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Foreword

In the powerfully emerging world of smart, or functional materials, I cannot imag-
ine a class with greater potential impact on healthcare and societal benefits than
biomaterials with an ability to modulate inflammatory response —precisely the sub-
ject focus of this exceptionally timely monograph edited by Dr. Bruna Corradetti.

All materials for use in healthcare elicit an inflammatory response, bar none; but
exactly as inflammation can be a fundamental step in a healing process, or a formi-
dable foe, if frustrated into a chronic manifestation, this biological response to a
material interface can be essentially helpful, or profoundly detrimental. Materials
technology, and our understanding of the many facets of inflammation, has finally
reached a point of sufficient maturity and convergence, to make it possible, for bio-
materials to be designed so as to elicit a beneficial, or at least a functionally neutral
response from the biology with which they contact.

The downstream vision from this exciting vantage point potentially portends
transformational breakthroughs in multiple domains of healthcare, ranging from
lifelong orthopedic implants, to indwelling molecular sensors, brain-machine inter-
faces, regenerative biomaterial-cell combinations for applications in pancreatic and
hepatic medicine, central and peripheral nervous system repair, T-cell transplanta-
tion and novel therapeutic systems. They comprise both, drug-delivery implants and
systemic administration constructs, with the ability to preferentially concentrate at
inflammatory sites, sense their biological surrounding, and respond accordingly to
optimize therapeutic benefit and minimize adverse effects.

I express my enthusiastic support for Dr. Corradetti’s efforts in realizing this
extraordinary collection of contribution from world-leading experts, to place the
convergence of inflammatory modulation and biomaterials on a firmer footing, for
decades of scientific work in this nascent era. It has been an honor to serve in an
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editorial advisory capacity for this volume, and a great added privilege to be able to
do so in concert with two exceptionally distinguished scientists as Dr. Anthony
Atala and Ali Khademhosseini. My gratitude goes to them and to the authors for
their outstanding contributions.

With all of this, I wish you all happy readings and a pathway of rewarding
research, enhanced by the contents of this important monograph.

Sincerely,
Dr. Mauro Ferrari



Preface

This textbook is intended to be a resource for biomaterial scientists and biomedical
engineers, in both industry and academia, interested in the development of smart
strategies able to exploit the self-healing properties of the body and achieve func-
tional tissue restoration. Nowadays, many textbooks and journals discuss the broad
spectra of material properties that can be customized for any specific applications
but only few of them characterize in detail the host response, as the driving factor in
determining the success of an implant.

Thanks to the perspectives offered by experts in the field of regenerative medi-
cine, tissue engineering, surgery, immunology, nanomedicine, and transplantation,
this textbook will guide the readers throughout the fascinating cascade of events
activated in the body following the implant of biomaterials and devices. In Chap. 1
Dr. Badylak provides an overview of the host response to various categories of bio-
materials for regenerative medicine applications, from a host-centric and a
biomaterial-centric perspective. In Chap. 2 Dr. Anderson discusses the humoral and
cellular events occurring at the implant site immediately following implantation. In
Chap. 3, Dr. Giachelli presents the current understanding of macrophages, their
functions in physiological processes and dysfunction in response to the foreign
body, as well as approaches to guide them towards resolution of the foreign body-
elicited inflammatory response. Dr. Dobrovolskaia proposes in Chap. 4 regulatory
challenges, translational considerations, and literature case studies pertinent to the
immunological safety of nanotechnology-based devices. Dr. Sant and Dr. Goldsmith
provide a discussion about the effects of natural vs. synthetic biomaterials, as well
as the role of the biomechanical environment on tissue fibrosis, in Chaps. 5 and 9,
respectively. Highlights about the role of the biomechanical and physicochemical
properties in osteo-immunomodulation and the effect of surface topographical mod-
ification on the cellular and molecular mechanisms associated with osseointegration
are reported in Chaps. 6 and 8, by Dr. Xiao and Dr. Ivanovski. In Chap. 7, Dr. Li
describes challenges and opportunities in targeting key elements of the innate
immune system in favor of transplant survival. In Chap. 10, Dr. Sabek reviews pos-
sible solutions for the challenges encountered in the pancreatic islet transplantation
field, while in Chap. 11 Dr. Tacke discusses current strategies to target macrophages
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viii Preface

in liver diseases and cancer. Novel concepts of T-cell immunomodulation for their
clinical translation are presented by Dr. Hildebrandt in Chap. 12 to allow the trans-
fer of the knowledge gained to implanted materials and devices.

