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Abstract

The role of dendritic cells (DCs) and their targeted manipulation in the body’s response to
implanted materials is an important and developing area of investigation, and a large component of
the emerging field of biomaterials-based immune engineering. The key position of DCs in the
immune system, serving to bridge innate and adaptive immunity, is facilitated by rich diversity in
type and function and places DCs as a critical mediator to biomaterials of both synthetic and
natural origins. This review presents current views regarding DC biology and summarizes recent
findings in DC responses to implanted biomaterials. Based on these findings, there is promise that
the directed programming of application-specific DC responses to biomaterials can become a
reality, enabling and enhancing applications almost as diverse as the larger field of biomaterials
itself.
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Introduction

Biomaterials are used as tools for regenerative therapies aimed at replacing lost or
dysfunctional tissues [1]. Emerging tissue engineering approaches typically employ some
combination of materials, cells and biomolecules (e.g., proteins). It has long been recognized
that the cellular component of these combination products, depending on the source, could
trigger severe immunological reactions similar to that seen in transplantation of allogeneic or
xenogeneic tissue [2]. More recently, researchers have reported that the biomaterial
component may also evoke significant immunological barriers to integration and tissue
regeneration [3]. This inflammatory response against the biomaterial component of tissue-
engineered constructs has been very well characterized and is collectively known as the
foreign body response (FBR). The known primary cellular mediators of this inflammatory
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response are macrophages, along with neutrophils. Briefly, following implantation, protein
adsorption on the surface of the biomaterial results in initiation of the coagulation cascade,
complement system (which can polarize immune cells towards an inflammatory response)
and the formation of a provisional matrix. These phenomena have been extensively
investigated on different biomaterial surfaces and it is thought that they are correlated to the
physico-chemical surface properties of the biomaterial, thereby linking biomaterial
properties with host immune cell responses [4]. Following matrix formation, antigen
presenting cells, including macrophages and dendritic cells (DCs), can be recruited to the
implant site by chemokines released by the matrix as well as surrounding cells.
Macrophages, in particular, persist at the implantation site, adhering to the implant surface
and coalescing with neighboring macrophages to form a giant cell body, which attempts to
engulf the material. Within this encapsulation, macrophages secrete a number of
inflammatory mediators, including reactive oxygen species and degradative enzymes that
can be detrimental to the structure and functionality of the implanted biomaterial [4]. The
presence of exogenous biologics only exacerbates this immune response, with foreign cell-
associated antigen release prompting chronic inflammation, typically mediated by T-cells.
Dendritic cells play a critical role as enablers of this chronic adaptive response against tissue
engineered constructs which typically deliver immunogenic cells, proteins and other
biologics [3]. Interestingly, they may also contribute to immune response against the
material component of these combination constructs. Herein, we discuss the current
knowledge on DC responses to implanted biomaterials, with particular relevance to tissue
engineering scaffolds.

Dendritic Cells in the Immune Response

The mammalian immune system is composed of two sets of mechanisms that collude to
shield the host from would-be invaders, the innate and the adaptive immune systems. The
innate immune system has evolved to recognize certain non-self-entities to which we, as a
species are continually exposed (e.g., pathogen-associated molecular patterns; PAMPS),
whereas adaptive immunity educates the body to never-before seen invaders. Notably, one
cell type is distinctly efficient at bridging the innate immune system to adaptive immunity —
the dendritic cell (DC) [5].

Dendritic cells are the ‘sentinel’ of the immune system for their role in patrolling,
scavenging and recognizing non-self-components throughout the host [5]. These cells are
phagocytic, and the most efficient antigen presenting cells (APCs) with the capacity to
instigate either inflammatory or anti-inflammatory adaptive immunity. Following tissue
damage, /n situimmature DCs capture released antigen and subsequently migrate back to
lymphoid organs via chemokine gradients, where they initiate clonal selection and expansion
of specific, rare T cells. These expanded T cell clones have receptors specific for antigens
that are processed and present on the surfaces of DCs during the migration process.
Moreover, antigen-specific T cells and subsequently mobilized B cells, macrophages, natural
killer (NK) cells and eosinophils home to the site of insult where a combination of broad and
specific assault is unleashed to abolish an invading threat. Critically, DCs also activate
suppressive immune networks for induction of tolerance towards self-antigens. The direction
and magnitude of immune responses are influenced by DC activation level and phenotype —
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either an activated phenotype providing an inflammatory reaction, or conversely, a
tolerogenic phenotype for regulatory measures [6]. The versatility of DC responses is in part
owing to the diversity of receptors on the surfaces of DCs, as well as, the heterogeneity of
DC subsets.

Heterogeneity of Dendritic Cells

Dendritic cells were first discovered in the laboratory of Ralph Steinman in 1973. While
controversial at the time, Steinman later shared the 2011 Nobel Prize in Physiology or
Medicine for his discovery of the DC and its role in adaptive immunity. Steinman et al.,
described these cells as being large (~10 um) mononuclear cells with elongated, stellate
processes (or dendrites) extending in multiple directions from the cell body [7]. The subsets
of this cell type varies between different mammals, so for the sake of brevity, here we only
discuss DC heterogeneity in humans. Currently, cells are designated as DCs based on
specific cell surface markers or clusters of differentiation (CD) and high expression levels of
MHC class | and class Il. Moreover, DCs are leukocytes distinguished based on their lack of
markers found on other cells: CD3 (T cells), CD19 (B cells), CD56 (NK cells), CD14
(monocytes), CD15 (granulocytes), and CD34 (stem cells). Accordingly, DCs have been
classically termed lineage-negative (lin-) DR+ cells [8].

