote macrophage fusion in vitro
[22, 23] and has been associated with increased scar formation and fibrous encapsulation of
biomaterials [24: 251, FBGCs appear to exhibit characteristics that are associated with M1 and
M2 subtypes [26-28] |t is also important to note that macrophage fusion /7 vivo requires
significant signaling from various lymphocytes, including natural killer cells, T and B cells
[29] along with activation of chemotactic pathways [30]. Indeed, a recent study used a series
of macrophage, neutrophil and lymphocyte knockout models to identify the macrophage-
specific gene, colony stimulating factor 1 receptor (CSF1R) as being key to the foreign body
response and associated with FBGC formation [311. Doloff et al., found that inhibiting
CSF1R resulted in no fibrous encapsulation formation and protected normal macrophage
functions important for normal tissue regeneration, including secretion of VEGF, reactive
oxygen species (ROS) production, and phagocytosis [31. While FBGC formation has
typically been associated with fibrous encapsulation of biomaterials, one study showed that
FBGCs aid in phagocytosis of larger debris including fibrotic tissue deposits [32], suggesting
that FBGC formation is not always a detrimental process. Relatedly, biomaterial-mediated
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fibrosis in general is not always detrimental; for example, fibrotic ingrowth into surgical
meshes is an important means by which internal wounds are sealed [33].

In addition to the stimuli described, macrophage behavior is affected by microenvironmental
features, including biomaterial properties such as shape and geometry 341, biochemical
surface or composition [35-411 mechanical stiffness [42], topography [43: 441, porosity [45. 461,
and release of proteins or drugs [37:47. 48], Furthermore, tissue-resident and monocyte-
derived macrophages also display distinct phenotypes and functions when cultured /in vitro,
and are indistinguishable from each other Jin vivo (49, Lastly, macrophages often exhibit
hybrid phenotypes, displaying characteristics of M1 and M2 phenotypes simultaneously,
especially in the complex environment surrounding implanted biomaterials [40. 471: the role
and function of macrophages displaying a hybrid phenotype, which could be an entirely
distinct phenotype, remain unclear in biomaterial-mediated fibrosis. These reports illustrate
that macrophages are intimately involved in the body’s natural response to biomaterials (and
soluble cues), and can ultimately exhibit a vast array of possible phenotypes and functions.

1.2. Fibroblasts

All connective tissues in the body are comprised of highly dynamic interstitial fibroblasts
that are incorporated in an extracellular matrix comprised of proteins such as collagens,
elastin, laminin, and proteoglycans 5%, Fibroblasts are ECM-producing mesenchymal cells
derived from embryonic mesoderm [591, although their progenitor source is somewhat
controversial, with evidence suggesting they derive from circulating cells from bone marrow,
epithelial, endothelial, and hematopoietic origin (for reviews, see Refs. [51-53]). More
recently, it has become appreciated that fibroblasts are particularly heterogenous and highly
plastic in their phenotypes across tissues and even within the same tissue, such as the skin
[10], Despite the challenges in defining fibroblast phenotype, it is well established that
fibroblasts play a significant role beyond that of ECM deposition, including indirect roles in
inflammation 541, angiogenesis [5%], cancer progression 381, others. Additionally, fibroblasts
can be activated or transformed into distinct phenotypes with unique behaviors and
functions, including proto-myofibroblasts, myofibroblasts, and fibrocytes (extensively
reviewed by Reilkoff et al. [57]). Following tissue injury, fibroblasts are activated by a variety
of chemokines and cytokines, along with mechanical and physical microenvironmental
changes. One of the first steps following injury, besides complement and the inflammatory
cascade, is fibroblast migration and activation into ‘proto-myofibroblasts’ in response to
changes in the ECM and the various signaling factors from immune cells and platelets.
These provisional cells generate cell-ECM contacts via weak focal adhesions, and later
undergo mature differentiation into myofibroblasts [°81. Myofibroblasts are hallmarked by
their excessive ECM deposition, high contractile stress fibers incorporated with alpha-
smooth muscle actin (aSMA) 59, with differentiation occurring via chemical (i.e. TGFB1
and reactive oxygen species (ROS)) [60. 611 and/or mechanical (i.e. tensile forces) [62]
mechanisms. As normal healing occurs, myofibroblasts undergo programmed apoptosis,
mediated by the lack of chemical signals (i.e. decreased TFGPB1) [63] and/or when the newly
formed ECM provides independent mechanical support, facilitating mechanical release of
weak focal adhesions [64], which collectively facilitate ECM remodeling (5], Similar to
macrophages, fibroblast behavior and differentiation is context- and time-dependent. The
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controlled and transient presence of myofibroblasts is critical for normal tissue repair [66: 671,
On the other hand, chronic inflammation, disease, cancer, and the foreign body response are
associated with a myofibroblast positive feedback loop causing proliferation and migration,
ultimately leading to excessive ECM deposition, contracture, and fibrosis [68-701.

Due to the highly dynamic nature of macrophages and fibroblasts, assessing and tracking
their behavior /n vivo can be particularly challenging; surface markers, genes, and protein
secretion often overlap between phenotypes, and depending on the progenitor source, the
same cell might express a completely different set of markers and have completely different
functional behaviors. Several review articles have highlighted the particularly heterogenous
nature of fibroblasts [10. 71. 721 as they exist in nearly every tissue and organ; for example,
fibroblasts within the skin are derived from two distinct lineages, which are functionally and
phenotypically different within the context of tissue repair [73]. A concomitant challenge is
that a specific marker to distinguish fibroblasts and MSCs has not been identified [74]. In
addition to macrophages and fibroblasts, other innate immune cells and lymphocytes are
involved in the cellular response to implanted biomaterials [7>]. However, within the scope of
this review, we will primarily focus on the role of macrophages and their crosstalk with
fibroblasts.

2. Therole of macrophages in the foreign body response and fibrosis in

Vivo

2.1. Overview

Primary research on macrophage behavior typically falls under the M1-M2 paradigm.
Investigating macrophage behavior within this context has been particularly useful, albeit
oversimplified, for establishing that macrophage phenotype is spatiotemporally regulated
and unique to various disease states and pathologies. For example, it is known that
macrophages exhibit temporal shifts from an M1 phenotype (immediately to three days-post
injury) to an M2-like phenotype that may be most closely related to M2a (four to seven
days-post injury) during normal wound healing and tissue regeneration 77 vivo[47.76. 771,
M1 macrophages are known to secrete elevated levels of a potent angiogenic factor, vascular
endothelial growth factor (VEGF), and pro-inflammatory cytokines, such as tumor necrosis
factor-alpha (TNFa) and interleukin-1-beta (IL1p), while M2a macrophages have been
shown to secrete high levels of a powerful mitogen, platelet-derived growth factor-BB
(PDGF-BB) [41] along with pro-fibrotic chemokine (C-C motif) ligand 17 (CCL17) and
ccL18 [78-801 Failure of macrophages to naturally and sequentially transition over time
from M1 to M2a has been associated with dysregulated functions including the non-healing
nature of chronic wounds [81] and inhibited wound re-epithelialization [82: 831 while the
elimination of M1 macrophage behavior and/or premature promotion of the M2a phenotype
have been associated with delayed wound healing [84], excessive ECM deposition [85],
poorly formed neo-vascularization [86], and pathological fibrosis [87: 88],

Despite research illustrating the dynamic behavior of macrophages, a common
misconception remains that biomaterials that promote the M2 phenotype are “good” because
of anti-inflammatory properties, while materials that promote the M1 phenotype are “bad”
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due to the risk for chronic inflammation. To illustrate that a delicate and temporally
controlled balance in these two phenotypic extremes is required to facilitate optimal tissue
repair and regeneration, in this section we break down and review studies that have
examined the role of specific macrophage phenotypes within the context of the foreign body
response /n vivo (Figure 2).

