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Abstract

The extracellular matrix (ECM) is a complex and dynamic structural scaffold for cells within
tissues, and also plays an important role in regulating cell function. Recently it has become
appreciated that the ECM contains bioactive motifs that can directly modulate immune responses.
In this review, we describe strategies for engineering immunomodulatory biomaterials that utilize
natural ECM-derived molecules, and have the potential to harness the immune system for
applications ranging from tissue regeneration to drug delivery. A top-down approach utilizes full-
length ECM proteins and can include collagen, fibrin, or hyaluronic acid-based materials, as well
as matrices derived from decellularized tissue. These materials have the benefit of maintaining
natural conformation and structure, but are often heterogeneous and encumbers precise control.
Instead, a bottom-up approach leverages immunomodulatory domains, such as RGD, matrix
metalloproteinase (MMP)-sensitive peptides, or leukocyte-associated immunoglobulin-like
receptor-1 (LAIR-1) ligands, which can be incorporated into synthetic materials. These materials
have tunable control over immune cell functions, and also allow for combinatorial approaches by
incorporating multiple peptides. However, the synthetic approach lacks the full natural context of
the original ECM protein. Thus, incorporation of full-length ECM proteins, ECM-derived
peptides, or a mixture of both, into biomaterials provides a broad range of engineering techniques
for immunomodulation through material interactions. Here, we describe the immunomodulatory
effects of these biomaterial engineering strategies, and highlight potential future directions in this
field.
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applications ranging from tissue regeneration to drug delivery. The incorporation of full-length
ECM proteins, ECM-derived peptides, or a mixture of both, into biomaterials provides a broad
range of engineering tools for immunomodulation through material interactions.
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1. Introduction

The extracellular matrix (ECM) is a complex and dynamic structural support for cells within
tissues, and is comprised of proteins, glycoproteins, and polysaccharides. Each type of tissue
in the body has ECM with unique and varied protein content, which not only provides an
appropriate structural scaffold for cells to adhere and organize, but also regulates many
different cellular functions to maintain homeostasis.[] ECMs contain bioactive sequences,
which are recognized by specific cell surface receptors that are often expressed on multiple
cell types, and thus facilitate a wide range of cellular activities (Figure 1).[2] In addition,
cells themselves manipulate their ECM microenvironment by synthesizing new matrix and
modifying and digesting existing matrix, thereby altering its modulatory effects.[!] ECM
remodeling can expose previously hidden bioactive sequences or degrade intact bioactive
sequences.l3] Furthermore, digested soluble ECM fragments often modulate cell behavior in
a manner that is distinct from the insoluble scaffold. The interplay between cells and their
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environment makes the ECM a dynamic nexus of homeostatic control, critical for the
healthy function of cells.

Given the role of the ECM in structural support of tissues, there has been significant effort in
developing ECM-based scaffolds for tissue engineering and regenerative medicine.[3-51 For
these applications, a biomaterial scaffold is often used to encourage the adhesion and
infiltration of cells, and their differentiation and organization into functional tissues. These
engineered tissues are designed with the ultimate goal of replacing damaged or diseased
tissue. However, as with all materials implanted into the body, the immune response
significantly influences the ability of engineered tissues to integrate and functionally interact
with the host.[1:5] The initial inflammatory response to implantation is dominated by
activation of innate immune cells, including neutrophils and macrophages, followed by the
later arrival of dendritic cells (DCs). These myeloid effectors then bridge to the adaptive
immune system through macrophage and antigen presentation by DCs to T and B cells in
secondary lymphoid organs, mediating long-term immune recognition of implanted
materials. The dynamic macrophage response to injury and implanted materials is
characterized by an initial inflammatory phase, characterized in mice by the secretion of
TNFa or other inflammatory cytokines, expression of iNOS, and CD86; also referred to as
M1). This is followed by a pro-healing phase, marked by macrophage secretion of 1L-10 and
expression of arginase and CD206; also referred to as M2).[6-81 TGFp, VEGF, and other
factors may also be secreted, and several subtypes of macrophage phenotype have been
characterized during the wound healing process.[?] Over time, persistent activation of
immune cells by foreign materials can lead to chronic inflammation.[2%] Thus, an emerging
strategy in tissue engineering is to design materials that can directly control the host immune
response.[2] Furthermore, it has recently become appreciated that many ECM components in
fact have natural immunomodulatory domains that bind to receptors found on immune cells,
enabling their adhesion and regulating their function.[®] Full length ECM proteins and/or
ECM-modeled peptides can be used in biomaterial scaffolds to mimic the natural regulatory
role of the matrix on the immune system and generate desired immune cell functions to aid
in the longevity and functionality of implants.

In this review, we will provide an overview of engineering approaches to create ECM-based
materials for immunomodulation, primarily in the context of regenerative medicine. We will
first discuss top-down approaches, in which full length ECM molecules or native tissues are
used as building blocks for biomaterials. Topics will include naturally-occurring ECM
proteins, their immunomodulatory effects, and engineering methods to manipulate these
effects. We will then discuss bottom-up approaches, in which specific bioactive or
immunomodulatory domains found in ECMs are synthesized as peptides and engineered into
different materials to provide control over interacting immune cell responses. Finally, we
will describe materials that incorporate multiple ECM-derived domains to more closely
mimic the multifaceted immunomodulatory functions of ECM in the body. These
approaches all strive to achieve materials with ability to control immune responses and
provide better tissue integration and functionality. This review will then conclude with
discussion of the future direction and perspectives of these approaches in developing
immunomodulatory ECM-based biomaterials.
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2. Immunomodulation by naturally derived ECMs

Matrix materials can be fabricated using a top-down approach, whereby tissues or blood are
processed to isolate matrix components, which are then assembled /n vitroto create a
biomaterial. This technique often relies on self-assembly of ECM components into
hydrogels, but engineering methods can also be used to generate materials with different
physical characteristics, for example fibril architecture, stiffness, or matrix pore size.
Furthermore, the processing techniques used to digest tissues for matrix isolation often
expose or mask native functional groups found within the ECM, altering its bioactivity.
Thus, the immunomodulatory features of fabricated ECM materials may be engineered by
controlling the macroscopic, microscopic, and molecular properties.

2.1 Collagen

Collagen is the most abundant ECM component in the body, and comprises a large family of
proteins with distinct functions in the ECM architecture.l1}] There are 29 different types of
collagen, all of which form a characteristic right-handed triple helix structure.[*2] One
collagen triple helix is comprised of three polypeptide chains, each with approximately 300
[X-Y-Gly] units, where X and Y can be any amino acid but with a preference towards
proline and hydroxyproline in the X and Y positions, respectively. Homo-trimeric and
heterotrimeric collagen triple helices pack together to form fibers and meshes in every tissue
in the body. Collagens used most often in biomaterials applications, Types I-111, V, and XI,
have fibrillar quaternary structures. Immune cells express a number of receptors that bind
directly to collagen, including integrins, discoidin domain receptors DDR1 and 2, and
leukocyte-associated immunoglobulin-like receptor-1 (LAIR-1) of the leukocyte receptor
complex.[13.14] Collagen I, I1, 111, and XVII are high-affinity ligands for LAIR-1 receptors
on immune cells, where binding prevents degranulation of peripheral basophils, and more
generally suppressed immune cell activity [1516]. Macrophage scavenger receptors (MSR)
selectively bind exposed ligands on denatured collagen, facilitating conformation-specific
effects.[17.18] The effects of collagen fibril structure on macrophage-like U937 cell
production of remodeling enzyme matrix metalloproteinase-9 (MMP-9) has also been
explored.[18] Intact fibrils promoted the greatest MMP-9 production, whereas fibrils
degraded via mechanical loading promoted an intermediate induction of MMP-9, compared
to polystyrene culture surface; this result suggests that the structure of collagen and the
damage induced during injury is recognized by macrophages, and regulates their differential
response.