Dendritic cells can be grouped on four different levels: i) precursor population (i.e. lineage),
ii) function, iii) final polarity of immune response and, iv) anatomical localization.
According to current understanding, DCs are identified as either “myeloid’ or
‘plasmacytoid’. Myeloid DCs (mDCs) are characterized by the expression of CD11c¢, CD13,
CD33 and CD11b, and its lack of expression of CD14 and CD16. Myeloid CD11c+ DCs can
be further split into CD1c+, CD14+ and CD141+ fractions. On the other hand, plasmacytoid
DCs (pDCs) typically do not express myeloid markers and are recognized via the surface
markers CD123, CD303 and CD304 [6].

These two major subsets of DCs differentiate in an array of cells with differential functional
capabilities and primary loci in mammalian hosts. In humans, there are 5 major classes that
have been characterized, namely: (1) Peripheral Blood DC (PBDC), (2) Epithelial and
Interstitial DC, (3) Thymic DC (TDC), (4) Lymphoid DC (LDC) and (5) Bone marrow DC
(BM-DC) [9].

Peripheral blood DCs represents about 0.5 — 1.5% of the total peripheral blood mononuclear
cells (PBMCs), and consists of both myeloid and plasmacytoid DCs. The mDCs in this
compartment express CD13, CD33, CD45R0, and have impressive antigen uptake and T-
cell stimulatory capacities. Exposure of this DC subtype to bacterial components (e.g.,
lipopolysachharide [LPS]) results in secretion of pro-inflammatory cytokines, particularly
interleukin (IL)-12. Myeloid PBDCs have high expression of toll-like receptor2 (TLR2) and
TLR4 [10], but levels of CD16, blood dendritic cell antigen-1 (BDCA-1) and BDCA-3 vary
depending the subclass. Human blood also contains immature forms of pDCs. These pDCs,
expressing high levels of IL-3a., BDCA-2, BDCA-4, CD4, CD62L and immunoglobulin-A.-
like transcript (ILT) [11], are noted for their production of IFN-a in response to CpG, certain
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viruses and CD40L. Toll-like receptor7 (TLR7) and TLR9 as well as C-type lectins —
CD205 and CD209 are highly conserved on this distinct DC subset [11].

Epithelial and Interstitial DCs are found in peripheral tissue and are known for their antigen-
capturing and migratory capacities. This subset of DCs include Langerhans cells and can
contain CD1c+ mDCs, C141+ mDc, CD14+ DCs, as well as a few pDCs. Moreover, they are
excellent stimulators of naive T cells, and also release high quantities of inflammatory
cytokines (e.g., IL-12) upon maturation [6].

Thymic DCs As their name suggest, they are found in the thymus but can be comprised of
pDCs, immature CD11c+ mDCs and mature CD11c+ mDCs. Thymic pDCs are similar in
immunophenotype to the aforementioned peripheral blood pDCs. Mature CD11c+ mDCs
make up about 7% of thymic DCs and are marked by their expression of DC-LAMP, CCR7
and IL-12 production [12].

Lymphoidtissues (e.g., spleen, lymph nodes) are also resident to significant numbers of
DCs. Human lymphoid tissues can contain CD1c+ mDCs, CD141+ mDCs, CD14+ DC and
pDCs in steady state. The relative contributions of these subclasses, and the overall number,
of DCs in lymphoid tissue can vary widely during inflammatory conditions [13].

In vitro/Ex vivo-cultured DCs For their relevance to future discussion in this review, we also
want to highlight in vitro-expanded DCs. Similar to their in vivo counterparts, these DCs are
separated based on lineage with the two major sub-classes termed myeloid-derived and
plasmacyotoid-derived DCs. Myeloid-derived DCs can be obtained by culturing either
hematopoetic stems from bone marrow or blood monocytes in the presence of granulocyte
macrophage colony-stimulating factor (GM-CSF) and IL-4 [14, 15]. On the other hand,
lymphoid progenitors, including T-cell precursors from the thymus [16] and CD19+
committed B-cell precursors [17], can be used to generate DCs that are phenotypically
similar to plasmacytoid DCs. The heterogeneity of lymphoid-derived DC is hormally broad
and dependent on the in vitro cocktail of factors used to induce DC development as well as
the progenitor cell type. Overall, DCs are a heterogeneous cell population, and this diversity
may be beneficial for the collective functionality of DCs to initiate adaptive immunity
against plethora of invaders, whilst regulating self-immunity.

Cytokine supplementation has been employed to generate a large number of DCs in vitro.
These methods have been tremendously helpful in understanding the immunobiology of
dendritic cells, as well as in therapeutic applications of DCs [18]. Despite these positive
outcomes from in vitro DC culture, significant differences in phenotype from in vivo DCs
have been highlighted and raise caution on the interpretation of results garnered using in
vitro-derived DCs [19]. For example, in vitro-generated lymphoid-lineage, thymic DC lack
CD8a marker expression, that is characteristic of their ex vivo counterparts. Further
concerns on in vitro-derived DCs include the purity of DC cultures, varied stages of
development within cultures and DC plasticity, if a specific maturation state is desired.
Another critical factor is the tissue source (e.g., blood, bone marrow, etc.) of the progenitors
which could result in variable functionality depending on the cytokine cocktail [20-22].
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Ostensibly, it is imperative that the protocol, starting cell and phenotype of the final cultures
are well documented wherever in vitro DCs are applied.