2.2. Role of M1 macrophages in fibrosis

Traditional investigations of the foreign body response have been performed using
histological and immunohistochemical techniques; recently, Li and Liu completed a
thorough review examining various visualization techniques that have been developed and
used to evaluate cell behavior /n vivo, including more advanced techniques such as second
and third harmonic generation, which facilitates visualization of cells and structures /in vivo
in real time without fluorescent labeling [89]. In a recent study, second and third harmonic
generation combined with immunohistochemistry were used to interrogate macrophage
phenotype and fibrous capsule surrounding a 3D electrospun poly(caprolactone) (PCL)
scaffold implanted subcutaneously within a dorsal window chamber in C57BL/6-Tg(UBC-
GFP) mice, in which cells of hematopoietic origin are fluorescent [%0. Dondossola et al.
found that VEGF was produced by cells surrounding the PCL scaffold fibers that were
positive for CD68+, a general macrophage marker, as well as interferon regulatory factor 5
(IRF5) 1991 which is a validated M1 marker in murine and human macrophages [92. Cells
surrounding the PCL scaffold were negative for CD163, which is expressed specifically by
human M2c macrophages but is co-expressed by murine M2a and M2c macrophages

[90, 92, 93] These M1-like and VEGF-producing macrophages were associated with an
immature neovascular network and a dense fibrous capsule after 2-4 weeks [90],
Administration of clodronate liposomes, which kill macrophages by inducing apoptosis
following phagocytosis, resulted in significantly reduced neovascularization and fibrous
capsule thickness. Equivalent reductions in the fibrous capsule thickness and the numbers of
blood vessels and FBGCs were observed even four weeks after the initial treatment with
clodronate liposomes, as well as after blocking angiogenesis by neutralizing VEGF via a
chemical inhibitor. Together, these results suggest that M1-derived VEGF may directly
contribute to the fibrous capsule formation [9. Additionally, low-fouling poly(2-
hydroxyethyl methacrylate) (PHEMA) hydrogels implanted subcutaneously in C57BL/6
mice resulted in significantly elevated collagen density, decreased blood vessel count, and a
higher proportion of M1 macrophages (iNOS, IL1R1, TNFa, CCR7, IL12) in the
surrounding tissue relative to ultra-low fouling, zwitterionic poly(carboxybetatine
methyacrylate) (CBMA) hydrogels [°4. Moreover, CBMA hydrogels exhibited a higher
proportion of M2 macrophages (MRC1, Argl, IL10, scavenger receptor B I/11 (SRBI/II),
F1ZZ1) with significantly lower collagen density in the surrounding tissue [94]. These
findings may suggest that materials that promote a more M1-like response (relative to M2)
may lead to fibrous capsule formation and subsequently implicate M1 macrophages in the
process. On the other hand contradictory findings concerning the role of M1 macrophages in
fibrous capsule formation were found in another study in which hexamethylenediisocyanate-
crosslinked dermal sheep collagen (HDSC) discs were subcutaneously implanted into
macrophage Fas-induced apoptosis (MaFIA) mice [95]. MaFIA mice are derived from the
C57BL/6 background and facilitate user-controlled macrophage depletion via administration
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of the small molecule AP20187 [95]. In contrast to the previously described study,
macrophage depletion resulted in significantly increased fibrous capsule thickness and
increase in number of fibroblast-like cells around the HDSC disc [9°]. Moreover, the tissue
surrounding the HDSC discs in macrophage-depleted mice exhibited decreased expression
of M1 markers (IL1B, TNFa, CCL2 (a.k.a. macrophage inflammatory protein-1 alpha
(MIP-1a)), and MMP13 [96-981y ‘along with increased expression of collagens, TIMPs,
fibroblast-stimulating growth factors, and MMP2 [95], These results suggest that the HDSC
scaffolds also promoted an early M1-like phenotype, similar to the electrospun PCL fibers in
the aforementioned study by Dondossola et al. It is possible that experimental differences,
such as macrophage depletion methods in MaFIA mice compared to clodronate liposomes
[26. 95] 'hiomaterial architecture (porosity, thickness), and surface chemistry may have
caused the disparate effects of M1-like macrophages in fibrous capsule thickness.
Nonetheless, these studies support the fact that M1-like macrophages play a critical
regulatory role in biomaterial-mediated ECM deposition. These studies and other seminal
works regarding macrophage phenotype in the foreign body response are summarized in
Table 1.

M1-related signals have also been implicated in promoting fibrosis in the absence of
biomaterials. Macrophages from patients with idiopathic pulmonary fibrosis (IPF) express
elevated levels of IL1B, which in turn promoted increased expression of collagen (type I and
111) and fibronectin [99]. IL1B appears to serve an important role in the initiation of
pulmonary fibrosis, based on the ability of intratracheal delivery of IL1p to recapitulate
bleomycin-induced pulmonary fibrosis [190]. Moreover, activation and cleavage of IL1p and
IL18, which are also found at elevated levels in patients with cardiac fibrosis [192] in addition
to idiopathic pulmonary fibrosis, have been associated with inflammasome activation [192],
Inflammasome activation, which is upregulated in M1 macrophages [103] and inhibited in
M2 macrophages [104] involves the formation of intracellular multimeric protein complexes
that primarily control the response to pathogen-associated molecular patterns (PAMPS) and
endogenous cell damage signals. There are several canonical pathways for inflammasome
activation; chief among them is NOD-like receptor-family Pyrin domain containing 3
(NLRP3) [105] Activation of the NLRP3 pathway is regulated by caspase 1 and apoptosis-
associated speck-like protein containing a caspase activation and recruitment domain (ASC),
which are specifically upstream of IL1p and I1L18. Inflammasome activation occurs in both
macrophages and fibroblasts, but investigations into its role in biomaterials and the foreign
body response have so far been limited to macrophages [19€]. Another canonical
inflammasome pathway, AIM2, along with ASC has been shown to modulate fibrotic
encapsulation and inflammatory cell infiltration in response to polymethyl methacrylate
(PMMA) beads /in vivo, which are particularly useful for local antimicrobial and antibiotic
drug delivery in orthopedic applications [1971. In AIM2 and ASC-deficient mice, PMMA
bead delivery promoted significantly less inflammatory cell infiltration and fibrous
encapsulation [108], Further work was done using PMMA beads to explore the relationship
between inflammasomes and the foreign body response, demonstrating that caspase 1, in
addition to ASC, mediate fibrous encapsulation and inflammation (199, Interestingly, a
recent study designed a biomaterial to inhibit inflammasome activation in order to mitigate
the foreign body response, further supporting a critical role of M1 macrophages in this
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process. Yao et al. developed a novel surface coating peptide for lanthanide-based
nanocrystal nanoparticles to effectively reduce NAPDH oxide-generated ROS, which
subsequently inhibited NLRP3 inflammasome activation in macrophages [119]. These data
identify and provide proof of concept that targeting the inflammasome may be a unique
strategy in biomaterial design to mitigate chronic inflammation.