Modification of collagen or denatured collagen (gelatin) may be used to alter the mechanical
integrity and/or biochemical structure of the matrix to control cellular response. For
example, chemical crosslinking method has been shown to affect matrix structure and
macrophage function.[X%] Collagen crosslinked with 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide and N-hydroxysuccinimide (EDC/NHS) adopted a porous structure, and
elicited the lowest activation of both inflammatory TNFa and anti-inflammatory CCL22
cytokines in human primary macrophages, compared to formaldehyde and glutaraldehyde
crosslinked collagen. However, formaldehyde crosslinking induced a greater CD163
(remodeling-associated) phenotype, indicating further complexity in relationship between
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crosslinking and macrophage phenotype modulation for wound healing. In a separate study,
gelatin crosslinked with varying amounts of glutaraldehyde were implanted subcutaneously
in mice, and showed no differences in fibrous capsule thickness and F4/80 macrophage
recruitment.[2%] This study also revealed significant temporal variation; inflammatory iNOS
expression remained constant between 3 and 21 days post implant, but pro-healing markers,
including arginase and CD163, increased over time, along with the capsule thickness.

Crosslinking of gelatin can be achieved by adding a photosensitive methacryloyl group to
gelatin molecules (gelatin methacryloyl, GeIMA), and offers the ability to tune gelatin
crosslinking with light. Using this method, the Donaldson et. al. created collagen-based
materials with varied stiffness and topological patterns, and explored the mechanism
underlying their effects on monocyte/macrophage behavior.[?1] Human peripheral
monocytes cultured on hydrogels made of GelMA exhibited lower inflammatory 7nfa gene
expression 30 minutes and 4 hours after LPS stimulation, when compared to cells cultured
on tissue culture plastic. The hydrogels were also found to serve as a TNFa “sink,” reducing
soluble TNFa in supernatant, as measured by ELISA. Cha et. al. found that THP-1 immortal
human monocytes encapsulated in softer hydrogels (2.95 kPa) showed significantly greater
cell survival compared to cells in stiffer hydrogels (15 kPa and 25 kPa gels).[22]
Macrophages cultured on GelMA, with or without IL-4 stimulation, showed higher gene
expression of anti-inflammatory //Z0and //1ra, lower inflammatory /nosand 7nfa, and
better adherance compared to cells cultured on polyethylene glycol diacrylate (PEGDA)
hydrogels (Figure 2B, 2C). PEGDA lacks integrin binding sites, and indeed the expression
of integrins, including a2p1, were suppressed in cells cultured on PEGDA. Furthermore, the
prevention of integrin adhesion in cells cultured on GelMA, by using a blocking antibody,
led to an inflammatory phenotype; this suggests that integrin engagement in collagen-based
hydrogels may play a role in negative regulation of inflammation.

Collagen-based matrices can modulate more than the innate immune compartment.
Lymphoid follicle organoids for germinal center B-cell formation were engineered by
encapsulating naive B cells in gelatin hydrogels ionically crosslinked with 0-2% silica
nanoparticles, and found to induce robust germinal center (GC) formation, maturation, and
class switching to 1gG and IgE upon activation.[23] It is thought that additional RGD sites
are exposed during the denaturation of collagen I to form gelatin, providing adhesion sites
and signaling for upregulation of av3 integrin in GC B cells.[24] Furthermore, inhibition of
avp3 binding with the small molecule inhibitor cilengitide prevented GC formation, and
organoids generated using non-adhesive PEG-based materials functionalized with adhesive
peptides RGD or REDV demonstrated that avp3 (RGD binding), and not a4p1 (REDV
binding), is essential to GC B-cell differentiation.[24]

In summary, collagen-based materials appear to have significant effects on immune cells,
including macrophages and B cells, with hydrogel mechanics and adhesion domains
comprising significant control parameters for immunomodulation. Given the dependence of
cellular interactions with collagen on its structure and exposed ligands, future studies
engineering the tertiary and quaternary structure of collagens may provide further control
over immune responses using these biomaterials. In addition, the design of cell interaction
sites and non-native cysteines into recombinant, full-length human collagen 111 has been an
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approach for examining their ability to induce neural stem/progenitor cell differentiation and
myofibroblast growth.[25-27] Similarly, a potential route for future studies could be the use
of such recombinant strategies to specifically prescribe non-native functionality (e.g., non-
native cell interaction sites, degradation kinetics, mechanical properties) into collagen; this
approach could then examine the impact of specific molecular modifications of collagen on
immune cells and enable the tuning of collagen’s immunomodulatory effects, as part of the
larger wound-healing response.

Fibrin is a primary component of the hemostatic clot, and plays an important role as the
provisional matrix in the natural wound healing process after injury.[28] Fibrin is formed by
the polymerization of its circulating precursor, fibrinogen, which is cleaved by activated
thrombin in the terminal step of the coagulation cascade. Polymerization is thought to
expose integrin binding sites including RGD, P1 and P2 peptides, which promote the
adhesion of immune cells via amp2.[29-32] platelets also bind to fibrin through a.iib3
(GP2b3a), avp1, and P-selectin,[33] further stabilizing the clot. As healing progresses, fibrin
degradation is mediated primarily by cleavage of lysine-X-Y motifs, by activated plasmin, as
well as matrix metalloproteinases (MMPs) [34],

To study the effects of fibrin on immune cell function, fibrin matrices were generated in
vitro through the mixing of purified fibrinogen with activated thrombin. Early work showed
that macrophage matility through a fibrin matrix was inhibited as fibrinogen or Factor-XI11
crosslinker concentration was increased, whereas fibroblasts migrated more effectively
through Factor-XI11 crosslinked fibrin gels.[35:3¢] More recently, our laboratory has
examined the effects of fibrin on macrophage functional activation).[371 We found that, when
primary murine bone marrow derived macrophages (BMDM) were cultured on fibrin
hydrogels, soluble inflammatory TNFa cytokine secretion in response to LPS/IFNy was
significantly reduced compared to cells cultured on tissue culture plastic (Figure 2D, 2E). In
fact, fibrin clusters with anti-inflammatory cytokines based on the cytokines secreted in
response to stimulation. In contrast, the precursor fibrinogen delivered in the soluble form
potentiated inflammatory activation. These results are consistent with studies described
above on GelMA, where culture on an adhesive hydrogel inhibitions macrophage
inflammatory activation, although the results may also be due to sequestration of TNFa. in
the fibrin gel. Furthermore, when, fibrin-based hydrogels were applied to porcine burn
wounds, contraction and macrophage and neutrophil recruitment was reduced,[38] showing
that pro-healing effects of fibrin have been extended to /n7 vivo injury models.

In most injury settings, infiltrating leukocytes will likely be exposed not only to a fibrin
matrix, but a microenvironment rich with platelets and proteins found in plasma.
Interestingly, the incorporation of leukocytes in a clot generated from platelet-rich plasma
increased their release of inflammatory IL1B, TNFa, and IL-6, which was not found in the
gelled matrix alone.[3940] Conditioned media obtained from leukocyte-incorporated matrix
cultures also suppressed proliferation and promoted NFxB in both fibroblasts and
osteoblasts. Moreover, fibrin is observed in the brain of humans and mouse models of
Alzheimer’s and multiple sclerosis, causing inflammation and neurotoxicity by activating
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microglia and macrophages.[4142] Fibrin degradation products generated by plasmin
treatment are also found to promote leukocyte recruitment and increase inflammatory 1L-1p
and IL-6 production from monocytes, but decrease activities associated with bacterial killing
in neutrophils including superoxide production and phagocytosis.[43-46] Together, these data
suggest a complex interplay between matrix remodeling and immune regulation.