It has been a particular privilege for me to collaborate with each of the authors
participating in this project, and I feel grateful for their inspired work and for the
time they devoted to make this volume possible. I wish to express my public grati-
tude to Dr. Anthony Atala, Dr. Ali Khademhosseini, and Dr. Mauro Ferrari for serv-
ing as Editorial Advisors for this book, for their constant support, outstanding
suggestions, and visionary ideas. It has been an honor working with you.

My greatest hope is that this book will stimulate further discussions and investi-
gations on the powerful role of the host response in regenerative processes allowing
for the development of cutting-edge approaches able to exploit it and achieve func-
tional tissue healing.

Bruna Corradetti
Ancona, Italy
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Chapter 1
Host Response to Implanted Materials
and Devices: An Overview

Michelle E. Scarritt, Ricardo Londono, and Stephen F. Badylak

Abstract The host response to implanted materials and devices is influenced not only
by the design of the material itself, but also by the local and systemic environment of
the host. Much of the early response follows the well-described cascade of events of
wound healing from hemostasis to scar formation. An implanted material can posi-
tively or negatively modulate this cascade of events, culminating in a constructive
remodeling response, a persistent inflammatory response, a foreign body response with
encapsulation, or an adaptive immune response. An overview of these events, as well
as the influence of biologic versus synthetic materials, is discussed in this chapter.

Keywords Host response ® Immune response ® Hemostasis ¢ Scar ¢ Leukocyte
* Macrophage ¢ Constructive remodeling  Extracellular matrix

1.1 Introduction

The host response to an implanted biomaterial is determined by factors related to
both the material itself and the host into which the material is placed. The long-term
functional outcome, that is, the ability of the material to perform its intended func-
tion, is ultimately determined by the host response.

The evolution of and advances in biomaterials during the past 30—40 years,
including the raw materials, device configuration, and manufacturing methods, have
focused upon material properties such as degradability, pore size, surface function-
ality, and mechanical properties, among others. With the exception of studies related
to the foreign body reaction (FBR) to nondegradable (e.g., permanent) implants,
relatively little attention has been given to the host innate and acquired immune
response elicited by these materials following implantation. The present chapter
provides an overview of the host response to various categories of biomaterials from
both a host-centric and a biomaterials-centric perspective.

M.E. Scarritt  R. Londono ¢ S.F. Badylak (P<)

McGowan Institute for Regenerative Medicine, University of Pittsburgh,
450 Technology Drive, Suite 300, Pittsburgh, PA 15219, USA
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© Springer International Publishing Switzerland 2017 1
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The immediate events following implantation include the adsorption of plasma
proteins on the surface of the implant followed by all biologic processes associ-
ated with acute inflammation. These processes include the innate immune
response to the biomaterial itself, and the response to the unavoidable tissue injury
associated with the surgical procedure. Simultaneously, activation of the initial
steps of the adaptive immune system occurs with downstream sequelae that either
positively or negatively affects implant integration. An overview of the continuum
of events associated with the innate and adaptive immune response is depicted in
Figs. 1.1 and 1.2.

1. Surgical Trauma

Damaged

Myocyte
Smooth Muscle

Endothelium
N

4. Inflammation 5. Healing
Fig. 1.1 Continuum of events following implantation of a material or device. (1) The surgical
procedure inevitably damages the tissue at the implantation site. (2) Vascular damage initiates the
coagulation cascade leading to the formation of a platelet-fibrin-red blood cell clot. Vascular dam-
age also facilitates blood-implant interaction. (3) Proteins from the blood and interstitial fluid
dynamically adsorb to the implant (Vroman effect). (4) A mileu of cytokines and chemokines are
released by activated cells at the implant/injury site. Neutrophils, followed by monocytes and
macrophages, are recruited to clear debris. Persistence of leukocytes/macrophages leads to chronic
inflammation. (5) Healing is initiated and includes formation of granulation tissue, angiogenesis,
and remodeling
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Cell Proliferation and Angiogenesis
Remodelling and Maturation of Tissue