Another pro-inflammatory cytokine, IL6, which both activates and is secreted by M1
macrophages 1111, has been associated with initiation of fibrosis, as IL6-deficient mice have
been reported to undergo less severe angiotensin ll-induced cardiac fibrosis as evidenced by
reduced aSMA, TGFp1, and collagen expression [112]. The role of IL6 in fibrosis was
further implicated /n vitro when authors showed that a 1:1 fibroblast and macrophage co-
culture caused fibroblasts to produce significantly more IL6 along with a SMA and collagen
| [112] When /n vitro co-cultures were treated with an IL6-neutralizing antibody, significant
decreases were observed in TGFB1 expression and phosphorylation of SMAD3, a
downstream signal in the TGFP pathway [112]. Ma et al. collectively concluded that
macrophages may stimulate cardiac fibroblasts to secrete IL6 and in turn drive fibrosis via
the TGFB pathway [112]. In addition to affecting the TGFp pathway, 1L6 has been shown to
induce STAT3 signaling in macrophages [113]. STAT3 signaling has a controversial role in
tissue fibrosis, with reports suggesting it may play a role in both anti- and pro-fibrotic
behavior [114], Fibroblast-specific knockout of STAT3 or blocking via pharmacologic
inhibitors resulted in significantly reduced models of systemic sclerosis, a fibrotic disease
characterized by the hardening of connective tissue [11°] suggesting that STAT3 signaling in
fibroblasts is pro-fibrotic. However, STAT3-deficient macrophages isolated from bleomycin-
induced fibrotic lesions displayed decreased expression of suppressor of cytokine signaling 3
(SOCS3), IL10, and decorin, as well as increased expression of TGFB1 compared to control
macrophages [114. 1161 which suggests that STAT3 signaling may also be anti-fibrotic.
Interestingly, when IL10 is used to induce STAT3 signaling in macrophages, it appears to
have anti-fibrotic effects on fibroblasts via regulation of TGF1 signaling [114]. Collectively,
these studies of fibrosis both in the presence and absence of biomaterials suggest that pro-
inflammatory signals from M1 macrophages may be important and early regulators of
fibrosis (Table 2). The contradictory nature of the findings motivate the need for future
research to understand the optimal level of M1 macrophage behavior that is advantageous to
inhibit excessive ECM deposition, while limiting the risk for chronic inflammation.

2.3. Role of M2 macrophages in fibrosis

For as many studies that have implicated M1 macrophages and pro-inflammatory signals in
fibrosis, equal numbers have implicated M2 macrophages. For example, M2 macrophages
(Argl*CD206") macrophages were associated with the fibrous capsule surrounding porous
collagen scaffolds implanted subcutaneously in mice, while vascularized collagen scaffolds
were characterized by fewer Argl* cells and more cells that were positive for M1
markers[41]. Other studies have demonstrated increasing expression of the M2 marker Argl
over time as the fibrous capsule thickened surrounding subcutaneously implanted hydrogels
[40. 1371 fyrther implicating M2 macrophages in biomaterial-mediated fibrosis, although M1
macrophages were also present in the fibrous capsule in these studies.
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With respect to fibrosis in the absence of biomaterials, previous research has shown that
senescent murine muscle is characterized by increased collagen content and tissue stiffness
with reduced expression of neuronal nitric oxide synthase (nNOS) compared to young mice,
which have been specifically linked with an upstream arginase-mediated mechanism
governed by M2 macrophages [118]. Wang et al. went on to show that the prevention of age-
related decreases in muscle nNOS expression, via a murine model that expresses a muscle-
specific transgene of NNOS, was associated with significantly fewer M2 macrophages and a
subsequent reduction in muscle fibrosis in older murine muscle tissue [871. Another series of
studies implicated macrophages and fibrosis in endometriosis, which have been described as
wounds that repeatedly undergo reinjury and repair [119]. To elucidate the role of
macrophages (and identify the specific phenotype of those was involved), Duan et al.
initiated a three-pronged study; first, endometriosis was induced in Balb/C mice via
intraperitoneal (IP) injection of endometrial fragments, followed by histological and
immunohistochemical analysis of markers related to macrophage phenotype, epithelial-
mesenchymal transition (EMT), fibroblast-to-myofibroblast transdifferentiation (FMT),
smooth muscle metaplasia (abnormal smooth muscle formation) (SMM), and fibrosis [120],
Follow up experiments utilized C57BL/6 transgenic mice expressing the human diphtheria
toxin receptor under the CD11b promotor (DTR-CD11b), which allows for macrophage
depletion upon administration of diphtheria toxin [121]. Authors examined the effects of
macrophage ablation and adoptive transfer of M1, M2a, and M2c macrophages after
induction of endometriosis for an additional three weeks [120]. The number of M2
macrophages (CD163+ cells) significantly increased in mice with induced endometriosis
over time, along with increased markers of fibrosis including total collagen (via Masson’s
Trichrome staining), and expression of aSMA (myofibroblast marker), phosphorylated
SMADS3 (epithelial marker), and CD41 (platelet aggregation) [120]. Interestingly, following
induction of endometriosis and macrophage ablation, administration of M2a macrophages
(cells positive for mannose receptor C-type 1 (MRC1), a.k.a CD206) promoted significantly
increased expression of fibrosis markers, collagen I, TGFB1, and aSMA compared to
administration of M1 (positive for induced nitric oxide synthase (iNOS)) or M2c (positive
for V-set domain-containing T-cell activation inhibitor (VTCN1), a.k.a. B7-H4))
macrophages [120].