Dendritic Cell Receptors and Antigen Capture

Dendritic cells continuously patrol peripheral tissues, sampling the microenvironment for
foreign and pathogenic materials. Immature DCs entrap potential threats by one of three
size-dependent, mechanisms: phagocytosis, receptor-mediated endocytosis and
macropinocytosis. Moreover, DCs are equipped with a plethora of receptors to identify, seize
and engulf a broad spectrum of self and non-self entities. Notably, DC endocytic and
phagocytic receptors for antigen uptake include C-type lectins (e.g., DEC205, CD206), toll-
like receptors (e.g., TLR4), Fcy receptors (e.g., CD32, CD64) and integrins (e.g. a V5,
CD11c) [23-26]. Many of these receptors also direct intracellular signaling, adhesion,
motility and maturation of dendritic cells. Additionally, receptors may be differentially
expressed on different DC subsets and be intricately tied to their function and anatomical
location. For instance, human interstitial DCs can rapidly internalize mannosylated antigens
and direct these antigens for processing and presentation via major histocompatibility
complex (MHC)-I1 pathways. On the other hand, Langerhans cells have poor expression of
mannose receptors such as DC-SIGN (CD209), and therefore have difficulty internalizing
mannosylated entities [27, 28].

Dendritic Cell Mobility, Recruitment and Migration

Prior to antigen capture, DCs along with other phagocytic cells accumulate at the site of
inflammation, in response to the release of chemokines in this area. Inflammatory
chemokines, such as MIP-1a, MIP-3a, MIP-18, MCP-2, MCP-4 and stromal cell-derived
factor-1 (SDF-1), recruit DCs, which express cognate receptors for these potent chemokines.
As such, different DC subsets have varied motile reactions to different chemokines [29, 30].

Chemokine gradients are also critical for the homing of DCs to tissue-draining lymph nodes
following antigen uptake. Critical to this process is the chemokine receptor CCR7 which is
upregulated after antigen uptake and activation. The primary CCR7 ligands are MIP-3p and
CCL21 [31, 32]. Additionally, DCs in lymphoid tissue secrete the naive and memory T-cell
chemoattractants, CCL18 and CCL22, to help promote DC-T-cell interactions. It should be
again noted that migration capacity, pattern and chemokine production vary between DC
subtypes, indicative of the diverse functional roles of this cell type in generating immunity.

Chemokine binding to the cognate receptor initiates signaling within the DC that results in
reorganization of the actin cytoskeleton and locomation of the entire cell. Also integral to
this motility are adhesion events, controlled by integrins, which allow DCs to transit
between different tissue types. Integrin binding to extracellular matrix (ECM) proteins
results in the formation of adhesion complexes (often called focal adhesions) containing
both structural (e.g., vinculin, talin) and signaling proteins (e.g., focal adhesion kinase
[FAK], paxillin) which are sites for mechanical signal transduction [33, 34]. For instance,
Kohl et al. demonstrated that monocyte-derived DCs and CD34+ stem cell-derived DCs
employ asfB1 and agP; integrins, for initial adhesion to fibronectin and laminin adhesive
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substrates, respectively [35]. Interestingly, other reports have indicated that integrins may
also play a role in activation of DCs. Acharya et al., demonstrated that DC adhesion to
various material surface-adsorbed ECM proteins — collagen, fibrinogen, fibronectin, laminin,
and vitronectin [36]. In particular, DCs cultured on collagen and vitronectin produce more
IL-12. In comparison, DCs cultured on albumin and serum-coated tissue culture-treated
polystyrene produce more 1L-10. Additionally, DCs cultured on different substrates
differentially mediated allogeneic CD4+ T-cell proliferation and T-helper cell type
responses. Furthermore, in a complementary study, DCs derived from non-obese diabetic
mice, which are predisposed to type 1 autoimmune diabetes, demonstrate altered responses
to these same surface-adsorbed ECM proteins [37]. Lastly, Acharya et al., also investigated
C57BL/6 mouse bone marrow-derived DCs adherent to click chemistry functionalized
surface-density gradients of the cell adhesive peptide, RGD. Dendritic cell ay integrin
binding levels were quantified by a cross-linking/extraction method, and tightly followed
RGD density, above a minimum threshold value. Activation markers, MHC-I1 and CD86,
moderately correlated to ay integrin binding, while cytokine production of 1L-10 and IL-12
were highly correlated to a., integrin binding [38].