Finally, there is evidence that fibrin and the hemostasis cascade influence the adaptive
immune activity through activation of dendritic cell trafficking and sequestration of
lymphangiogenic growth factors.[47] Activated thrombin, which regulates fibrinogen
conversion to fibrin, also activates PAR-1, one of the four known protease-activated
receptors and is expressed by monocytes, macrophages, and circulating T cells.[48] PAR-1
has been found to be required for DC trafficking and presentation for T-cell activation.[4°]
Moreover, fibrin can bind VEGF-C during wound healing, and this sequestration is required
for lymphangiogenesis, or the formation of new lymphatic vessels, which is key to
maintaining communication between antigen presenting cells and the adaptive immune
compartment.[3%1 Although fibrin also contains adhesion binding sites such as RGD, which
were described above to influence B cell maturation, it remains unknown whether fibrin has
any direct effects on the adaptive immune compartment. In summary, fibrin-based materials
have been found to elicit both inflammatory and anti-inflammatory effects on the innate
injury response, and to facilitate communication with the adaptive compartment. It is
possible that fibrin and immune cell source may play a role observed in varied in vitro
investigations, as the effects of fibrin are likely highly complex, dependent on the presence
of other cell types or proteins in the microenvironment. There is evidence that these effects
are dynamic as well, perhaps enhancing the initial inflammatory response while hastening
the transition to the later proliferative and remodeling phases of wound healing.[51:52] |n
addition, as with the studies in collagen described above, matrix mechanics and architecture
may also play a role. It is unclear what specific factors determine the direction of fibrin
immunoregulation, and further studies are needed to fully characterize and understand the
interactions between the provisional matrix and the immune system.

2.3 Hyaluronic acid

The glycosaminoglycan hyaluronic acid (HA) was initially discovered in 1934 as a primary
component of the vitreous humor of the eye, and has since been used in a myriad of
applications, from cosmetics to drug delivery.[3] Commercial production of HA was
initially optimized by extraction from avian rooster comb, but is now more commonly
achieved through bacterial fermentation, where molecular weight (MW) can be tuned by
culture conditions.[545%] HA s a non-branched polyanionic polysaccharide with MWs
ranging from 1 kDa to 2 MDa and is primarily localized to skin and musculoskeletal tissue,
where it associates with proteoglycan aggrecan to form aggregates.[5¢] In the same family as
chondroitin and heparin sulfates, HA is notably not sulfated, and undergoes rapid turnover in
the body, particularly during wound healing. While hydrated HA self-associates to form a
hydrogel, it can also be engineered to form thin films, hydrogels, and nanoparticles.[>¢]

Structural and biochemical effects of HA on immune cells are dependent on MW; high MW
HA tends to be inert or immunosuppressive, while lower MW HA, formed by degradation or
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damage, provokes an inflammatory response (Figure 3).[57] In macrophages, soluble high
MW HA induced an anti-inflammatory polarization with high ArgZ gene expression and
IL-10 secretion, in comparison to low MW HA, which induced an inflammatory
macrophage phenotype with high 77772 gene and TNFa cytokine expressions.[53] The
response of macrophages cultured on HA nanofibers in the presence of LPS mimicked that
of macrophages on high MW HA, with increased secretion of IL-10, IL-2, and VEGF
compared to cells on polystyrene.[8] IL-2 regulates the powerful IL-6 mediated
inflammatory response, making it an important immunomodulatory lever controlled by
ECM.[59.601 VEGF promotes angiogenesis, and conditioned media of macrophages cultured
on PLA-based scaffolds with immobilized high MW HA stimulated tube formation in
human umbilical vascular endothelial cell cultures.[81] These effects are mediated primarily
through cellular adhesion to HA via CD44 receptors, which are expressed on both innate and
adaptive immune cells and can be crosslinked by binding high MW HA, but not low MW
HA.[53.62] Crosslinking CD44 with Fab antibody fragments resulted in increased
phagocytosis and M2-polarization of murine BMDM, supporting differential immune
response to HA mediated by CD44 binding.[63] Interestingly, activation of monocytes
appears to modulate their interactions with HA, as stimulation with TNFa appears to
promote HA binding, while IL-4 negatively regulates this interaction.[84] These data suggest
potential crosstalk between activation state and cell adhesion to the matrix environment.

CD44-HA interactions may be also exploited for delivery to immune cells. Binding of low
MW HA nanoparticles to THP-1 cells is associated with higher CD44 expression and has
been correlated positively to binding of soluble and (siRNA-loaded) HA nanoparticles, but
negatively with HA internalization.[8%] Because of their biocompatibility, HA particles have
been used extensively in the development of vehicles for cancer therapeutics, delivering
nucleic acids, peptides, and other applications [%6]. Conjugation and surface modification is
mainly facilitated by carboxylic acid coupling chemistry. HA particles also hold promise for
regenerative medicine; HA microparticles conjugated with engineered BMP-2 peptide
promoted chondrogenesis of mesenchymal stem cells /i vitro.187] While HA particles has
potential for multiple therapeutic applications, further studies are needed to evaluate their
impact on the immune system to improve translation of these therapies to the clinic.

With respect to other immune cells, culture of DCs on thin films of high MW HA inhibited
their maturation, as measured by expression of CD40, CD80, and CD86, and MHC class Il
molecules (e.g. HLA-DQ and HLA-DR), whereas cells cultured on chitosan and PLGA
films had higher expression of these unique maturation markers after incubation with
immature DCs.[%8] Mature DCs also expressed lower surface CD44 on HA films compared
to immature DCs and DCs on the other materials,[52] which could potentially be explained
by endocytosis of surface CD44 upon HA binding. In the adaptive immune system, memory
T cell differentiation into an 1L-10 producing Treg phenotype can be induced by high MW
HA, but not low MW HA, and this effect was abrogated with the addition of CD44
competitive inhibitor osteopontin.[%9] Treg differentiation was not observed with other ECM
hydrogels including fibrin or Matrigel. Together, these data further support the idea that that
high MW HA dampens the innate immune response and inflammation, but the lower MW
form induces inflammatory activation. Since different MW HAs are fairly straightforward to
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synthesize by hyaluronidase digestion, this feature could potentially provide a direct way to
engineer materials with defined immunomodulatory properties.

2.4 Decellularized matrices

Decellularized matrices are created through removal of cells from tissues via detergents or
other cell lysis procedures, and can also include antigen removal, lyophilization, and further
digestion. Clinically, these materials have been used to support healing of tendon, bone,
muscle, skin, breast, heart and vascular tissue, among others.[7%] The composition of these
materials is highly dependent on the sources of tissue and processing method. For example,
commercial urinary bladder matrix protein (Micro Matrix™) is composed of 78% matrix
and matrix-associated proteins, 98% of which are collagens by mass spectrometry (Figure
4). Non-matrix proteins include actin, desmin, and hemoglobin, which are present in high
abundance in bladder tissue.l’2] The unique physical and biochemical properties of
decellularized matrices define their immunomodulatory effects.

Early work from the Badylak group showed that decellularized urinary bladder matrix
allografts promote anti-inflammatory macrophage polarization, as measured by a lower
CCR7:CD163 ratio, and reduces fibrotic response to abdominal wall implants in rats,
compared to cellular autografts (Figure 4).[72.73] More recently, they have found that the
method of decellularization, as well as post-processing techniques, are also major factors in
the immune response. Brown et al. compared autologous cell delivery in decellularized
allografts to the matrix alone, and found that decellularized matrix promoted more moderate
and anti-inflammatory macrophage polarization, measured by CD163/arginase (M2) and
iNOS/CCR7 (M1) via immunohistochemistry and gene expression.[”2] Similarly, work by
Wong et al. showed that removal of both lipophilic and hydrophilic antigens dramatically
reduced presentation of the most prevalent antigens, MHCI and alpha-gal, in decellularized
bovine pericardium[74l. Compared to soluble antigen removal alone, this treatment led to an
increase in anti-inflammatory macrophages, reduced CD3+ T cell and CD79+ B cell
responses, as well as reduced fibrous capsule thickness when implanted as a carotid artery
matrix patch in pigs, suggesting suppression of the humoral response.[”#] To manipulate the
structure of decellularized matrices, urinary bladder matrix hydrogel was rendered porous by
mixing with soluble mannitol beads and thermally responsive poly(NIPAAm-co-VP-co-
MAPLA), and found to enhance macrophage chemotaxis and the ratio of CD206+ to CD86+
macrophages recruited to the rat hind limb injection site, compared to non-porous hydrogel.
(73] |n addition, crosslinking of decellularized bovine pericardium using EDC has been
found to reduce secretion of MMP-2 and MMP-9 degradation enzymes, while minimally
changing cytokine secretion by U937 macrophage-like cells /in vitro, suggesting that the
strategy could potentially extend the life of this putative artificial heart valve material.[76]
These studies show that the processing method and resulting microstructure regulate both
the adaptive and innate immune response to decellularized ECM.