Foreign Bod

Response

Neutrophils Prevalent

Chronic

Inflammation
Coagulation

Minutes

Fig. 1.2 Timeline of the host response following implantation of a material or device. The events
that encompass the host reaction to an implant can be grouped according to broad response times.
The Vroman effect and coagulation cascade occur within minutes of surgery, while immune cells
infiltrate within hours and can persist for years after implantation

1.2 Innate Immune Response to Implanted Materials

Tissue injury following surgical implantation of any biomaterial is associated with
well-described processes that include hemostasis, inflammation, and the formation
of scar tissue.

Hemostasis—the process of blood clotting—occurs rapidly following injury.
Injury to endothelial cells exposes the underlying vascular basement membrane
causing platelets to adhere, activate, and initiate the coagulation cascade [1, 2]. As
a result, a fibrin-platelet clot forms to prevent or slow further hemorrhage.

The acute inflammatory response is initiated by cytokines and chemokines released
from damaged cells [3]. Acute inflammation is marked by an influx of neutrophils
followed within 24-48 h by mononuclear macrophages [4]. Activated neutrophils and
macrophages have a phagocytic function that includes release of proteolytic enzymes
which degrade cellular debris and the extracellular matrix (ECM). In addition to
clearing cellular debris, these phagocytes engulf and destroy any bacteria and foreign
substances and present antigen peptide fragments to thymocytes (T-cells). The acute
inflammatory response normally subsides within 3-5 days. Persistence of polymor-
phonuclear leukocytes (e.g. neutrophils) is an indication of a chronic-active inflam-
matory response typically associated with infection or implant toxicity.

The formation of granulation tissue occurs in the later stages of the innate
immune response and largely involves the proliferation of fibroblasts and endothe-
lial cells. Fibroblasts create and remodel the extracellular matrix of the granulation
tissue by synthesizing and secreting collagen, proteoglycans, and related molecules,
while endothelial cells sprout and organize into new blood vessels to supply nutri-
ents to, and remove waste from, the granulation tissue [5].

The presence of multinucleate giant cells at the interface with the implant is an indi-
cation of a FBR to the implanted material or device. Foreign body giant cells (FBGCs)
form when monocytes and macrophages fuse in an attempt to engulf materials or debris
greater than 50—-100 pm in size [6]. In the later stages of granulation tissue formation,
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activated fibroblasts may produce a fibrous capsule to surround the implant in an
attempt to isolate it from the adjacent host tissue. This fibrous capsule will typically
reach a steady state and remain as long as the implant is present.

1.3 Adaptive Immune Response to Implanted Materials

Macrophages and dendritic cells may initiate an adaptive immune response through
antigen presentation. Dendritic cells may also be drawn to the implant site by rec-
ognition of foreign substances. The foreign constituent is typically a pathogen, in
which case dendritic cells internalize, process, and present antigens to T-cells via
major histocompatibility complex (MHC) molecules. However, particles, ions, or
degradation products from implanted materials or devices may also be recognized
as foreign by macrophages and dendritic cells [7, 8]. Implantation of a material
from an allogeneic or xenogeneic source, especially one that contains cells or cell
debris, can exacerbate the host response due to the presence of non-self, foreign
epitopes, which also elicit a T-cell mediated response. When a T-cell recognizes an
antigen bound by a dendritic cell or macrophage, the T-cell becomes activated.
Subsets of activated CD4+ T-cells, termed helper T-cells, secrete cytokines that reg-
ulate inflammation. These helper T-cells can be activated to display pro-inflammatory
(Thl) or anti-inflammatory (Th2) secretory profiles [9]. A Thl-mediated immune
response is commonly associated with a pro-inflammatory response to xenogenic mate-
rials, materials with cytotoxic degradation products, and/or nondegradable synthetic
materials, while Th2 responses typically support greater tolerance of the implant [10,
11]. A'Th2-like secretory response has been implicated in the gradual development of a
FBR [12, 13]. Th2 cells also engage in cross-talk with macrophages and are associated
with a regulatory/anti-inflammatory macrophage phenotype (often termed type 2 mac-
rophages (M2), which are discussed in more detail below) [14, 15]. Implantation of a
biologic scaffold material derived from porcine small intestinal submucosa (SIS matrix)
elicited a Th2 cytokine expression profile, constructive remodeling, and eventual graft
acceptance in a mouse model of abdominal wall defect [16, 17]. Clinical implantation
of SIS matrix similarly led to a Th2 cytokine secretory profile with no signs of rejection
in follow-ups out to 2 years [11]. In a recent study, dendritic cell activation by adhesion
to albumin/serum-coated tissue culture plates was associated with a Th2 secretory pro-
file, whereas activation by adhesion to collagen and vitronectin corresponded to a Th1
profile [18]. Thus, this report suggests that the provisional matrix formed by protein
adsorption to implanted materials may also influence the adaptive immune response.