Further elucidating the mechanisms behind the role of M2 macrophages in fibrosis, others
have investigated M2-associated signaling pathways. IL4 and I1L13, which are frequently
used to promote the M2a phenotype /n vitro, are secreted by Th2-polarized T cells,
granulocytes, monocytes, and macrophages. I1L4 signaling is initiated via two heterodimeric
transmembrane receptor complexes: the type | receptor, found on most hematopoietic cells,
includes IL4Ra and vy subunits, and the type Il receptor, found on many non-hematopoietic
cell types which include IL4Ra and 1L13Ra1 [122], Importantly, 1L13 signaling is primarily
initiated through the type Il receptor, but also through a functional cell surface IL13Ra.2
subunit (1231, Macrophages express both type | and type 11 receptors and subsequently, the
M2a macrophage phenotype is initiated through the binding of IL4 to the type I receptor or
the type 11 receptor, or both, in combination with 1L13 binding to the type I1 receptor [122].
Knockout studies have demonstrated the importance of 1L4 and 1L13 signaling in tissue
fibrosis; macrophages in cutaneous wounds of IL4Ra—/- mice exhibited a disrupted M1-to-
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M2 transition, as evidenced by significantly decreased expression of M2 markers, including
CD163, MRC1, PDGFB, and 1L10, and unchanged expression of M1 markers, IL13, TNF,
and IL6 over time, relative to controls [1241. Additionally, Knipper et al. also showed that
secretion of Retnla resistin-like alpha (RELMa) by M2a macrophages directly promoted
expression of the collagen-modifying enzyme LH2 in fibroblasts [124]. This study suggested
that 1L4 signaling was critical to the crosstalk between fibroblasts and macrophages by
promoting M2 polarization among macrophages, which in turn mediated collagen
production in fibroblasts during skin repair [124]. Indeed, other studies employed a series of
knockout models to demonstrate that mice with induced fibrotic chronic pancreatitis that
lacked IL4Ra, macrophage-specific IL4Ra, or IL4 and 1L13 resulted in diminished
evidence of fibrosis [125]. Moreover, when 1.4 and 113 were blocked in murine or human
ex vivo models with chronic pancreatitis, the number of M2a macrophages were
significantly reduced along with a subsequent decrease in fibrosis [125],

Macrophages stimulated with both 1L13 and the pro-inflammatory stimulus TNFa produced
significantly higher levels of TGFp1 relative to macrophages stimulated with IL4, IL13, or
IL4 in combination with TNFa [126]. Relatedly, when the IL13Ra.2 pathway was blocked,
there was a significant downregulation of TGFp1 production and collagen deposition in a
murine model of bleomycin-induced lung fibrosis [1261. Moreover, in a follow-up study
where the IL13/TGFp1 interaction was blocked by 1L13Ra2 silencing RNA (siRNA), heart
allograft fibrosis was prevented [127],

Another new and still developing area of research in fibrosis is macrophage-to-myofibroblast
transition (MMT). Recent work has shown that in renal fibrosis using macrophage lineage
tracing in mice, macrophages appear to transdifferentiate into myofibroblasts with elevated
aSMA and collagen 1 expression [128]. Biopsies of fibrotic lesions from human patients with
a failing renal allograft revealed CD68+ macrophages that were also aSMA+ and CD206+,
implicating M2 macrophages in this process 1281, Using murine knockout models, authors
found that SMAD3 signaling in M2 macrophages may be a key driver of the macrophage-
myofibroblast transition [12% 1301 |nterestingly, MMT has also been implicated in response
to biomaterial implantation; sterile cubes of boiled chicken egg white that were implanted
into MacGreen transgenic mice (csf1r-EGFP), which labels macrophage, trophoblast, and
granulocyte lineages [131] resulted in elevated levels of EGFP, F4/80, Ly6C, along with
aSMA [26], Flow cytometric analysis of fibrous capsule tissue after 14 days demonstrated
that 85% of aSMA+ cells co-expressed EGFP. These results suggest that macrophages
transdifferentiated into myofibroblasts, although in theory, they could also suggest that
macrophages fused with or phagocytosed a SMA+ fibroblasts. However, another study that
employed a model of renal fibrosis in Lyz2-Cre/Rosa26-Tomato lineage tracing mouse
demonstrated that approximately half of all aSMA+ myofibroblasts were of bone marrow-
derived macrophage origin [1301, Flow cytometry demonstrated that cell fusion was not
occurring among the myofibroblasts from the lineage tracing mice undergoing renal fibrosis.
These data shown were also collected on day 28, a time point by which the contents of the
phagolysosome would have been destroyed, indicating a SMA+ positive signal is unlikely to
be a result of phagocytosis [130]. Additional work by Sinha et al. demonstrated through a
series of knockout models, cross-reference immunostaining, transcriptomic analysis, and ex
vivo culture models, that over two-thirds of fibroblasts found in wound granulation tissue
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were confirmed myeloid-origin [132]. Based on these observations, it appears likely that
macrophage to (myo)fibroblast transition does occur.

These studies demonstrate a strong connection of M2-like macrophages and M2-associated
signaling (i.e. IL4, IL13, TGFB1) with fibrotic conditions ranging from the foreign body
response to endometriosis, renal- and heart-associated allograft fibrosis, and pulmonary
fibrosis.

2.4. Mixed M1 and M2 macrophages in biomaterial-mediated fibrosis in vivo

While several studies have identified important roles in fibrosis for either M1 or M2
macrophages or their signaling pathways, other studies have demonstrated a mixture of both
M1 and M2 macrophages in fibrotic regions. It stands to reason that the conflicting
information regarding the role of M1 and M2 macrophages in fibrosis may result from the
presence of both phenotypes cooperating to promote fibrosis, or that there is a hybrid
M1/M2 phenotype driving fibrosis.

Mooney et al. implanted cubes of boiled chicken egg white, as a model biomaterial, into the
intraperitoneal (IP) space of MacGreen mice; EGFP+ cells were sorted from the fibrous
capsule surrounding the foreign material at time points ranging from 2 days to 28 days post-
implantation, and subsequently processed for gene expression analysis by microarray
followed by network analysis [133]. Cells present at later stages (>14 days) of the foreign
body response expressed a mixture of M1 and M2-associated genes in addition to MSC-
associated genes [133]. The authors discussed similarities in the macrophages found in
foreign body response with fibrocytes, which are hypothesized to play a combined role in
inflammation and ECM deposition / remodeling (for review, see Ref. [571). The
transcriptional analysis demonstrated that macrophages within biomaterial-mediated
fibrosis, especially at later time points (>14 days), do not exbibit discrete M1 or M2
phenotypes, but rather express markers of both phenotypes and share similarities with
fibroblasts and fibrocytes [133],