Dendritic Cell Antigen Presentation

As DCs traverse toward lymphoid tissue, captured antigen is degraded, processed and
presented on the cell surface via receptors referred to as the major histocompatibility
complex (MHC). DCs primarily load captured antigen onto two unique MHC molecules
which results in the interaction of DCs with different subsets of T cells. For MHC-I loading
of antigenic peptide, endogenous and self-peptide is processed via the classical endogenous
pathway and presented. This cytosolic pathway involve antigen ubiquitination, proteasome
degradation, transport via TAPs (transporters for antigen) and finally, insertion into MHC
class I molecules for presentation [39, 40]. Peptide-MHC-I complexes interact with CD8+ T
cells. On the other hand, CD4+ T cells form immunological synapses via interaction with
peptide-loaded MHC-11 molecules, which display exogenously-acquired antigen following
endosomal degradation and cathepsin S-assisted loading [41]. An alternative pathway of
antigen presentation exists, where subsets of DCs efficiently present exogenously-derived
antigen fragments onto MHC-I molecules. This phenomenon, known as cross-presentation,
may be important for enlisting all the facets of the adaptive immune system and, mounting
effective tolerogenicity [42, 43]. Another non-classical antigen display pathway involves the
family of CD1 molecules. Interestingly, both endogenous and exogenous antigen can be
presented on CD1 molecules. Moreover, antigen presentation on these molecules is thought
to be important for microbial immunity, as well as, autoimmunity [44, 45].

Dendritic Cell Maturation States and Interactions with Adaptive Immune

Cells

Antigen process and presentation can be accompanied by DC maturation, where DCs
differentiate into a functional phenotype capable of activating resting naive adaptive immune
cells. This morphogenesis is normally marked by a number of coordinated events including,
(a) upregulation of peptide-MHC-1 and -11 complexes, (b) increased expression of co-
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stimulatory molecules (e.g., CD40, CD80, and CD86), adhesion molecules (CD54, CD58),
and chemokine receptors (CCR1, CCRY7), (c) secretion of inflammatory cytokines (e.g.
IL-12, IFN-v), (d) shift in lysosomal compartment type with increased expression of DC-
lysosome-associated membrane protein (DC-LAMP) and (e) significant decrease in antigen
uptake capacity. Morphologically, DCs lose their adhesive structures, undergo cytoskeleton
reorganization noted by an increase in filamentous actin and the appearance of veils [6]. In
addition to inflammatory cytokines secreted by T cells (e.g., IFN-y), DC receptor ligation to
a range of molecules can induce progression of DCs from an immature to mature state.
Pathogen-derived ‘danger signal’ molecules include lipopolysaccharide [LPS] and bacterial
DNA (CpG), and endogenous damage-associated molecules include heat-shock proteins,
uric acid and ATP [25].

The phenotypical changes observed during DC maturation are important for T- and B-cell
priming in the lymphoid organs including the spleen, lymph nodes and gut-associated
lymphoid tissue (GALT). DC-T-cell interactions are typically marked by the formation of an
immunological synapse. The molecules involved in this bridge between the two cell types
include, i) adhesive mediators (e.g., p1 and B2 integrins), ii) peptide-MHC complexes and
the T-cell receptor (TCR), which together are termed ‘signal one’, iii) the ‘second signal’
which constitutes co-stimulatory molecules on the DC (e.g., CD80, CD86, CD40) ligated
their respective receptors on the surfaces of T-cells (e.g. CD28, CD40L), and iv) ‘signal 3’ or
the *polarizing’ signal which can be either soluble or membrane-bound cytokines (e.g.,
IL-12) [5]. Polarization refers to the differentiation of naive T-cells to a distinct T-cell type
(e.g., Thl, Th2, regulatory T cell [Treg]). Dendritic cells not only control the magnitude, but
also the direction of T-cell responses based on the following factors: a) the surface density of
peptide-MHC complexes, b) the affinity of the TCR for the corresponding peptide-MHC
complex, ¢) DC maturation state and, d) the type of maturation stimulus [46, 47].

Dendritic Cell Responses to Implanted Materials

Biomaterials in implanted devices or tissue engineering scaffolds serve a number of
purposes, including i) architectural and mechanical support, ii) cellular transport and
inhabitation, and iii) localized delivery of instructive and inductive molecules [48]. The
range of materials investigated as tissue engineering scaffolds is quite extensive and has
been excellently reviewed [49, 50]. Briefly, these include natural materials (e.qg., fibrin,
dextran, decellularized matrix) which can be formed into hydrogels with similar mechanical
properties as native tissues, have intrinsic biological properties that help to support cellular
recruitment, differentiation and integration, and are biodegradable allowing for cellular
penetration and scaffold remodeling. On the other hand, biomaterials in scaffolds can often
be synthetic (e.g., poly[lactide-co-glycolide] [PLGA], polypropylene, polyethylene
terephthalate). Synthetic materials typically offer greater mechanical strength than naturally-
derived scaffolds, as well as, precise control over the material tunability [49].