1.4 Macrophages and Constructive Remodeling

Macrophages respond to all implanted materials including synthetic materials such
as metals, ceramics, and cements as well as naturally occurring materials such as
collagen and ECM scaffolds [19]. Macrophages are critical to the fate of an implant.
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As previously discussed, macrophages can initiate the adaptive immune response
through antigen presentation; however, macrophages are also necessary for debris clear-
ance, resolution of the pro-inflammatory response, and tissue regeneration via construc-
tive remodeling. Constructive remodeling is the process by which implanted materials
induce, facilitate, or otherwise support the replacement of injured tissues with new, site-
appropriate functional tissue [20]. Constructive remodeling typically occurs when the
early innate immune response shifts from a pro-inflammatory environment toward a non-
inflammatory, regulatory environment. Similar to helper T-cells, macrophages can be acti-
vated toward a pro-inflammatory (M1-like) phenotype or a regulatory (M2-like)
constructive phenotype. When activated, pro-inflammatory macrophages produce cyto-
kines and chemokines, such as IL-1f, IL-6, TNFa, and iNOS, and can induce a Thl
inflammatory response. Regulatory macrophages, however, mediate Th2 responses [21].
An M2-like phenotype has been shown to be associated with mitigation of the pro-inflam-
matory state, constructive remodeling, and immunoregulation [22, 23]. In a study illustrat-
ing the importance of macrophages in constructive remodeling, depletion of macrophages
from the peripheral blood in a rat model prevented efficient degradation of an implanted
biomaterial and thereby inhibited the constructive remodeling response [24]. Considering
the importance of macrophages in other processes such as tissue development [25, 26],
tissue homeostasis [27, 28], and true tissue regeneration in species such as the axolotyl
[29], the macrophage can easily be considered an orchestrator of the host response.

1.5 Host Response to Biologic Versus Synthetic Biomaterials

The clinical outcome of biomaterial-mediated strategies for tissue repair depends,
in part, upon a number of biomaterial-related factors including mechanical proper-
ties, composition, surface topography, ability to resist infection, and degradability,
among others [30, 31]. However, the ultimate determinant of clinical outcome is the
host response to the biomaterial itself.

Although the initial phases of the biomaterial-mediated tissue repair process
(e.g. iatrogenic injury during implantation, hemostasis, and activation of the innate
immune system) are similar regardless of the identity and characteristics of the
implanted material, the later phases and clinical outcome of the tissue repair process
vary greatly depending on the biomaterial. Differences are likely to be observed as
early as the protein adsorption phase, as materials with different surface topography,
molecular structure and charge distribution adsorb unique profiles of proteins to
their surface. In turn, differences observed in the later phases of the biomaterial-
mediated tissue repair process are more obvious, and include the ability of some
materials to modulate the innate immune response, recruit stem cells to the injury
site, or, at a minimum, provide a compatible microenvironment for such cells, and
promote constructive tissue remodeling.

Shortly after implantation, hemostasis and the Vroman effect result in a temporary
fibrin-rich matrix that bridges the gap between the implanted material and the adjacent
host tissue [5, 32-34]. In the case of degradable biomaterials, this temporary matrix
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can serve as a bridge that facilitates cell migration and gradual infiltration into the
biomaterial as the degradation process takes place. In the case of nondegradable mate-
rials, this temporary matrix serves as an interface between the biomaterial and the host.