In a separate series of studies, the primary cells involved in the foreign body response to
various biomaterials of different sizes and shapes (spherical or cylindrical) implanted into
the IP space of mice, rats, and non-human primates were characterized [34]. Biomaterial
shape, rather than material origin or stiffness, was the significant driver of the foreign body
response [34]. Alginate hydrogel cylinders and 0.5mm-diameter spheres implanted
subcutaneously in non-human primates for two weeks resulted in significantly more
macrophage deposition and fibrous encapsulation compared to 1.5mm-diameter spheres [34],
Further analysis was conducted in C57BL/6 mice to facilitate kinetic profiling of the host
response to alginate spheres via flow cytometry, intravital imaging, and gene expression
analysis to elucidate macrophage phenotype. The results revealed that the fibrosis-inducing
0.5mm-diameter spheres elicited significantly elevated numbers of macrophages at all time
points analyzed (1, 4, 7, 14, and 28 days) relative to the 1.5mm-diameter spheres via flow
cytometry and intravital imaging. Gene expression analysis showed that 0.5mm-diameter
spheres also promoted increased levels of markers associated with M1, M2a, and M2c
phenotypes, while 1.5mm-diameter spheres promoted increased levels of M1 and M2a
macrophages over seven days [34]. These findings may implicate M2c macrophages in
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driving fibrous capsule formation and/or that a hybrid M1/M2a phenotype is responsible for
promoting fibrous encapsulation. Indeed, colocalization of M1 and M2 macrophages has
also been observed surrounding HDSC scaffolds subcutaneously implanted in Albino
Oxford rats [134], glutaraldehyde-crosslinked gelatin hydrogels subcutaneously implanted in
C57BL/6 mice over three weeks [49], and mixed cellulose filters or polydimethylsiloxane
(PDMS) disks implanted into intraperitoneally in C57BL/6 mice for one week [135]. Moore
et al. investigated the foreign body response in mice deficient for MCP1 (aka CCL2) [135],
which has been associated with the M1 macrophage phenotype as well as macrophage
fusion into FBGCs [13¢]. In wild-type mice, macrophages surrounding the PDMS disks
upregulated the M1-associated TNFa and NFxB, as well as increased expression and
secretion of TGFB1, which is typically associated with the M2 phenotype 1351, These
processes, along with a diminished fibrotic response, were inhibited in MCPZ1-knockout
mice, suggesting a possible role of MCP1 in reducing inflammation and fibrotic behavior
[135], Moreover, Moore et al. also found that M1 (TNFa, IL1B, IL6, iNOS) and M2 (IL10,
Argl, CD36, Ym1) macrophages were both present in the fibrous encapsulation, but iNOS
and Argl were not co-localized via immunohistochemical staining, which may suggest both
M1 and M2 macrophages were present individually (as opposed to a hybrid phenotype) [135],

Collectively, these studies illustrate that macrophages exhibiting characteristics of both M1
and M2 macrophages are associated with the fibrous encapsulation of biomaterials.

3. Macrophage-fibroblast crosstalk in vitro

Due to the challenges in tracking macrophages and fibroblasts /n7 vivo, studies often employ
in vitro models to elucidate the how these distinct cell populations communicate to facilitate
tissue repair. Despite being oversimplified relative to the /n vivo environment, in vitro
studies have been critical to understanding the behavior of these cells and how they directly
and indirectly affect each other’s behavior within the context of fibrosis (Figure 3).

In the /n vivo environment, macrophages and fibroblasts communicate via juxtracrine and
paracrine signaling, which have been modeled /n vitro by culturing macrophages with
fibroblasts in direct contact or separated via transwell membranes. Utilizing murine primary
and cell-line derived cells, Holt et al. found that conditioned media from unactived
macrophages of the cell line RAW 264.7 as well as bone marrow-derived origin promoted an
increase in NIH 3T3 fibroblast secretion of pro-inflammatory cytokines (IL-6, TNFa,
MCP1, macrophage inflammatory proteins 1 (MIP1p) and 1a (MIP1a)) primarily during
the first three days of culture, an effect that tended to diminish over time [1371 In contrast,
NIH 3T3 fibroblast-derived conditioned media caused reduced pro-inflammatory cytokine
production in macrophages, suggesting that macrophages and fibroblasts may function in a
feedback loop to limit excessive pro-inflammatory cytokine generation [1371. Additionally,
fibroblasts and macrophages cultured under endotoxin challenge (LPS) resulted in
significant upregulation of all pro-inflammatory markers in both cell types and led to
macrophage fusion into FBGCs.

A more recent study was designed to delineate the effects of myofibroblast-derived signals
on M2a macrophages; primary murine bone marrow derived macrophages were pre-treated
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with IL4 and IL13 to generate M2a macrophages and subsequently cultured in primary
murine dermal myofibroblast conditioned media [138]. The authors found that myofibroblast-
conditioned media promoted increased gene expression of M2 markers arginase 1 (ARG1)
and chitinase-3-like 3 (YM1), along with spontaneous secretion of 1L10 and suppressed
nitric oxide (NO) production. To understand the downstream effects of this behavioral shift
in the macrophages, myofibroblasts were then cultured in conditioned media derived from
the M2a macrophages that had been cultured with myofibroblast-derived signals, which
resulted in reduced migration, expression of COX2, and production of PGE2 and PGD2
[138], These results suggest that M2a macrophages cultured with myofibroblast conditioned
media may in turn be able to inhibit downstream myofibroblast behavior in another feedback
loop [138], Similar results were observed in another study when primary murine cardiac
fibroblasts were pre-treated with TGFB1, simulating a myofibroblast-like phenotype and
subsequently co-cultured with monocytes; after 72 hour incubation, monocytes adopted an
anti-inflammatory phenotype, secreting increased levels of IL10 and decreased levels of pro-
inflammatory [1L.12 [139. 1401 Taken together, these results illustrate that M2a macrophage-
myofibroblast-signaling may bi-directionally regulate aberrant cell behavior [138].

In another study, conditioned media generated from different macrophage phenotypes was
employed to examine the effect of macrophage signals on fibroblast behavior. Conditioned
media from M1 macrophages promoted pro-inflammatory, but anti-fibrotic behavior in
fibroblasts, demonstrated by decreased collagen production and increased production of pro-
inflammatory factors (CCL2, IL6, CCL7, MMP-1, -2, and —3) [141]. The M2a macrophage-
conditioned media did not have a major effect on fibroblasts; however, when fibroblasts
were initially exposed to M1 signals and subsequently changed to M2a macrophage-
conditioned media, to mimic the natural sequential behavior of the M1-to-M2a macrophage
transition that is observed in wound healing /n vivo, fibroblasts downregulated pro-
inflammatory and enzymatic genes CCL2, IL6, and MMP1, and significantly upregulated
COL1AL1, after 72 and 144 hours [141]. In contrast, another study showed that M2a
macrophage signals did have a significant effect on fibroblast behavior, in that THP1-derived
M2a macrophage conditioned media promoted myofibroblast differentiation (evidenced by
increased levels of aSMA) of human dermal fibroblasts as well as increased collagen
production and expression of COL1A1, TGFB1 and TIMP1 [142],

Collectively, these results suggest that the M2 macrophage-derived signals directly influence
fibroblasts to express genes and secrete proteins to promote ECM deposition. Interestingly,
these findings appear to be in agreement with previously described results that suggested a
direct link between M2-like macrophages, MMT and fibrosis.