For synthetic biomaterials, irrespective of the type, bulk material implantation into soft
tissue characteristically induces the foreign body response, denoted by the chronic
persistence of macrophages around the implant site. It is now clear that macrophages are the
central mediators of this immunological response. However, as noted by Vasilijic et al., DCs
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also infiltrate the implant area and potentially play role in the development and resolution of
the foreign body response. Dendritic cell potency to stimulate adaptive immune responses
has been well characterized, but an understanding of their role in the foreign body reaction
to biomaterials is incomplete. To the best of our knowledge, Vasiljjic et al., is perhaps the
only investigation of the role of the DC in acute and chronic inflammation, and wound
healing around an implanted biomaterial. It is estimated that as much as 25% of the
monocytes recruited to the site of tissue damage differentiate into DCs [51]. Additionally, it
is believed that local interstitial DCs and Langerhans cells also infiltrate the implanted
material. Taking a closer look at accumulation of DCs in implanted polyvinyl sponges,
Vasilijic and coworkers found that DC number gradually increased and peaked at day 10
after implantation. Phenotypically, these DCs expressed normal markers including MHC 1,
CD11c, CD11b and CD68. One particular observation from this study was that the number
of DCs staining for His 24 or His 48 (putative pDC markers) was higher at the day 14 time
point than at day 6. Another finding was that DCs isolated at a later stage of inflammation
(day 14) were more hyporesponsive to allogeneic T cells than DCs isolated from sponges at
6 d after implantation. This lower allostimulatory capacity of late stage DCs correlated with
downregulation of stimulatory molecules (CD80 and CD86), a change in the material-
associated DC type from mDC to pDC and increased level of anti-inflammatory cytokines
(IL-10 and TGF-B1) in culture supernatants and sponge exudate. The dynamics
demonstrated in this study suggest DCs could be involved in suppressing chronic
inflammation and/or autoimmune reactions to damaged tissue and may prove to be
important to the resolution of this process [51]. It should be noted that this study, as with
many of the studies that are described in this review, was performed in a rodent model. As
such there are limitations in predicting the DCs response to biomaterials in humans. On the
other hand, a study by Takao et al. demonstrated that, at the gene expression level, mouse
models of inflammation closely mimicked the same conditions in humans and provided
strong evidence for conducting immune-related simulations in rodents [52].

The study outlined above was a rare foray into elucidating the role, if any, that DCs play in
the FBR. Instead, most studies focus on dissecting the adjuvant effects of biomaterials in
promoting immune responses to biomaterial-biological combination products used in tissue
engineering. An ‘adjuvant’ is defined as a substance that can amplify immune responses to
an accompanying antigen but alone, does not elicit adaptive immune responses [53, 54]. The
adjuvant effect may exacerbate inflammatory responses toward combination products with
tissue engineering scaffolds and promote the degradation of the biomaterial. The primary
mechanism through which biomaterial adjuvants exert this effect is thought to be the
maturation of APCs, particularly DCs [55]. Ostensibly, biomaterials that are non-
adjuvanting and obstructive to DC maturation could be beneficial to scaffold integrity, and
might be explored for advantageous tissue regeneration. As such, researchers have begun to
investigate the effects of materials purposed for tissue engineering on DC phenotype and
humoral responses, in the presence or absence of antigen. For instance, Matzelle et al.,
demonstrated that the presence of a biomaterial resulted in an enhancement of the humoral
immune response to co-delivered antigen using a simplified model system [56]. In this study,
a model antigen, ovalbumin (OVA) was co-localized with different polymeric biomaterial
carriers and administered to C57BL/6 mice to assess whether the presence of the biomaterial
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enhanced immune responses to the antigen. Specifically, total anti-OVA 1gG serum levels
were used as the measure to compare the biomaterial (PLGA, polystyrene [PS]) vehicles
(microparticles and scaffolds) against the well-known standard, complete Freund’s adjuvant.
The primary outcome of this study was that that OVA-adsorbed or co-delivered with carrier
biomaterials including non-biodegradable, polystyrene microparticles (MPs) and 75:25
PLGA MPs, supported moderate humoral immune responses for an 18 week period. Further,
the presence of 1gG; titers indicate the humoral response is Typo-dependent [56]. A follow-
up study further corroborated these initial conclusions by assessing the /in vivo proliferation
levels of fluorescently-labeled, OVA-specific CD4+ T-cells from transgenic OT-11 mice in
the presence or OVA delivered by biomaterial carriers, which were comparable to that of
OVA combined with complete Freund’s adjuvant. The common link between the biomaterial
carriers, co-delivered antigen and the observed adaptive immunity is the maturation of
APCs, particularly DC maturation [56].