The source of tissue is also an important determinant of the effect of decellularized matrix
products on the immune response. For example, brain-derived ECM promoted higher TNFa,
nitric oxide, and arginase production in primary rat macrophages, but lower prostaglandin
E2 compared to urinary bladder-ECM.I77] The latter was found to contain greater high MW
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HA content, and hyaluronidase treatment reduced prostaglandin E2 (PGE2) production to
the levels elicited by brain-derived ECM. In another study, pepsin solubilized ECM derived
from porcine small intestinal submucosa, esophagus, and colon induced CD206 and Fizz1
protein expression in BMDM, whereas dermal ECM elicited iNOS expression, and liver and
muscle-derived ECMs did not induce significant macrophage polarization.[’8] The Elisseeff
group studied decellularized tissue from an array of different organs and found significantly
lower myeloid recruitment to cardiac ECM compared to bone, lung, and liver ECMs at 3
weeks after subcutaneous implantation.[”®] Their studies showed a mixed population of
M1/M2 macrophages in response to all ECMs, but significantly more CD4+ T helper (Ty)
and CD4+FoxP3+ regulatory T (Tyeg) cells recruited to bone-derived ECM, and greater
CD8+ cytotoxic T cells recruited to cardiac-derived ECM. Furthermore, studies in a
volumetric muscle loss model using WT and Rag—/- (T and B-cell deficient) showed that
anti-inflammatory and MHCII-expressing subsets were dependent on the adaptive immune
compartment.[89] These findings suggest a role for the adaptive immune system in matrix-
enhanced anti-inflammatory immune response. Finally, the age of tissue may be another
factor, as a recent study showed that small intestinal submucosa (SIS) ECM from 12-week
pigs generates a higher inflammatory iNOS and lower anti-inflammatory Fizz1 response
compared to SIS ECM from 52-week pigs.[82] Source-dependent responses may be due to
tissue-specific decellularization agents used, and/or unique compaosition of the matrices.
Regardless of the mechanism, the distinct responses elicited by ECMs derived from different
tissue sources may provide a potential tool to tailor immune response to the application, /n
vivo.

While ongoing research probes the immunomodulatory effects of diverse decellularized
ECMs, there are also many commercially available decellularized matrix wound dressings,
which have been studied in the context of their elicited immune response. Integra (bovine
tendon-derived, Type | collagen and chondroitin-6-sulfate) was found to reduce
inflammation, with higher CD163 and lower TNFa protein expression in both primary
human and THP-1 macrophages, when compared to PriMatrix (fetal bovine dermis-derived,
Type | and 11 collagen), AlloMend (human dermis-derived collagen and elastin matrix), and
Oasis (porcine small intestine submucosa, collagen I, 11, 111, elastin, glycosaminoglycans,
proteoglycans, glycoproteins).[1°] However, trends in gene expression markers were not
consistent between the two cell sources tested, and dynamic responses were observed across
6 days of culture. Using a murine full thickness skin wound model, EI Masry et. al.
evaluated immunomodulatory effects of commercial equine pericardial collagen matrix
(sPCM) on macrophages.[821 sSPCM showed greater macrophage recruitment, along with
increased early inflammatory //16//nos/Tnfa gene expression, and prolonged late anti-
inflammatory Arginasel/\Vegf/I/10 gene expression, compared to polycarbonate mesh
control. Additionally, sSPCM promoted apoptotic cell uptake (efferocytosis) in post-implant
day 3 murine wound macrophages, a key functional role of macrophages in early wound
healing. These findings provide evidence for pro-healing matrix-mediated modulation of
macrophages /n vivo. Following up on their earlier studies, Sadtler et. al. characterized both
the innate and adaptive immune response to commercial urinary bladder matrix protein
(UBM, Micro Matrix™), which is primarily composed of type I collagen.[’X] Upon
implantation, over 40 percent of cells recruited to UBM were F4/80+ macrophages at 1
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week post-implant, with upregulated CD206 and downregulated CD86 compared to saline-
treated controls. Further, while MHCII expressing macrophages typically express M1
markers, MHCII+ cells from UBM-treated mice were over 90% anti-inflammatory
(CD206+), indicating a material-directed shift towards anti-inflammatory signaling between
the innate and adaptive immune compartments. This work again suggests the integrated
effects of decellularized ECM on the immune system.

In summary, antigen removal processing, microstructure, tissue source, and age, all affect
the immunomodulatory properties of decellularized matrices. While xenogeneic and
allogeneic tissues are readily available, it remains difficult to control the precise molecular
composition of these scaffolds, as well as contaminants in materials derived from these
sources, such as adsorbed growth factors, chemokines, and antigenic proteins. To obtain
better control over the matrix compaosition, we turn to synthetic hydrogel systems to build
from the bottom-up.

3. Engineered ECM peptide-mimetic materials

3.1 RGD

In the top-down approach, full length ECM proteins were used as design components to
elicit desired immune responses. However, this approach is constrained in engineering
versatility and precise control due to the structural and conformational nature of these native
proteins, and due to the challenges of independently tuning different parameters; for
example, the moduli of the material usually cannot be decoupled from its concentration, and
hence the number of cell interaction sites. To overcome these limitations, a bottom-up
approach to designing immunomodulatory materials has been explored. The ability of ECM
proteins to tune immune cell behaviors is facilitated by bioactive amino acid sequences that
encode specific cellular cues. These domains can be functionalized into biomaterials to
regulate specific immune cell functions. This section will focus on engineering ECM-
derived peptides into various materials for immunomodulatory applications.

The bioactive motif with the amino acid sequence Arg-Gly-Asp (RGD) was first identified
on fibronectin as the minimum cellular binding motif [83]. RGD-containing domains have
since been recognized in other various extracellular matrix (ECM) proteins such as
fibrinogen, vitronectin, laminin, and collagens.[8485] Cellular integrins, including avp3,
aMp2 and others, are capable of binding to the RGD domain on ECM proteins.[8¢] RGD
bioactive domains have been isolated and functionalized as ECM-mimetic peptides in
biomaterials engineering. In recent years, it has been identified that these bioactive regions
are multifaceted in their cellular signaling functionality. Specifically, here we will describe
immunomodulatory effects of the ECM mimetic domain RGD, which exhibits various
immunomodulatory effects on both innate and adaptive immune cells.

In the innate immune system, RGD plays an important role in adhesion of myeloid cells
including neutrophils, macrophages, and DCs. Both soluble and surface functionalized RGD
peptides bind myeloid cells via integrins. A synthetic peptide derived from the RGD
adhesion domain of the basement membrane glycoprotein entactin facilitated increased
neutrophil adhesion comparable to full recombinant entactin.[87] As with neutrophils, RGD-
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engineered materials increased cellular adhesion in macrophages (Figure 5B).[88] It has also
been demonstrated that an increased RGD surface density yields an increase in DC surface
adhesion, relative to carboxyl gradient controls (Figure 5D).[8%] Thus, RGD peptides
increase myeloid cell adhesion when functionalized onto surfaces or engineered into cellular
scaffolds, enhancing their interactions with materials.