Models to examine biomaterial-mediated fibrosis

Several models and systems have been developed to specifically characterize macrophage
and fibroblast behavior /n vitroin 2D and 3D. These studies often use model biomaterials
with modifiable properties to demonstrate the versatility of the model in studying or
predicting changes in cell behavior.

Several studies have described 2D monoculture models to examine the behavior of
macrophages (thoroughly reviewed in Ref. [143]) or fibroblasts (reviewed in Ref. [144]) in
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response to changing biomaterial properties. Other /n vitro models have strived to add
complexity to the culture systems by adding signals from conditioned media generated from
other monocultures, or by introducing the other cell type separated by a transwell insert. In
one model, 54 different polymer surfaces were developed by manufacturing three different
polymer rods made of polycaprolactone (PCL) and two poly(ethylene oxide terephthalate)/
poly(butylene terephthalate)-based co-polymers PA300 and PA1000, which were each
subjected to changes in topography, roughness, hydrophobicity/hydrophilicity via solvent
surface etching with sodium hydroxide, physical surface etching with chloroform or
dichloromethane, or gas plasma treatment with argon, oxygen, or trifluoroethane [145],
Macrophages or fibroblasts were then cultured on the polymer rods placed on top of an
agarose mold to prevent cell attachment to the cell culture wells [145]. Cell attachment and
proliferation, pro-inflammatory cytokine (IL1p and IL6) and anti-inflammatory cytokine
(TGFB1 and IL10) secretion, and collagen and elastin synthesis were measured. Physically
etched polymers via chloroform resulted in decreased pro-inflammatory and increased anti-
inflammatory cytokine secretion in both fibroblasts and macrophages, along with the highest
levels of collagen and elastin production by fibroblasts. To add an additional element of
complexity, another model was developed to combine self-assembled monolayer
biomaterials with various changes in surface wettability and charge with cell culture fence
chambers with internal and external compartments that facilitated co-cultures of THP1-
derived macrophages and fibroblasts [146]. Hydrophobic surfaces prepared with methyl
(CHg3)-terminated groups yielded the most significant pro-inflammatory response in
macrophage-fibroblast co-cultures, while hydrophilic/anionic surfaces prepared with
carboxylic acid (COOH)-terminated groups resulted in significantly diminished
inflammatory response [146]. Interestingly, macrophages in this system were significantly
more motile in the presence of fibroblasts compared to macrophages in monoculture.
Notably, the fence chamber design in combination with novel biomaterials were particularly

advantageous for assessing and simulating paracrine, autocrine, and juxtracrine signaling
[146, 147]

Recent studies have demonstrated the utility of 3D /n vitro systems and biomaterial
platforms to aid in studying the complex mechanotransduction, phenotypic changes, and
signaling between macrophages and fibroblasts. Jannasch et al. embedded fibroblasts within
a 3D collagen hydrogel incubated in media derived from macrophages cultured on various
biomaterial surfaces (glass, titanium, and polytetrafluoroethylene (PTFE)) [148]. Live cell
imaging combined with computational modeling allowed the authors to determine the
chemotactic potential of the fibroblasts and long-term behavior of fibroblasts within the 3D
collagen matrix environment [148l. Fibroblasts were significantly more motile within the
hydrogel when cultured in conditioned media derived from macrophages cultured on
titanium compared to conditioned media derived from macrophages cultured on glass or
PTFE. On the other hand, fibroblasts cultured in conditioned media derived from
macrophages cultured on PTFE demonstrated significantly greater remodeling capacity,
evidenced by increased collagen fibril deposition and organization within the hydrogel,
compared to the other conditions [148]. Lastly, Caires et al. demonstrated the utility of a 3D
co-culture system to examine the interdependent effects of macrophages, fibroblasts and
MSCs on cell migration in response to poly(lactic acid) scaffolds or chitosan scaffolds [149],
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This model showed that macrophages cultured with chitosan scaffolds induced the greatest
recruitment of fibroblasts (whether cocultured with MSCs or not) compared to natural killer
cells, monocytes, or peripheral blood mononuclear cells cultured in the same fashion.
Interestingly, if MSCs and macrophages were cocultured together, macrophages no longer
recruited fibroblasts [1491, suggesting that the arrival and signaling of MSCs may limit
excessive fibroblast recruitment associated with fibrosis.

In addition to 2D and 3D Jn vitro models, other studies have examined changes in
macrophage and/or fibroblast behavior /n vitroand in vivoin response to various
biomaterials to assess for a potential foreign body response. Indeed, we have investigated
and characterized macrophage behavior in response to several different types of biomaterials
including commercially-available wound matrices [38: 391 drug-eluting nanoparticles [371 and
microparticles [48], ceramic scaffolds [36: 411, collagen scaffolds [47], and gelatin scaffolds
[40] which have illustrated that various material properties modulate macrophage phenotype,
often promoting hybrid phenotypes, which are important considerations for the future of
immunomodulatory biomaterials.

4. Strategies for modulating macrophage and fibroblast behavior to

control biomaterial-mediated fibrosis

The design of biomaterials to specifically modulate macrophage behavior has emerged as a
promising strategy in regenerative medicine and tissue engineering (See Refs. [21, 150-154]y
including utilization of controlled release systems 1531 or microRNA-focused techniques
[156], Here we highlight key studies that have modified biomaterial surfaces and structures to
control both macrophage and fibroblast behavior along with combination strategies that
include delivery of soluble factors through the use of coatings, films, electrospinning,
liposomes, and polymeric particles.