As stated above, macrophages play a central role in the process of biomaterial-
mediated tissue repair. Biomaterials, which tend to elicit a persistent M1 pro-
inflammatory macrophage response, have been associated with clinical outcomes
that include scar tissue formation, encapsulation, and seroma formation. In contrast,
biomaterials associated with the presence of a predominantly M2 pro-remodeling
macrophage phenotype after the M1 response promote clinical outcomes that include
stem cell recruitment/proliferation and constructive tissue remodeling [23]. Hence,
the macrophage response is an early predictor of the downstream outcome in the
biomaterial-mediated tissue repair process. The biomaterial-related factors, which
affect and modulate macrophage phenotype, have been the focus of recent studies,
and likely will be central to the design of next generation biomaterials [30, 31].

1.5.1 Biologic Versus Synthetic Biomaterials

Synthetic biomaterials can typically be manufactured with great precision. Their
mechanical properties can be finely tuned according to specific clinical applica-
tions, and their molecular composition can be reliably altered to match desired
specifications. However, synthetic biomaterials —particularly nondegradable syn-
thetic biomaterials—tend to produce a persistent pro-inflammatory response after
implantation that includes the well-characterized foreign body reaction [35-41].
This inflammatory response usually reaches a steady state and eventually leads to a
robust, organized fibrous tissue formation. In contrast, the properties of biomaterials
derived from biologic sources are less amenable to fine tuning, modification, and
precision manufacturing. Biomaterials derived from decellularized tissues, i.e., the
extracellular matrix, vary in structure and composition depending upon the source
tissue from which they are derived and the decellularization process used to produce
these materials [42]. However, these materials have the ability to promote a pro-
remodeling microenvironment including an M2 macrophage phenotype, and when
used appropriately, can promote constructive remodeling [22, 43].

Recent investigations attempt to combine the highly tunable and desirable properties
of synthetic materials with the ability to promote a “friendlier”” host response and immu-
nomodulatory properties of biologic materials [44]. A thorough and long-term charac-
terization of the host response to such hybrid materials has yet to be conducted (Fig. 1.3).

1.5.2 Extracellular Matrix as Biologic Scaffold

The ability of biomaterials derived from the extracellular matrix to promote constructive
tissue remodeling can be attributed to both their structure and composition [42]. The
ECM is a complex milieu of both structural and functional bioactive molecules. The
ECM was once thought to serve the sole purpose of providing form, structural support,
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Synthetic Materials Biologic Materials

Tunable properties Immunomodulatory

Replicable manufacture Promote constructive remodeling
Cost effective Subject to variability

Foreign Body Reaction High cost

' ,) } Hybrid Materials

* Combine properties of both
¢ Immunomodulatory component
* Tunable structural properties

Fig. 1.3 Comparison of natural, synthetic, and hybrid biomaterials. Synthetic materials have
highly tunable properties that can be adjusted with precision during manufacture depending on the
intended applications. However, synthetic materials do not promote constructive tissue remodel-
ing, and can produce foreign body response that leads to scarring and encapsulation. In contrast,
biologic materials can promote constructive remodeling, but their mechanical properties and com-
position are subject to natural variability, and are less cost effective. Hybrid materials seek to
combine the biocompatible properties of biologic materials, with the tunable mechanical proper-
ties of synthetic materials

and biomechanical properties to the different tissues. However, the ECM is now known
to serve as a reservoir of information in the form of mechanical and biochemical cues
that play key roles during development, homeostasis, and response to injury [45-47].

The ECM is secreted by the resident cells of each tissue and organ not only to pro-
vide structural support but also to facilitate communication between adjacent cells. In
addition, the matrix itself engages in back and forth communication with the resident
cells and each is responsive to the other. Hence, the extracellular matrix exists in a state
of “dynamic reciprocity” with the local cells and the microenvironment [48].

The main components of the ECM include collagen, fibronectin, laminin, growth
factors, cytokines, and glycosaminoglycans (Table 1.1). In addition, molecular frag-
ments of these existing molecules, referred to as matricryptic peptides, in them-
selves possess biologic properties [46].