RGD peptides are capable of modulating more than just adhesion to a material; they also
have an inhibitory effect on neutrophil chemotactic activity and phagocytic functionality.[87]
Senior et al. investigated the effects of pretreatment with an RGD peptide (SIGFRGDQTC)
on neutrophil chemotaxis. The RGD peptides inhibited chemotactic activity of neutrophils
on the basement membrane protein when compared to the negative peptide control. This
suggests that naturally-occurring RGD maotifs in ECM proteins can facilitate chemotactic
functionality of neutrophils. The effect of these RGD peptides on neutrophil phagocytic
functionality was also quantified. Neutrophils demonstrated fibrinogen-stimulated
phagocytosis of EIgG proteins, but pre-incubation with RGD peptide reduced the phagocytic
index (i.e. the number of EIgG ingested/ 100 neutrophil cells) to 20% of the maximum. This
study highlights the ability of RGD peptide binding to reduce phagocytic and chemotactic
functionalities in neutrophils.

Other myeloid immune cells, such as macrophages, also showed altered immunomodulatory
effects due to RGD interactions; these changes include phenotype, cytokine production, and
phagocytic functionality. Zaveri et al. investigated the role of RGD and the aMB2 integrin in
macrophage activation.[%1 RGD peptides elicited an anti-inflammatory effect and reduced
both phagocytosis and pro-inflammatory cytokine production in stimulated and unstimulated
macrophages. Using soluble RGD peptides to block binding by integrins, a substantial
decrease and nearly complete inhibition was observed in TNFa and IL-6 production. The
study also demonstrated a significant decrease in microparticle uptake at two and 24 hours
compared to the negative control. These results suggest that RGD peptides alone had an anti-
inflammatory effect on macrophage cytokine production and phagocytosis.

In the context of synthetic ECM-mimetic hydrogels, RGD has been reported to elicit anti-
inflammatory effects from macrophages as well as increased cellular adhesion when
compared to the unmodified polymer meshes.[88:91] The Bryant group compared
macrophage response to PEG hydrogels, PEG tethered to RGD (PEG-RGD), medical grade
silicone, and tissue culture polystyrene surfaces. The /n vitro gene expressions of both 7nfa
and //1b6 by macrophages were approximately 100-fold less on PEG-RGD compared to
expression on PEG (Figure 5C). Longer-term viability studies of implanted PEG-RGD
hydrogels /n vivoyielded an inflammatory cell layer thickness of about 20—40 um,
compared to PEG-only hydrogels which had a 100-200 um pro-inflammatory layer.
Response to RGD-PEG hydrogels exhibited a typical foreign body reaction that was similar
to silicone controls, but a strong inflammatory reaction was observed towards PEG-only
hydrogels. More detailed investigations were performed to examine a range of cytokine gene
expression (e.q., Tnfa, I/1b, 1110, 1112b, Arginase, Inos, Vegra) over time, with and without
lipopolysaccharide stimulation. Overall, results indicated a decrease in inflammatory effect
(but not elimination) due to RGD incorporated into a synthetic polymer matrix.
Macrophages on the different surfaces were found to yield similar phenotype changes, but
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the magnitude of these responses and their temporal shifts varied depending on the material.
The temporal function of cytokine production could be an important relationship to consider
in the context of wound healing; one could envision that timing of macrophage responses
could be engineered to achieve shorter healing timelines. Although more studies are needed,
the temporal effects due to RGD could be utilized as a tuning parameter for engineering
biomaterials to modulate the immune response in response to injury and to promote healing.

In macrophages, RGD peptides do not only affect the production of cytokines, but have been
observed to increase the production of certain enzymes, in particular matrix
metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs).[9293] jones
et al. examined whether MMPs and their inhibitors (TIMPs) were involved in macrophage
adhesion and fusion, as part of the foreign body reaction to biomaterials.[2] Different
materials, including those with surface-bound RGD peptides, were tested for their effects on
MMP and TIMP enzyme expression by human monocytes/macrophages. Surfaces with
RGD peptides strongly elicited MMP-9 and TIMP-1/TIMP-2 production, while weakly
yielding MMP-10 and MMP-8. These studies highlight the potential for RGD not only to
enhance adhesion of cells to the materials, but also to alter the potential of macrophages to
degrade and remodel their surrounding matrix environment.

The immunosuppressive effects of RGD peptides may not be conserved in all innate immune
cell types. The interaction of DCs with RGD peptides was investigated by Acharya et al.[8]
This study quantified the immunomodulatory effects of RGD on DC phenotype by
examining DC expression of activation markers and cytokines at increasing RGD surface
densities. They observed that the expression of DC activation markers CD86 and MHC 11
were upregulated at increasing RGD peptide density (Figure 5E). Furthermore, the
production of cytokines 1L-12p40 and IL-10 were both increased, with I1L-12p40 being the
most sensitive to RGD density (Figure 5E). Thus, generally RGD was observed to activate
DCs.

RGD peptides have also been shown to alter T cells cytokine secretion under certain
conditions. Bollyky et al.[5% examined the role of the ECM in peripheral immune tolerance
and described a phenomena in which hyaluronic acid (HA) promoted induction of FoxP3/
IL-10-producing regulatory T cells (Tyeg) from T cell precursors. Osteopontin, a matrix
glycoprotein found in chronic inflammation, which binds to CD44 and a.vp3 integrin, was
used to investigate the role of binding integrins in osteopontin-mediated IL-10 inhibition.
[94-97] preincubation of anti-CD3/CD28 activated T cells with RGD peptides (but not RGE
negative control peptides) rescued the suppression of IL-10 by osteopontin.

3.2 Enzyme-Sensitive Peptides

ECM degradation is mediated primarily by matrix metalloproteinases (MMPs), a family of
proteases whose functions include selective degradation of a wide variety of ECM proteins
and interactions with bioactive molecules, some of which mediate immunomodulatory
effects.[98.991 MMPs were initially described in observations of enzymatic degradation of
collagen during tadpole tail metamorphosis; this enzyme was named interstitial collagenase
(i.e., MMP-1).[200] |n terms of the immune system, MMPs can directly impact the function
of various chemokines and cytokines. For example, MMP-3 can inactivate monocyte
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chemoattractant protein (MCP) 1, 2 and 3, while MMP-7 and MMP-12 can release latent
TNFa activating this inflammatory cytokine.[99:101~103] |n the context of the natural ECM,
an extensive range of amino acid sequences are susceptible to cleavage by different MMPs;
one study found 4300 peptides sensitive to nine human MMPs,[104] suggesting a diverse
array of possible moieties to use in engineering enzyme-sensitive materials.

MMP-sensitive peptides are incorporated into synthetic hydrogels to increase the extent of
matrix remodeling, natural integration of the engineered material into native tissues, and
extent of immune cell invasion of the implanted materials. Work performed by West and
Hubbell pioneered a new approach in biomimetic hydrogels by incorporating peptides that
were susceptible to degradation by either fibroblast collagenase (MMP-1) or plasmin
(fibrinolytic protease) into a PEG hydrogel.[93:105] patterson et al. found that enzyme-
sensitive materials degrade at different rates depending on the type of MMP, with faster rates
at higher MMP concentrations[19¢]. Degradation was also dependent on the peptide
substrate’s sequence, revealing an engineering strategy for controlled degradation. Here, we
will focus on the few studies which have investigated the effects that these peptides have on
immune cells.