One implication from the Matzelle studies was that 75:25 PLGA (copolymer whose
composition is 75% lactic acid and 25% glycolic acid) may be immunogenic and present
danger signals to provoke DC maturation. Yoshida et al., further examined this hypothesis
and looked at the phenotypic responses of human monocyte-derived DCs to treatment with
75:25 PLGA MPs or films in comparison to lipopolysaccharide (LPS)-treated DC (for a
positive control of matured DCs) and untreated or immature DCs (iDCs; negative control)
[57]. Summarily, at early time points (6 h, 24 h), stimulatory molecules (CD40, CD80,
CD83, CD86 and MHC-11) were markedly upregulated on DCs, in comparison to the iDC
negative control, but lower than that of LPS-matured DCs. Moreover, 75:25 PLGA MP-
treated DCs display a “stellate’ morphology with extended cellular processes, similar to that
of mature DCs, and MP-treated DCs enhanced proliferation of allogeneic T-cells in a mixed
lymphocyte reaction (MLR). This report advocates that 75:25 PLGA can stimulate
maturation of human monocyte-derived DCs, and maturation is dependent on the form of the
biomaterial [57]. Yoshida et al., also reported that DC responses to 75:25 PLGA films and
MPs were independent of species and DC subtype, as comparable reactions to those
described above with human monocyte-derived DCS were also observed using bone
marrow-derived DCs from C57BL/6 mice. Further analysis of DC cytokine secretion and
transmigration capacity revealed that the observed biomaterial effect may be contact-
mediated [57, 58]. Contact-mediated maturation of DCs was also alluded to in a manuscript
by Sharp et al., on the activation of the NALP3 inflammasome in DCs due to particulate
engulfment. They reported that, again at early time points (30 min to 24 h) both PLGA and
PS particulates significantly enhanced the secretion of IL-1p. The secretion of IL-1
requires the assembly and activation of the inflammasome, which is a cytoplasmic complex
composed of NOD-like receptors (NLRs) and caspase 1 (protease). They also noted that
either TLR agonists or endogenous tissue factors are needed in conjunction with the
particulate adjuvant to promote IL-1p release [59]. Building on these reports, Park et al.,
comprehensively investigated the different phenotypic changes in human monocyte-derived
DCs following exposure to a library of commonly employed biomaterials in tissue
engineering including films of alginate, agarose, chitosan, hyaluronic acid, and 75:25 PLGA.
Immuno-phenotyping was performed on biomaterial-treated DCs by comparing morphology,
stimulatory molecule expression, mixed lymphocyte reaction, NF-xB activity and pro-
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inflammatory cytokine secretion. Overall, differential effects of DC maturation were induced
by different biomaterial films after 24 h exposure time period. More specifically, PLGA or
chitosan films induced DC maturation, with higher levels of DC allo-stimulatory capacity,
pro-inflammatory cytokine release, and expression of CD80, CD86, CD83, HLA-DQ and
CD44 compared to iDC levels. Alginate films evoked an increase in pro-inflammatory
cytokine release as well as a decrease in CD44 expression. Whereas, hyaluronic acid films
elicited suppressive effects on DC phenotype, with reduced expression of CD40, CD80,
CD86 and HLA-DR observed, compared to iDCs [60].

Although the reports described above strongly suggested that PLGA, particularly the 75:25
composition, has intrinsic adjuvant activity, others have reported DCs as being unresponsive
or even suppressive responses to PLGA treatment [61, 62]. These tangible differences may
be due to the formulations tested (75:25 vs. 50:50), as well as, the time of the immune-
phenotyping analysis. Notably, reports that supported the adjuvant activity of PLGA did not
assess DC responses beyond 24 h, whereas others tested at later time points and found that
DC maturation markers were either similar or decreased levels in comparison to iDCs [61,
62]. Furthermore, there are reports that the degradation products of PLGA into it constituent
monomers, particularly lactic acid, can down regulate stimulatory molecules on DCs
following exposure, which suggests that the time of DC exposure to this polymer as it
degrades over time may also be a factor [63, 64].

Effect of Biomaterial Chemical Properties — Surface Chemistry/
Hydrophobicity

Blood contact with a material after implantation results in protein deposition and formation
of a provisional matrix, which can influence subsequent leukocyte adhesion and monocyte
recruitment [4]. Evidently, the chemical and physical properties of the surface of the
biomaterial influence the foreign body reaction. Along this line, studies by Park et al.,
suggest that different surface chemistries could evoke differential functional responses in
DCs [60]. To this extent, Shankar et al., investigated how well-defined surface chemistries
modulated DC phenotype. DCs were cultured on self-assembled monolayers (SAM)
surfaces of alkanethiols terminated with defined chemical groups, of either -CHs, -OH, -
COOH, and -NH,. Response output for this study included DC morphology, expression of
positively stimulatory molecules and allo-stimulatory capacity. By measure of expression of
stimulatory markers, treatment with -OH, -COOH, or -NH, terminated SAMs showed
moderate maturation, while DCs treated with -CH3 SAMSs were least activated. Somewhat
contradictorily, -CH3 SAMS elicited the highest levels of inflammatory cytokines (IL-6 and
tumor necrosis factor-alpha; TNF-a). Additionally, increased levels of apoptotic markers
were observed for DCs and T cells in contact with -CH3 SAMSs. Various reports have shown
that phagocytosis of apoptotic DCs has strong immunosuppressive effects on DCs, therefore
the increased number of apoptotic DCs on -CH3 SAMs may account for lower DC
maturation [65]. Finally, higher expression of cytotoxic T lymphocyte associated antigen
receptor-4 (CTLA-4) on T cells was shown, suggesting a mechanism of T cell inhibition on -
CH3 SAMs [66, 67].
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Similarly, the adjuvant activity of standard biomaterials as a factor of surface
hydrophobicity, linked to the surface chemistry, was investigated the Ma group. They
examined the effects of poly(D,L-lactic acid) (PLA)-, PLGA-, and
poly(monomethoxypolyethylene glycol-co-D,L-lactide) (MPEG-PLA, PELA)-based
microparticles, which were similar in morphology and size but differed in surface
hydrophobicity, on the maturation status of DCs /n vitroand in vivo immune responses.
Based on contact angle measurement, the surface hydrophobicity of the studies materials
increased as follows: PELA < PLGA < PLA. /n vitro studies using bone marrow-derived
DCs from BALB/c mice showed that increased surface hydrophobicity supports
microparticle engulfment and antigen internalization, and boosts expression of stimulatory
molecules (CD86, MHC-11). Using atomic force microscopy, they determined that the
interaction forces between the cell and adjacent microparticle were strongest for the PLA
microparticles, which were the most hydrophobic. Based on these results they argued that
MP surface hydrophobicity affects the physical interaction between APCs and MPs, which
further influences MP uptake, DC maturation status and antigen display, and downstream
immune responses [68]. However, it is important to distinguish that this study involved
particulate materials, which may engage different mechanism of response, i.e., cell
attachment to a bulk material versus particulate phagocytosis. Along this line, a study by the
Babensee group considered the effects of hydrophilicity on DC responses using
unphagocytosable material constructs [69]. This work compared the differential biomaterial
effects, including hydrophilicity, of PLGA and agarose on the maturation state of human
monocyte-derived DCs. Summarily, they found that DCs seeded on PLGA films expressed
higher levels of costimulatory and MHC molecules than those exposed to the more
hydrophilic, agarose substrates.