4.1. Biomaterial surface / structure modification-focused approaches

Non-degradable biomaterials such as silicone or bulk metallic glasses (BMGs) can provide
long term mechanical stability in the body but can elicit a strong foreign body response.
Many have investigated engineering the surfaces of such materials using nano- and micro-
patterning techniques to control the behavior of surrounding cells, especially macrophages
and fibroblasts, to reduce adhesion and cellular activation. Padmanabhan et al. showed that
nanopatterning of highly tunable BMGs with topographical features ranging in size from
55nm to 200nm resulted in changes in fibroblast, macrophage, and endothelial cell
attachment (1571, More specifically, fibroblasts adhered to nanopatterns of all sizes, while
macrophages and endothelial cells did not adhere to nanopatterns smaller than 150nm and
100nm, respectively [1571. A follow-up study showed that BMGs with nanopatterns that were
55nm in size (BMG-55) seeded with either M1 (stimulated with LPS/IFN-y) or M2
(stimulated with 1L4) murine bone marrow-derived macrophages resulted in a significant
reduction in pro-inflammatory protein secretion (TNFa, IL1a, IL12, CCL2, and CXCL1),
increased phagocytosis and decreased cell area, after 24 hours in culture relative to
unpatterned BMG [158]. Histological analysis following a two-week subcutaneous study in
mice showed that BMG-55 implants promoted an increase in the ratio of cells positive for
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Argl (an M2 marker) to iNOS (an M1 marker), as well as in the number and size of blood
vessels, with decreased macrophage fusion and fibrous capsule thickness, compared to
unpatterned BMG implants [138]. Similar strategies to use surface patterning to modulate cell
behavior were also applied to silicone and hydrogel implants; Robotti et al. showed that a
micron-range symmetrical array of hexagonal pits interfered with human dermal fibroblast
focal adhesion and maturation into myofibroblasts [159]. Moreover, culture of fibroblasts or
THP1-derived macrophages on the array for over 72 hours resulted in significantly reduced
cell adhesion, proliferation, and pro-fibrotic CCL17 expression, suggesting that the
biomaterial surface might limit fibrosis Jn vivo, although this was not directly tested [159],

In another approach, Majd et al. designed a biomaterial surface that would facilitate
macrophage and fibroblast adhesion while eliminating a pro-fibrotic response by controlling
the size of focal adhesions via surface micropattern size and coating [169]. Fibronectin,
collagen or poly N-acetyl glucosamine (SNAG) were patterned via micro-stenciling onto
silicone substrates, creating evenly spaced points of controlled geometry (a.k.a. islets), and
compared to coatings with no pattern. After seeding TGFp1-activated subcutaneous rat
fibroblasts onto the materials, an islet size of 4x2um regardless of coating material yielded
fibroblast attachment and proliferation, while simultaneously suppressed aSMA
organization into contractile fibers compared to uncoated, 2x2um, 6x2um, 8x2um, 10x2um,
or 20x2um micropatterns. More macrophages adhered to fibronectin-coated and uncoated
surfaces compared to the 4x2um collagen-micropatterned materials. Histological analysis
following a 30-day subcutaneous implantation in rats revealed the collagen-coated 4x2um
micropatterned material had significantly less macrophages (with no FBGCs) and
myofibroblasts, along with a significantly thinner layer of aSMA+ cells and fibrous capsule
formation compared to collagen-coated or uncoated materials. These results suggest that
biomaterial surface features can be optimized to control focal adhesions and attenuate
fibrous capsule formation.

4.2. Drug delivery systems to modulate macrophage and fibroblast behavior

To provide an additional level of control over cell behavior, several have designed drug
delivery systems for bolus, controlled, and/or sequential release of various soluble factors to
modulate macrophage and/or fibroblast behavior.

Despite silicone being a particularly popular biomaterial in aesthetic surgery [1611 silicone
biomaterials have been shown to elicit a classic foreign body response [1621. Controlled
release of tranilast (a TGFp1 inhibitor) from a PLGA spray coating on silicone implants
implanted subcutaneously in Sprague-Dawley rats resulted in significant reduction in fibrous
capsule thickness and collagen density surrounding the implant compared to controls,
including a tranilast-adsorbed silicone implant, over 15 days [163]. These results were
correlated with significantly reduced numbers of macrophages and fibroblasts by 12 weeks,
suggesting a role for TGFB1 in recruiting these cells or otherwise mediating their
interactions with biomaterials [1631. In another study, Riabov et al, incorporated an M2-
stimulating cocktail of soluble factors (1L4, IL10, and TGFB1) into thin films of gelatin-
hyaluronic acid-tyramine via spin coating [164]. In an /n vitro co-culture of primary human
macrophages and GFP-labeled human lung fibroblasts (MRC-5 cell line), the M2-
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stimulating cocktail promoted fibroblast migration and increased MMP7 secretion in a
scratch assay [164]. In a monoculture of macrophages, sustained release of the M2-
stimulating cocktail promoted decreased secretion of pro-inflammatory cytokines TNFa,
IL6, and IL1B, and increased secretion of the M2 marker (and pro-fibrotic cytokine) CCL18
after 6 days /in vitro (1641,

Electrospinning provides a tunable platform to alter cellular function based on both surface
topography as well as controlled release of biochemical cues. One strategy first employed a
core-shell electrospun fiber, yielding two different components that each contained different
drugs; core-shell fibers were electrospun into a mat and then electrosprayed, creating a third
component [165], Capitalizing on previous work that nuclear factor-xB (NFxB) signaling
was required for macrophages to fuse into FBGC, Morris et al. designed their
multicomponent system to release Bay 11-7082, a nuclear factor-xB (NFxB) inhibitor from
the shell, along with an antibiotic, ampicillin from the core and an anti-fibrotic pirfenidone
from electrosprayed coating [165]. The strategy behind this design was to inhibit FBGC
formation, reduce encapsulation of the implant, and prevent bacterial infection (1631, /n vitro
benchtop release studies illustrated drug release on different timescales, which was also
reflected /n vivo, where macrophage fusion was successfully mitigated after one week,
TGFp1 secretion was suppressed, and fibrotic encapsulation was decreased in a dose-
dependent manner over four weeks [165],

Long term use of glucocorticoids has been shown to inhibit healthy cell function within the
context of wound healing [166]. However, Gauthier et al., sought to promote a “hyper-local”
delivery of dexamethasone (DEX), a known anti-inflammatory drug, by releasing it directly
and preferentially to macrophages [167]. DEX-loaded liposomes were fabricated with 10% of
the surface modified to present phosphatidylserine (PS) [1671 which is an apoptotic cell
surface marker that is critical in the phagocytic clearing of dying cells by macrophages
(a.k.a. efferocytosis) [168]. PS-modified liposomes cultured with macrophages resulted in
decreased M1 macrophage cytokine release (IL6 and TNFa), increased thrombospondin 1
and efferocytosis activity with elevated uptake and potency relative to control liposomes that
were modified with polyethylene glycol (PEG). Additionally, PS-modified liposomes were
preferentially targeted and phagocytosed by macrophages even when cultured with
fibroblasts and keratinocytes, or a 3D ex vivo skin model [1671. In another study,
macrophage-fibroblast interactions were controlled to promote tissue deposition to enhance
healing of diabetic wounds. Following the discovery that the small non-coding RNA miR-21
was more abundant in healing human diabetic wounds compared to non-healing wounds,
and to mediate the transition of macrophages into fibroblasts in murine skin wounds, Sinha
et al. administered miR-21-containing lipid nanoparticles to a murine model of delayed
diabetic wound healing [232]. MiR-21 delivery caused macrophages to transition into
fibroblast-like cells, leading to increased collagen deposition and normal skin stiffness.