Macrophages are known to produce MMPs,[107.108] and studies have examined the ability of
this expression for materials degradation and macrophage infiltration. However, the extent of
degradation can be material dependent; for example, synthetic polymer hydrogels
crosslinked with MMP-sensitive peptides show limited degradation by macrophages alone.
(93] Amer et al. utilized PEG crosslinked with either MMP-sensitive peptide
(CVPLSILYSGC) or MMP-insensitive crosslinker to form hydrogels and test the /n vitro
effects of RAW 264.7 macrophage cells and /7 vivo implantation on hydrogel degradation.
[93] No significant degradation in hydrogel integrity was observed when the material was
incubated in macrophage-conditioned media or after /7 vivo implantation of the material,
and it was hypothesized that either the concentrations of MMP-2/9 were too low to result in
substantial hydrogel degradation, or that PEG allowed for the nonspecific adsorption of
MMP inhibitor proteins (e.g., alpha-2-macroglobulin, murinoglobulin-1, factor Xa,
thrombin). Another explanation could be that material-induced release of macrophage
TIMPs inhibited the functionality of secreted MMPs, arresting the degradation of the
engineered PEG hydrogel. However, further research is need to support these hypotheses. In
contrast, /n vitro studies using MMP enzymes alone showed degradation of material as
expected, and it was concluded that the inability of macrophages to degrade and infiltrate
hydrogels in this investigation was due to insufficient levels of MMPs.

One recent study by Yu et al. exemplified the synergistic effects of both co-culture and
natural biomaterial scaffolds on the extent of cell invasion.[1%%1 To mimic the migration
ability of vascular cells responding to chemokines that are expressed by inflammatory cells,
human vascular smooth muscle cells (SMCs) were co-cultured with macrophages using
U937 macrophage cells. Hyaluronic Acid (HA) hydrogels were crosslinked with either
MMP-sensitive peptides (GCRD-GPQGI-IWGQ-DRCG-NH2) or non-degradable
dithiothreitol (DTT). Chemoattractants (e.g., IL-1B, IL-6) produced by U937 cells in the
lower chamber of a transwell system promoted the migration of SMC cells grown on the
gels in the upper chamber. A larger migration distance through the gel was observed in
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MMP-sensitive gels relative to DTT control gels, and in the presence of macrophages.
Migration distance was further increased when MMP gels were pre-treated with U937 cells,
suggesting that U937 cells could additionally be releasing MMP enzymes that aid in matrix
degradation. Cell infiltration depths in materials implanted /in vivo supported these same
trends, with greatest infiltration in MMP-sensitive gels compared to DTT gels (Figure 6B).

Immunogenicity of MMP-sensitive peptides is a concern for the development of ECM-
mimetic hydrogel scaffolds. In a study by Fonseca et al., the activation of human monocyte-
derived immature DCs by a MMP sensitive peptide (PVGLIG) was examined.[110] immature
DCs were incubated with soluble PVGLIG, soluble PVGLIG-alginate conjugates, or LPS as
a positive maturation control. Activation markers (CD83, CD86) expressed by DCs treated
with MMP-cleavable peptides (over all concentrations tested) were significantly lower than
LPS-stimulated control groups and were expressed at similar levels to both the unstimulated
DCs (negative control) and unmodified alginate control groups. These results showed that
PVGLIG peptides and peptide-alginate conjugates did not up-regulate the expression of DC
activation markers.

In addition to eliciting engineered responses from the innate immune system, MMP-
cleavable peptides have also been utilized as a component for the controlled release of
antigens in adaptive CD8+ T cell response. In a recent study by Dong et al., an MMP2/9
sensitive peptide (PLGLAG) was used to increase the delivery of an antigen epitope directly
to MHC | complexes of DCs.[111] Although CTL-epitope peptides have been used as
vaccines against cancer and infection, the efficacy of these conventional peptide
formulations is less than optimal due to short plasma half-life of peptides /n vivo and the
dependence on intracellular DC/APC processing.[112-116] Directly loading antigenic
epitopes onto MHC | of DCs bypassed intra-DC processing, and the antigen release that
allowed for direct epitope loading was facilitated by the MMP-9 sensitive peptide that
connected the CTL epitope peptide to an immune-tolerant elastin-like polypeptide (iTEP)
macromolecule carrier. Cleavage by MMP-9 secreted by DCs enabled epitope peptide
delivery, enhancing epitope-specific CD8+ T cell response by as high as 9.6-fold compared
to the MMP-insensitive control vaccine. Future studies /n vivo will be needed to elucidate
whether such a strategy is viable for vaccine development, since /n vivo environments could
potentially include other MMP-secreting cells and exhibit lower DC concentrations.

3.3 LAIR-1Binding Peptide

Full-length ECM proteins have a multitude of bioactive sequences that elicit a variety of
immune cell behaviors. Some of these bioactive regions play a role in mediating natural
immune cell activation and inflammatory responses. This regulatory functionality comes
from binding and activating inhibitory immune cell surface receptors. One such surface
receptor is known as leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1 and/or
CD305), expressed in both mice and humans on a majority of immune cell types, including
natural killer cells, T cells, B cells, monocytes/macrophages, DCs, eosinophils, basophils,
and mast cells.[117] Collagen, the most abundant ECM proteins in the human body, is a
natural ligand for LAIR-1, with varying degrees of binding affinity depending on the
collagen type and specific binding domain.[15] Interestingly, tumor cells can overexpress
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collagen and inhibit NK cell toxicity through this interaction with LAIR-1,[118] and chronic
autoimmune inflammation has also been linked to decreased LAIR-1 expression.[11°]
Bioactive regions of LAIR-1 binding on collagen 11 and 111 have been identified, isolated,
and categorized by cell adhesion and induction of immune activity.[26] It has been
hypothesized that the amount or density of collagen may contribute towards setting the
specific thresholds for activation and recruitment of immune cells in various tissues.[117]

Isolated collagen peptide domains, with high affinity for LAIR-1, have been synthetically
produced to explore their potential as bioengineered materials for immunomodulation. Work
from our own groups have showcased the effect of immobilizing a specific collagen LAIR-1
binding domain on macrophage phenotype and reduction of inflammatory responses.[120] |n
our study, we used a peptide first identified by Farndale and Meyaard,[16] which showed the
greatest level of inhibition of CD3-induced T cell activation as well as significant inhibition
of FceR1-induced degranulation of mast cells. An N-terminal cysteine that was added to the
peptide enabled surface functionalization. The resulting LAIR-1 binding peptide (LAIR1p)
was conjugated to the surface of maleimide-functionalized surfaces.

To investigate the immunomodulatory function of LAIR1p, murine BMDM were stimulated
with LPS and IFN-y (to mimic an inflammatory response due to injury) and cultured on
LAIR1p saturated surfaces. Results showed a 60% reduction of the pro-inflammatory
cytokine TNFa secreted by BMDM cultured on LAIR1p, compared to growth on non-
LAIR1p control surfaces (Figure 7).[120] These results were recapitulated for human
monocyte derived macrophages. This reduction was not observed for LAIR1p delivered in
soluble form (not attached to surface), and no statistically significant effect on IL-10
production was observed. Surface conjugated LAIR1p also significantly inhibited the
production of other pro-inflammatory cytokines/chemokines (Figure 7), such as MIG
(monokine induced by interferon-ry; CXCL-9), MIP-1a (macrophage inflammatory
protein-1la; CCL-3), MIP-1p (CCL-4), MIP-2 (CXCL-2) and RANTES (regulated upon
activation, normal T-cell expressed, and secreted; CCL-5). These results show the potential
of engineering LAIR-1 binding ligands into biomaterials for suppression of inflammatory
macrophage activation. Further work is needed to elucidate the effects of LAIR1p on other
immune cell types to assess its global immunomodulatory effects.

3.4 Multidomain Peptides and Hybrid Hydrogels

The natural ECM has a variety of molecules, each of which contain specific structures and
sequences that encode for a myriad of cellular cues that can individually and combinatorially
modulate (and be modulated by) a wide spectrum of cell types. In a bottom-up approach, the
incorporation of multiple-ECM inspired domains or larger ECM-derived components into
engineered matrices can potentially elicit multifaceted and synergistic immune responses.
For example, fibrin gamma chain was polymerized with PEG polymer, and shown to have
similar coiled-coil conformation as native fibrin.[221] The composite hydrogel did not elicit
IL-2 or IFN-y immune responses in mice, suggesting limited T-cell response, but did elicit
greater antibody production when compared to fibrin alone.