Dendritic Cell Responses to Biomaterial Physical properties

Biomaterial surface microarchitecture also influences the orientation of proteins on the
surface of biomaterials, and therefore leukocyte adhesion. Acharya et al., demonstrated that
DC adhesive cues influence the activation state of DCs [37, 38]. Moreover, the Babensee
group elucidated the role of integrins in the recognition and response of DCs to biomaterials.
Succinctly, antibody-blocking techniques were used to demonstrate B, integrin signaling in
DC-mediated CD86 upregulation [74]. Another report indicates that DCs cultured on
adhesive protein substrates and simultaneously exposed to cyclic mechanical strain develop
a semi-mature immuno-phenotype [75]. These studies begin to illustrate that the biophysical
and biomechanical microenvironment is influential on DC responses to implanted scaffolds.
A more conclusive study that elucidates the effects of material dimensionality on DC
immunophenotype was performed by van de Vries et al. The aim of this study was primarily
to examine how biomaterial architecture governs DC podosome formation. But, included in
this study was an investigation on the influence of dimensionality on the maturation status of
DCs. With regards to the latter studies, 3-D micropatterns with widths of 2, 5, 10 and 20 pum
were created in the well-studied, biomaterials - polystyrene, teflon, poly(methy methacylate)
and polyethylene naphtalate. The differentiation status of iDCs seeded on these 3-D
micropatterns was compared to that of DCs cultured on 2-D substrates of the same
chemistries. This group found that surface expression of MHC-1I molecules in DCs on 3-D
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micropatterns were significantly higher compared to flat substrates, indicating that substrate
dimensionality may play a role in regulating the activation of DCs [73].

Surface roughness may also be an influential factor in DC responses to implanted materials.
Kou and coworkers examined this relationship using clinical dental titanium (Ti) surfaces
with defined chemistries and surface roughness [72]. The surface roughness (Ra) of tested
substrates were (in the increasing order): tissue culture polystyrene (control; TCPS) < pre-
treated titanium (PT; smooth finish) (0.6 um) < grit-blasted and acid-etched titanium (SLA)
= (hydrophilic SLA; modSLA) (3.97 um). Comparison of the surface energies of these
various surfaces was also performed, via water-air contact angle measurement, and were ~
96°, 138°, and 0° for PT, SLA and modSLA respectively. Differences in expression of
stimulatory surfaces molecules on DCs were detected following incubation on these
experimental surfaces. More specifically, DCs cultured on PT and SLA Ti surfaces showed
increased expression levels of CD86 in comparison to TCPS-seeded iDCs. The morphology
of DCs cultured on PT and SLA Ti surfaces closely reflected that of LPS-matured DCs,
suggesting that these surfaces may promote DC activation. Interestingly, PT surfaces
stimulated increased secretion of the anti-inflammatory IL-1ra from DCs in comparison to
all other investigated substrates (SLA, modSLA). Taken altogether, these results suggest that
surface energy (related to surface chemistry) is a more definitive factor in the polarization of
DC maturation by biomaterial surfaces. Moreover, principal component analysis (PCA)
analysis based on surface chemical composition indicated that surface chemistry maybe a
stronger factor and more predictive of DC activation state. Summarily, PCA analysis showed
that increasing surface carbon or nitrogen induces mature characteristics, whereas increasing
surface oxygen or titanium promotes an immature DC phenotype [72, 76].

Implant-based modulation of DC activity

As inflammatory activity around an implanted material may be detrimental to the half-life of
the devices, scientists are now looking into ways to design implants that modulate DC
responses. For instance, Hume at al., functionalized poly(ethylene glycol) (PEG) hydrogels
with immobilized anti-inflammatory cytokines — transforming growth factor beta 1 (TGF-
B1) and IL-10, to control the maturation status of interacting DCs [77]. Briefly,
inflammatory cytokine secretion, as well as, stimulatory marker expression (MHC-I1, CD80,
CD86) were significantly decreased in primary DCs seeded on ECM-coated, functionalized
hydrogels, in comparison to the non-functionalized control substrate. Moreover, DCs
cultured on this immunomodulatory PEG hydrogel resisted maturation upon LPS challenge
[77]. This strategy represents a newer trajectory in biomaterial design, where
immunomodulatory factors are incorporated into the biomaterial to limit maturation of
implant-localized DCs and thereby dampen adaptive immune responses.