Generally, it is appreciated that during normal wound healing and tissue repair macrophages
exhibit an initial M1-like phenotype, which transitions into an M2-like phenotype over time
[76], In fact, studies have shown that controlled release of the M2a-promoting cytokine 1L4
from either a nanometer-thick polyelectrolyte coating of polypropylene meshes implanted in
the IP space [16% or collagen scaffolds containing 1L4-loaded microparticles implanted
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subcutaneously [179] resulted in significantly elevated levels of local M2-like macrophages
and decreased levels of M1 macrophages during early stages (7 days) of the foreign body
response. The early macrophage response to the 1L4-coated polypropylene meshes was
correlated with significantly decreased fibrous capsule thickness and improved tissue
integration after 90 days [1691. Others have also investigated macrophage and fibroblast
behavior in response to other M2-promoting biomaterials. Truong and Jones hypothesized
that biomaterial release of capsaicin, an anti-inflammatory capsinoid derived from chili
peppers, would promote M2-like behavior to reduce the foreign body response [1711, To test
this hypothesis, capsaicin-laden PLGA films were developed for /n vitro studies and
capsaicin-laden PLGA discs for subcutaneous implantation in C57BL/6 mice. Macrophages
of the RAW 264.7 cell line cultured on capsaicin-PLGA films showed a marked
upregulation in M2 makers (Argl and 1L10) and downregulation of M1 markers (iNOS and
IL12) compared to PLGA films alone. /n vitro results were corroborated by /in vivo
subcutaneous implantation of capsaicin-PLGA discs, which showed reduced collagen
deposition within and surrounding the discs by 40% and induced a significant increase in
IL10 secretion relative to PLGA discs alone. Collectively, these studies and models establish
that biomaterials can be designed to modulate macrophage and fibroblast behavior, in order
to control inflammation and ECM deposition.

5. Conclusions

We have provided an extensive review of 1) the role of macrophage phenotypes in fibrosis,
2) in vitro models to study the foreign body response, 3) macrophage and fibroblast
crosstalk /n vitro, and 4) biomaterial strategies to modulate macrophage and fibroblast
behavior for tissue regeneration. Collective information from /n vitroand in vivo studies
indicate that both M1 and M2 macrophages are present within biomaterial-mediated fibrosis.
The presence of both phenotypes may suggest unique functions within the fibrous capsule or
implicate the formation of a new hybrid macrophage phenotype. It is now clear that
strategies to promote either the M1 or M2 phenotypes of macrophages will not necessarily
be successful because of the complexities of the involvement of both of these phenotypes in
fibrosis. Moreover, various clinical pathologies or diseases may require yet-to-be-defined
macrophage and fibroblast phenotypes to facilitate optimal tissue remodeling. Additional
basic research will be necessary to understand the optimal temporal and spatial presentation
of macrophages and fibroblasts (and their phenotypes) in order to control fibrosis, which
will allow the design of better, more targeted biomaterials. Because of the importance of
fibrosis in many diseases, better understanding of the relationship between fibroblasts and
macrophages and how to control it is of great importance across many clinical applications.
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Figure 1.
Outline of macrophage phenotypes, including polarizing stimuli, biomarkers, and associated

functions. Figure created with ©BioRender.io.
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Figure 2.
Outline of M1- and M2-like, and hybrid macrophage phenotypes in biomaterial-mediated

fibrosis. Figure created with ©BioRender.io.
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Figure 3.
Macrophage-fibroblast crosstalk in fibrosis. Figure created with ©BioRender.io.
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Table 1.

Studies implicating macrophage phenotype in biomaterial-mediated fibrosis.

Page 33

Model Biomaterial Fibrosis-associated Outcome Biomarkers  Ref
murine subcutaneous, dorsal 3D-electrospun poly(caprolactone) (PCL) immature neovascular T expression [90]
window chamber (C57BL/6) scaffold network, dense fibrous of VEGF,
encapsulation after 2-4 weeks ~ CD68, IRF5
murine subcutaneous (C57BL/6)  hexamethylenediisocyanate-crosslinked decreased fibrous capsule T expression [95]
dermal sheep collagen (HDSC) discs thickness and decrease in of IL1B,
number of fibroblast-like cells ~ TNFa,
surrounding discs. CCL2,
MIPla,
MMP13. ¥
collagens,
M1-associated studies TIMPs,
FGFs,
MMP2
murine subcutaneous (C57BL/6)  poly(2-hydroxyethyl methacrylate) more M1 macrophage than M1: iNOS, [94]
(PHEMA) hydrogel M2 macrophages, increased IL1IR1,
fibrous encapsulation, TNFa,
decreased blood vessel growth  CCR7, 1L12;
in tissue surrounding M2: MRC1,
biomaterial Argl, 1L10,
SRBI/II,
Flzz1
murine intraperitoneal (IP) cube of boiled chicken egg white increased macrophage EGFP signal ~ [26,133]
space infiltration, fibrous from
encapsulation; possible MacGreen
macrophage-myofibroblast mice),
transition. Later stages (>14 F4/80,
days) of response were Ly6C, along
associated with both pro-and  with aSMA.
anti-inflammatory genes, 85% of
MSC-associated genes, and aSMA+ cells
ECM-related molecules via were Co-
microarray. expressed
for EGFP.
Gene lists
provided in
Ref. 107
intraperitoneal (IP) space non- alginate hydrogels cylinders and smaller spheres ~ Masson’s [34]
human primates (cynomolgus (0.5mm) =1 cellular Trichrome
macaque) deposition and fibrous stain
encapsulation vs. larger (collagen)
spheres (1.5mm)
Mixed M1 and M2-
associated studies intraperitoneal (IP) space mice alginate hydrogels smaller spheres (0.5mm) 1 M1: [34]
(C57BL/6) macrophage deposition of CXCL10,
M1, M2a and M2c TNFa, IL1,
phenotypes, whicle larger IRF5; M2a:
spheres (1.5mm), 1 Argl, YM1,
macrophage deposition of M1~ CCL22,
and M2a Stab1, Dcir;
M2c: Sphk1,
Light, IL10
intraperitoneal (IP) space rats HDSC discs fibrous encapsulation, 1 Macrophage: [134]
(albino oxford) deposition of M2a CD68; M1:
macrophages, no M1 iNOS; M2a:
macrophages over 21 days CD206
murine subcutaneous (C57BL/6)  glutaraldehyde-crosslinked gelatin hydrogels  fibrous enapsulation, M1:iNOS, [40]
consistent M1 macrophage M2: Argl
deposition over time, and CD163.
increasing M2a macrophage aSMA
deposition over time. present near
firbous

capsule edge
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Model Biomaterial Fibrosis-associated Outcome Biomarkers  Ref
murine intraperitoneal (IP) murine intraperitoneal (IP) space (C57BL/6)  fibrous encapsulation, * M1: TNFa, [135]
space (C57BL/6) deposition M1 and M2 IL1B, IL6,
macrophages iNOS; M2:
1L10, Argl,
CD36, Ym1
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