Multi-domain peptide (MDP) hydrogels are injectable ECM-mimetic materials, engineered
to form self-assembling meshes that often utilize peptides to control cellular behavior. MDP
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hydrogel self-assembly is driven by its A-B-A building block motif; positively charged
lysine residues (A blocks) flank the B block, which is comprised of alternating hydrophilic
and hydrophobic amino acids that form a facial amphiphile (Figure 8A). Self-assembled
structural features can be tuned by molecular chemistry, assembly environment, and
assembly kinetics, yielding geometries that range from micelles to meshes.[122] Multiple
different ECM-derived peptides can also be incorporated into the central and terminal
regions of the A-B-A block motif. The assembly and material properties of MDPs have been
extensively reviewed by others.[122,123]

Interestingly, MDPs alone, without bioactive or ECM-mimetic peptides or drugs, have been
shown to be biocompatible and have significant pro-healing effects. Xu et al. characterized
MDP hydrogels for their cytotoxicity on BMDMs.[124] peptides with the general sequence
Kx(QL)yK; and their resulting hydrogels, were tested, showing that higher peptide
concentrations (>1 pM) resulted in reduced cytotoxicity, which was attributed to the
formation of ECM-like supramolecular structures at the higher concentrations. Moore et al.
demonstrated the /n7 vivo pro-healing effects of these MPDs in a rat subcutaneous implant
model (Figure 8B).[125] An MDP with sequence Ky(SL)gK5 implanted in vivo showed
cellular infiltration, matrix degradation, angiogenesis/vascularization, and innervation. A
cytokine array analysis performed on these extracted hydrogels showed the presence of
several chemokines involved in immune and inflammatory cell trafficking and recruitment.
MDP hydrogels elicited an initial acute proinflammatory response that included the
infiltration of neutrophils and macrophages, which then progressed to a pro-resolution
response, suggesting the host’s ability to successfully resolve the material-induced
inflammatory response. These responses to this material promoted wound-healing in a
diabetic mouse model (Figure 8C).[126] The positive results were somewhat surprising, given
that the peptide sequence did not contain known bioactive sequences and that prior /n vitro
results did not support strong bioactivity of this peptide sequence.

Immunomaodulatory effects can also be elicited by the incorporation of engineered ECM
mimetic peptides. Kumar et al. showed that MDP hydrogel with a sequence containing
adhesive RGD and enzyme sensitive LRG (K(SL)2(SLRG)(SL)3K(GRGDS) [“SLac™]) had
increased /n vitro hydrogel degradation as well as increased cellular adhesion of human
monocyte cell line THP-1 when compared with hydrogels fabricated with (Ko(SL)gKy).[127]
Implanting the material subcutaneously in a rat model showed that SLac gels promoted
macrophage invasion and matrix degradation.

Multiple ECM mimetic peptides have also been engineered into hydrogel platforms to
increase the viability of the biomaterial /n vivo. For example, Tian et al. used PEG hydrogels
engineered with multiple bioactive peptides to evaluate the interdependent effects of ECM
cues on the clustering of follicular DCs during the formation of malignant B and T cell
lymphoma in an organoid model.[128] Functionalized PEG was conjugated to integrin-
binding adhesion peptides RGD (NH2-GRGDSPC-COOH) (for avp3 integrins) or REDV
(NH2-GREDVGC-COOH) (for a4p1l integrins), together with either MMP-sensitive
peptide VPM (NH2-GCRDVPM SMRGGDRCG-COOH) or non-degradable dithiothreitol
(DTT). In non-degradable PEG hydrogels, DCs were distributed as individual cells
throughout the hydrogel, independent of RGD, and formed only small clusters with the
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incorporation of REDV. However, in degradable peptide crosslinked hydrogels, the presence
of RGD led to large cluster formation, which was further enhanced with REDV. The
immunomodulatory effects of adhesive peptides on follicular DC cluster size were regulated
by the presence of the MMP-9 sensitive peptide, highlighting the combinatorial effects that
multiple ECM-mimetic peptides have on cell behavior.

4. Conclusion and Future Directions

This review highlights the potential of ECM-derived hydrogels for modulation of the
immune system in biomedical applications. Both naturally derived (top-down) and synthetic
(bottom-up) engineering approaches have shown promise, each with their own strengths and
weaknesses. However, more comprehensive investigations of ECM immunomodulation is
needed to inform translation to useful clinical therapeutics. While analysis of hallmark
markers of inflammatory (e.g. TNFa, IL-1p) and anti-inflammatory (e.g. IL-10, TGFp)
responses is valuable, particularly for screening many different materials, a panel of markers
better captures the complexity of cellular interactions with ECM-derived materials,
particularly in addressing the combinatorial effects of innate and adaptive immune
compartment. Additionally, the temporal dynamics play a key role in cytokine secretion,
adhesion, and other effects, making time another key parameter in need of thorough
examination. Consideration of immune cell phenotypes, such as phagocytosis, antigen
presentation, and activation are also important readouts of biomaterial-immune cell
interactions.

With respect to the ECM-derived hydrogel-immune interaction, the above behaviors have
been largely explored in macrophages, which are clearly a major player in the immune
response to implanted materials. However, probing the role of other immune cells in both the
innate and adaptive compartments is needed to truly understand the effects of these
biomaterials on the immune system. Studies describing the effects of ECM-based materials
on T and B cells have been particularly sparse,[47:129.130] a5 is work on neutrophils and the
interface between the innate and adaptive immune system via DCs and macrophages.
[49.68,129] Some investigators have moved beyond studying the response of individual
immune cell types, developing co-culture models to analyze cell-matrix-cell crosstalk and
more closely mimic the physiologic response to ECM.[31] Co-culturing two or more cell
types on biomaterials has been shown to highlight otherwise concealed immunomodulatory
properties,[131] providing a high-throughput platform that holds promise to help reconcile
disparities between /n vitroand /n vivo studies. Choice of cells in all of these studies is
critical. The many cancer-derived cell lines and variable primary sources used, without
context, make the comparison of any findings to physiologic immune response difficult to
parse. For example, U937 and THP-1 monocytes are both isolated from leukemia patients
and widely used as macrophage-like cells to characterize the biomaterial response; however,
their response to ECM-derived materials may or may not be aligned with that of healthy
macrophages /7 vivo.[18:19.22.65.76.131] Additionally, there is little work on disease or tissue-
specific immune response to ECM-derived biomaterials. For example, the diversity of ECM
in the brain, and microglial response to biomaterials, are still not well understood.[41:42.58]
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Studies of interactions between immune cells and ECM-based scaffolds may provide
important mechanistic insight, but translating these materials into the clinic ultimately
requires analysis of response /n vivo. Furthermore, local environments have a profound
effect on cellular behavior, often causing discrepancies between /n vitroand in vivo data.
[132] For example, pro-healing effects of MDP hydrogels were observed in implant studies 77
vivo,11251 which were unexpected based on /n vitro observations of minimal enhancement of
cell viability, adhesion, and morphology compared to MDPs engineered with ECM-derived
peptides [133.134] This example highlights the need for better models and caution when
translating in vitro-in vivo data. Nonetheless, in vivo experiments testing immune response
to ECM-derived materials are not without their own challenges, often relying on histologic
analysis and may not be straightforward to quantify. It is important that future research
prioritize a robust quantitative and temporal analysis of cytokine production, immune cell
phenotype, and matrix remodeling, /77 vivo as well as /n vitro, when investigating the impacts
of ECM-derived materials on the immune system. Additionally, the development and
standardization of relevant disease models will be important for clinical translation.