As the extracellular matrix undergoes structural and conformational alterations
during degradation, exposure and/or release of these cryptic peptides into the micro-
environment occurs (Table 1.2). The processes through which this is achieved include
enzymatic cleavage, protein multimerization, adsorption of molecules to other ECM
components, cell-mediated mechanical deformation, and ECM denaturation. Such
properties as yet are not possible to design or manufacture in synthetic biomaterials.
More importantly, since these processes are part of natural events, the host response
when ECM materials are used as scaffold materials is markedly favorable.
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Table 1.1 Main components of the extracellular matrix

Molecule Composition Notes References
Collagen Triple helix of peptide Most abundant protein in the ECM [54]
chains with sequence: More than 25 isoforms exist [55]

Gly-Pro-X or Gly-X-Hyp
where x can be a number
of amino acids

Type I collagen offers tensile strength | [56]
to different tissues such as tendons and
ligaments

Type IV collagen has affinity for [57]
endothelial cells and is found in
vascular structures

Fibronectin Glycoprotein composed | Exists in both soluble and tissue [55]
of two peptide chains isoforms
Joined together at the C | pregent in submucosal, basement [58]

terminal via sulfide bonds| embrane, and interstitial tissues

with protein-binding and

. . Rich in domains that facilitate adhesion
cell-binding domains

to multiple cell types via integrins

Laminin Laminin is a trimeric Found in multiple tissues (particularly | [59]
cross-linked polypeptide | within the vasculature) within
that exists in multiple basement membranes acting as an
configurations adhesion molecule for different cell
types and ECM
Glycosaminoglycans | Unbranched Possesses the ability to retain water and [60]
polysaccharides bind to growth factors and cytokines

composed of repeating sequestering them
disaccharide units

Growth factors and | Small proteins Growth factor and cytokine release [61-63]
cytokines (~5-20 kDa) from the ECM is a complex process
that relies upon binding affinity,
conformational changes, and
degradation of the ECM during normal
and pathologic processes

Matricryptic peptides Molecular fragments of | Structural and conformational changes | [64—68]
parent proteins in the ECM result in matricryptic
peptide exposure, activation, and
release into the microenvironment.
These changes occur via enzymatic
cleavage, protein multimerization,
cell-mediated mechanical deformation,
and ECM denaturation

Although the composition of the ECM has many common features across tissue
types, differences do exist depending on the anatomic structure to which it belongs.
For example, the extracellular matrix in tendons and ligaments needs to provide the
necessary tensile strength to support and maintain the structure of the body, and
hence, it is composed of mostly type I collagen [65]. Similarly, elastin is found in
large amounts in compliant and elastic tissues such as the aorta [66]. Both type IV
collagen and laminin are found in tissues with a basement membrane component
such as urinary bladder and esophagus [67-69]. Therefore, although the molecular
composition of the ECM is largely shared across tissues and species, the preferred
source tissue from which each naturally occurring biomaterial is prepared for each
clinical application has not been determined [20].
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Table 1.2 Matricryptic peptides generated via ECM degradation
ECM parent
molecule Matricryptic peptide/site Function References
Collagen C-terminal globular domain of Angiogenesis inhibitor [49]
collagen XVII (20 kd)
RGD fragment Arteriolar vasoactivity [50]
Cell adhesion (avf3) [51]
(Pro-Pro/Hyp-Gly) collagen type I Cell migration [52]
fragments
[53]
C-terminal telopeptide of collagen Chemotaxis of progenitor [46]
1o cells
Osteogenesis [45]
Peptide E1 ‘Wound healing [54]
Peptide C2 Cell adhesion [55]
Fibronectin 120-kd cell-binding domain Cell migration [56]
40-kd gelatin-binding domain Cell migration [57]
N- and C-terminal heparin binding | Cell proliferation inhibition | [58]
fragments
Type III repeat Inflammatory pathway [59]
activation
Fibronectin’s 1111 module Cell growth and contractility | [60]
Laminin RGD fragment Cell adhesion [61]
alpha 5 beta 1 gammal fragment Chemotaxis [62]
Inflammatory modulation [63]
Elastin VGVAPG sites Cell migration [64]