An emerging, biomaterial-based strategy for manipulation of the immune system is
controlled release of immunomodulatory agents from particulates [78]. Along this line,
Lewis and coworkers have developed biomaterial-based systems for targeting and
tolerogenic conditioning of DCs [70, 79, 80]. One approach developed by this scientific
team, consists of two types of PLGA MPs which differ in size. One type is large,
unphagocytosable MPs and purposed for the extracellular delivery of DC recruitment and
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immuno-suppressive biological factors (GM-CSF and TGF-p1). The other MP type is small,
phagocytosable MPs and encapsulates either encapsulated antigen or vitamin D3
(tolerogenic activity) for intracellular delivery to DCs. Moreover, this combinatorial system
induced a robust, immunosuppressive phenotype in bone marrow-derived DCs and prevented
the development of type 1 diabetes in NOD mice [70]. Mechanistically, results indicated that
protection was conferred by an increase in the number of FoxP3+ regulatory T cells, which
can be induced by tolerogenic DCs [81]. Evidently, infusion of biomaterial implants with
controlled-release, DC-instructive factors could be another novel method to mitigate
inflammatory responses around the implant, particularly if antigen is present.

Immunomodulatory strategies should be guided by studies on how implanted materials
shape the local immune microenvironment. In this regard, recent work by Sadtler et al.,
indicating that developing a pro-regenerative biomaterial scaffold microenvironment
requires Ty cells may be instructive. Specifically, the Elisseeffgroup revealed that ECM-
derived scaffolds drive the recruitment and generation of DCs and macrophages with
immunoregulatory profiles (decreased stimulatory marker expression [CD86]) during tissue
remodeling. Moreover, the immunoregulatory profile is induced by I1L-4 derived from
MTORC2-dependent CD4+ T T cells in the vicinity of the implant [82]. This regulatory
immune microenvironment ultimately promotes the faster healing of muscle around an
initial injury. These basic biology studies may be crucial to future biomaterials design.

Conclusion

In tissue engineering, biomaterials are exploited to create a local environment that
potentiates tissue growth; however, the injury incurred at the site of implantation and
accompanying host inflammatory response to the implanted material can negatively impact
the success of this therapeutic aim. Dendritic cells have recently been implicated in
influencing many of aspects of these responses, and can be guided by the choice of material.
This is an active and fruitful area of investigation. Some research goals in this area include
gaining a fuller understanding of fundamental DC-biomaterial interactions, as well as, the
development of strategies to actively engage either inflammatory or suppressive
mechanisms, as required for a specific application.
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Figure 1.

Implant materials factors that influence the fate of local dendritic cell responses and shape

the implant immune microenvironment
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Table 1

Impact of material properties on dendritic cell phenotype.
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Biomaterial Property

Resulting DC Phenotype

DC Responses from published studies

Reference

Presence of Antigen

Variable; dependent on local
immunomodulatory
microenvironment at the time
of antigen interception

(1) A novel PLGA-based, microparticle system providing
concurrent delivery of multiple encapsulated immuno-
suppressive factors and antigen drove tolerance-
promoting DCs to protect from the onset of insulitis in
NOD mice.

(2) Model antigen (OVA) delivered in either polymeric
scaffolds or microparticles resulted in time-dependent
generation of OVA-specific IgG, suggesting activation of
DCs and downstream Ty, engagement.

[70]

[56]

Surface Chemistry

Variable/Inconclusive

(1) Murine BMDCs cultured with OVA antigen coated
multi-walled carbon nanotubes of varying surface charges
(zeta potentials ranging from -39 mV to +5. 8 mV) and
length showed an activation state similar to that of iDCs.
However, DCs incubated with more negatively charged
MWNTSs stimulated greater proliferation of OVA- specific
T cells

(2) Human monocyte- derived DCs were cultured on self-
assembled monolayers (SAM) surfaces of alkanethiols
terminated with defined chemical groups, of either -CH3,
-OH, -COOH, and - NH2. By measure of expression of
stimulatory markers, treatment with - OH, -COOH, or -
NH2 terminated SAMs showed moderate maturation,
while DCs treated with - CH3 SAMs were least activated.

[71]

[55]

Hydrophobicity

Dendritic Cell Maturation

Topography/Surface Roughness Dendritic Cell Maturation

In vitro studies using murine bone marrow- derived DCs
showed that increased surface hydrophobicity supports
microparticle engulfment and antigen internalization, and
boosts expression of stimulatory molecules (CD86, MHC-
1)

(1) Human peripheral blood-derived DCs cultured on
relatively high roughness resemble LPS- activated DCs in
morphology, and high expression of CD86;

(2) Mature murine BMDCs resulted following culture on
3-D micropatterns with widths of 2, 5, 10 and 20 pm on
well-studied, biomaterials. Surface expression of MHC-I11
molecules in DCs on 3-D micropatterns were significantly
higher compared to flat substrates.

[68]

[72]

[73]

Protein Adsorption

Variable — dependent on type
and configuration of protein
deposited

(1) This study demonstrated that murine BMDC DC
maturation status (based on morphology and differential
production of pro- and anti- inflammatory cytokines
[IL-12p40 and IL-10, respectively]) is adhesive substrate-
dependent. For instance, DCs grown on collagen and
vitronectin substrates generate higher levels of 1L-12p40.
Conversely, DCs cultured on albumin surfaces produce the
higher levels of IL-10 indicating a tolerogenic phenotype.

(2) This study revealed the role of integrins in the
recognition and response of DCs to biomaterials.
Succinctly, antibody- blocking techniques were used to
demonstrate that B2 integrin signaling mediated increased
expression of CD86 on human peripheral blood- derived
DCs, when cultured on PLGA films.

[36]

[74]
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