This review has outlined two main approaches for immunomodulatory ECM engineering:
top-down naturally-derived ECMs and bottom-up synthetic hydrogels. Applications of these
engineered materials are diverse, not only to modulate the immune system for tissue
regeneration, but also to deliver drugs, bioactive molecules (such as cytokines, chemokines
and growth factors), and cells.[82.127.134-138] | each engineering approach, certain materials
show notable potential. Decellularized matrices have been commercialized for clinical use,
[78] and show unique immunomodulatory effects based on source tissue and physical
characteristics, but these materials remain heterogeneous and subject to contamination with
cell-products, effectively limiting engineering methods to finely control the immune
response. Single ECM materials, on the other hand, have more precise composition and thus
consistent cellular responses, but require sophisticated molecular engineering tools to tune
their biochemistry and immunomodulatory effects.[25-27]

Bottom-up synthetic biomimetic materials enable an approach arguably more amenable to
biomaterials engineering, and provide the ability for modular design. However, this synthetic
approach lacks the full natural context of the original ECM protein, and may yield different
or less efficacious responses. In this category, MDPs in particular have shown great promise;
they are biodegradable and modular, with examples that demonstrate support of a pro-
resolution environment.[126.13%] Combining these synthetic materials with naturally-derived
ECM proteins that provide further control of bioactivity, may generate hybrid materials that
leverage the advantages of both approaches, allowing for more precise tuning of the immune
response.

It is clear that the ECM is a dynamic and complex effector for maintaining homeostasis
(Figure 9), but the exact mechanisms and bioactive sequences that facilitate these complex,
dynamic interactions are not well understood. It is important, therefore, not only to continue
to engineer materials for biomedical applications, but also to probe the impact of biological
context on how these signals are interpreted. Understanding the impact of structures, from
local molecular conformation to cell- and tissue-level interactions, will facilitate greater
control over immune responses. The variety of molecules present in the natural ECM and the
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multitude of cellular cues encoded into each, combined with the capabilities of molecular
and biomaterials engineering, allows for a combinatorial design approach that holds the
potential for precise immunomodulatory control for biomedical applications.
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Figure 1.
Schematic representation of ECM-immune cell interactions. Interactions include LAIR1-

collagen interaction that inhibit inflammatory signaling, MMPs that drive matrix degradation
at cleavage motifs, and RGD that facilitates cellular adhesion to ECM via integrin binding.
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Figure2.
Collagen- and fibrin-based materials modulate the macrophage inflammatory response. (A)

Schematic of immune cell interaction with ECM-based materials. (B) Confocal images of
THP-1 macrophage expression of adhesion molecule vinculin on nonadhesive polyethylene
glycol diacrylate hydrogel (PEGDA, left) and adhesive gelatin hydrogel (GelMA, right).
Scale bar is 10 um. (C) mRNA expression levels of inflammatory markers NOS2and TNFA
in macrophages cultured on PEGDA vs. GelMA with or without IL-4 treatment. (B) and (C)
are adapted from Cha et al., 2017.22] (D) Z-score heatmap of inflammatory cytokines
secreted by macrophages cultured on fibrin or polystyrene and stimulated with LPS, IFNvy,
IL-4, IL-13, and/or fibrinogen. Red indicates relatively high levels of secretion and blue
indicates low levels of secretion. (E) TNFa secretion by BMDM cultured on control
polystyrene (blue and purple), fibrin (red and green), and/or fibrinogen (green and purple) in
the indicated stimulation conditions. (D) and (E) are adapted from Hsieh et al. 2017.137]
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Effect of HA molecular weight on macrophage polarization. (A) Schematic of immune cell
cultured on HA hydrogels of varied molecular weights. (B) Gene expression of //10and
Tnfa in mouse sarcoma macrophages J774A.1 stimulated with 1L-4 and HA of different
molecular weights for 24 h. Adapted from Rayahin et al., 2015.[53]
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Tissue source affects composition and immunomodulatory
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effects of decellularized matrices.

(A) Schematic of extraction of decellularized matrix. (B) Composition of commercial
porcine urinary bladder matrix (MicroMatrix™) as determined by mass spectrometry.
Adapted from Sadtler et al., 2017.172] (C) Immunofluorescence images of F4/80 (pan
macrophage), iINOS (M1 marker) and Fizz1 (M2 marker) in macrophages cultured on
polystyrene with cytokines or pepsin, or solubilized decellularized ECM derived from
various tissues: SIS (small intestinal submucosa), UBM (urinary bladder matrix), mMECM
(skeletal muscle ECM), bECM (brain ECM), eECM (esophageal ECM), dECM (dermal
ECM), IECM (liver ECM), coECM (colonic ECM). Adapted from Dziki et al., 2017.[78]
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Figureb.
RGD facilitates cellular adhesion and differentially modulates the activation of myeloid

cells. (A) Schematic representation of cellular adhesion facilitated by RGD domains in the
ECM and cellular integrins. (B) Immunofluorescence images of calcein AM-stained
BMDMs on PEG only or RGD-PEG surfaces. Scale bar is 200 um. (C) Relative gene
expression of 7nfain BMDMs at days one (left) and two (right), seeded onto PEG-only,
PEG-RGD, medical grade silicon (SIL) and tissue culture polystyrene (TC) surfaces. Gene
expression was normalized to housekeeping gene L32. (B) and (C) are adapted from Lynn et
al., 2010.188] (D) Immunofluorescence image of CD86 immunostained (green) and dendritic
cell nuclei stained with DAPI (blue) DCs on low and RGD densities. (E) Expression of DC
production of IL-12p40 and stimulatory molecule MHC-11 when cultured for 24 h a gradient
hydrogel with indicated RGD peptide surface density. The solid line represents the
background-corrected relative fluorescence intensity of DCs cultured in the presence of LPS
with the dashed line indicating the standard error. Data sets were linear curve fit and
equations with the obtained parameters are shown. (D) and (E) are adapted from Acharya et
al., 2010.[8]
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Figure®6.
MMP sensitive peptides facilitate immune-mediated matrix degradation. (A) Schematic

representation of immune cell infiltration facilitated by matrix degradation via MMPs. (B)
H&E stained sections of dithiothreitol (DTT) crosslinked hydrogels with increasing the
MMP sensitive peptide crosslinker content (from 0 to 100%) implanted subcutaneously in
mice for a total of 21 days and quantification (bottom right) of cell invasion distance in the
different materials at 3, 6, 12, and 21 days. Adapted from Yu et al., 2018.[131]
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Figure 7.
LAIR1 ligands in collagen modulate inflammatory cytokine production. (A) Schematic

representation of LAIR-1 binding to collagen. (B) Levels of secreted cytokines from BMDM
cultured on cysteine (control) or LAIR-1 ligand peptide (LP) coated surfaces, with or
without LPS/IFNy stimulation. Adapted from Kim et al., 2017.[120]
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Figure8.
MDPs are self-assembled molecules that allow for the incorporation of multiple ECM

derived peptides. (A) Schematic depiction of self assembly of A-B-A block motif peptides
into the basic fiber building block of MDPs, adapted from Kumar et al, 2015.[140] B)
Relative levels of pro- and anti-inflammatory cytokines present in dorsal tissues after MDP
subcutaneous injection into rats at different time points.[*3%] (C) Gross morphometry images
of skin wounds were treated with MDP hydrogel (top), IntraSite (middle), and buffer control
(bottom). Scale bars are 5mm Adapted from Carrejo et al., 2018.[12¢]
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FigureO.

Schematic representation of dynamic cell-matrix crosstalk during immune cell-matrix

interactions. Material-cell crosstalk is represented through degradation of matrix by enzymes

produced by cells, the production of ECM proteins by cells,

and the immunomodulatory

domains in the ECM described in this review. Cellular crosstalk is depicted via the
production of, and interaction with, cytokines and chemokines by the various cell types.
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