Tissue decellularization through which biomaterials composed of ECM are manu-
factured is typically a chemical, enzymatic, and mechanical process that aims to
remove cellular material while preserving the structure and composition of the extra-
cellular matrix. To date, several decellularization protocols have been developed, and
the methods of tissue decellularization have been reviewed extensively [70, 71]. While
biomaterials that have been properly decellularized have been shown to perform ade-
quately in clinical applications, biomaterials that have been ineffectively decellularized
tend to be associated with a persistent pro-inflammatory response and negative clinical
outcomes [10, 43, 72]. Other factors that affect the host response to extracellular
matrix-derived biomaterials include the age of the animal from which they are derived,
post-processing modifications such as chemical crosslinking and solubilization, bacte-
rial and endotoxin contamination, and methods of terminal sterilization [71, 73].

1.6 Host Response to Orthopedic Implants

Biomaterials used for orthopedic applications in the form of screws, plates, wires,
rods, and external fixation devices include metals, plastics, and ceramics. Similar to
biomaterials used in soft tissue and organ repair applications, the host response to the
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implanted construct consists of two main components. The first component is the
acute inflammatory reaction in response to iatrogenic injury during implantation. The
magnitude and type of this response will be determined by the size of the injury, ana-
tomic location, surgical technique, underlying pathologic conditions in the local
microenvironment, overall health of the patient, and pathogen contamination of the
wound site. The second component of the host response is determined, for the most
part, by biomaterial-related factors such as composition, surface chemistry, and physi-
cal properties, among many others.

One of the main differences between biomaterials used in soft tissue/organ repair
applications and biomaterials used in orthopedic applications is that the primary
function of the musculoskeletal system is to provide structural and mechanical sup-
port to the various anatomic structures in the body. Hence, while biomaterials
designed for soft tissue/organ repair applications aim to promote deposition of site
appropriate functional tissue, biomaterials for orthopedic applications aim primar-
ily to provide structural support. By providing structural support, functional goals
are achieved by definition. Although the structural properties of biomaterials
employed in orthopedic applications are of particular importance, the host response
to the implanted construct is equally important.

1.7 Clinical Considerations

1.7.1 Designing Materials and Devices for Immunomodulation

Mitigation of a chronic pro-inflammatory response to an implanted biomaterial is a
desirable design goal. Such a response may begin by modulating protein adsorption,
which forms the provisional matrix for cell attraction, adherence, and attachment to
the implant. Identification of those signaling molecules that promote a permissive
microenvironmental niche, and the development of biomaterials that either possess or
attract such molecules, represents logical approaches to a host-centric biomaterial
strategy. Surface topography, roughness, porosity, size, and shape of an implant have
been shown to affect the intensity of the foreign body response, suggesting that bio-
compatibility of an implant can be improved simply through adjusting material geom-
etry [74]. Modulation of surface chemistry of a material to limit/restrict protein
adsorption and thereby control macrophage adhesion or activation has been suggested
and indeed, macrophages display different phenotypic profiles when cultured on
hydrophobic, hydrophilic, and ionic polymers [75]. However, as previously described,
it is not necessarily the number of macrophages that respond to a biomaterial that
determines outcome, but rather the phenotype of responding macrophages.

Surface modification of biomaterials with bioactive molecules such as growth fac-
tors, antibodies, drugs, or adhesion molecules has also been investigated. For exam-
ple, incorporation of CD47, a marker for “self,” on the surface of implants can reduce
recognition of the material/device as “foreign” by immune cells [76, 77]. In addition
to surface chemistry, the mechanical properties of the implant can contribute to the
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long-term outcome. Materials and devices can be designed to mimic the load bearing
or elastic/contractile features of the tissue itself. Importantly, the mechanical proper-
ties of the implant can influence myofibroblasts—a contractile cell type that has been
identified as the major source of collagen production in fibrosis [78, 79]. However,
the mechanical properties of a biomaterial will be modified by the host response;
therefore, although the mechanical properties of the material at the time of implanta-
tion can be controlled, the determinant of mechanical properties in the days, months,
and years following implantation is a function of the host response to the material.

1.8 Conclusions

Both the host factors and biomaterial characteristics influence the host response and
the long-term outcome of an implant. Depending on the clinical indication for bio-
material implantation, the ideal outcome likely requires a constructive remodeling
response mediated by regulatory macrophages. Significant advances have been made
in understanding the host response to biomaterials and have affected the way in
which materials are designed and manufactured. Additional investigation of the
innate and acquired immune response to biomaterials is needed for the next genera-
tion of biomaterials that do not simply augment or substitute the mechanical proper-
ties of injured or missing tissue, but faithfully reconstruct both the physiology and
structural functions of target tissue. The topics covered in the various chapters of this
textbook provide an excellent summary of what is known about the host response to
biomaterials and devices as well as additional insights for future investigation.
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Chapter 2

Implications of the Acute and Chronic
Inflammatory Response and the Foreign Body
Reaction to the Immune Response

of Implanted Biomaterials

James M. Anderson and Sirui Jiang

Abstract In vivo implantation of medical devices, prostheses, biomaterials, and
tissue-engineered scaffolds initiates the innate immune response consisting of acute
inflammation, chronic inflammation, and the foreign body reaction (FBR) within
the first 2 weeks following implantation. This chapter focuses on these humoral and
cellular events occurring at the implant site immediately following implantation.
Following injury/implantation, blood-material interactions occur and the provi-
sional matrix is formed. Acute inflammation consisting predominantly of polymor-
phonuclear leukocytes follows but resolves quickly, usually within the first week if
not sooner, depending on the extent of injury at the implant site. Chronic inflamma-
tion consisting of monocytes, macrophages, and lymphocytes follows acute inflam-
mation. This process also resolves quickly with biocompatible materials leaving
monocytes and macrophages to interact at the interface of the implanted device or
material. The FBR at the interface with biomaterials is composed of macrophages,
which may fuse together to form foreign body giant cells (FBGCs). Outside the
FBR at the biomaterial interface, fibrosis and fibrous encapsulation occur in the final
stages of the healing response to the implanted biomaterial. Numerous challenges
including lack of understanding of these responses in vivo currently limit projection
to clinical application of the respective medical device, prosthesis, or biomaterial.
The end-stage of the innate immune response consisting of the FBR at the interface
with fibrous encapsulation has received extensive attention over the past decade.
Numerous efforts have been made to downregulate the activity of macrophages and
FBGCs at the interface and to decrease/eliminate the fibrous capsule formation.
Ultimately, the success or failure of medical devices, implants, biomaterials, and
tissue-engineered constructs is modulated by the interaction between their charac-
teristics, patient conditions, and surgical technique.
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2.1 Introduction

Acute inflammation, chronic inflammation, and the foreign body reaction are generally
considered to be early events occurring in the innate immune response, e.g., the first 2
weeks following implantation of a biomaterial or medical device. Moreover, the
humoral and cellular components and their respective interactions in the innate and
acquired immune responses must be appreciated within the context of the in vivo envi-
ronment. This chapter focuses on the humoral and cellular events occurring at the
implant site immediately following implantation. As such, the response to injury may
predominate and mask specific interactions occurring at the biomaterial surface/tissue
interface as they may relate to or impact the development of acquired immune responses.
The most commonly used term to describe appropriate host response to bioma-
terials used in a medical device is biocompatibility. A simplistic definition of bio-
compatibility is those materials, which do not induce an adverse tissue reaction. A
more helpful definition of biocompatibility is the ability of a material to perform
with an appropriate host response in a specific application [1]. This definition is
helpful as it links material properties or characteristics with performance, e.g., bio-
logical requirements, with a specific application, a specific medical device, or bio-
material used as a medical device. The “appropriate host response” implies
identification and characterization of tissue reactions and responses that could prove
harmful to the host and/or lead to ultimate failure of the biomaterial, medical device,
or prosthesis through biological mechanisms. Viewed from the opposite perspec-
tive, the “appropriate host response” implies identification and characterization of
the tissue reactions and responses critical for the successful use of the biomaterial
or medical device. Biocompatibility assessment is considered to be a measure of the
magnitude and duration of the adverse alterations in homeostatic mechanisms that
determine the host response [2]. Safety assessment or biocompatibility assessment
of a biomaterial or medical device is generally considered to be synonymous.
Inflammation, wound-healing, and foreign body reaction are generally considered
as parts of the tissue or cellular host responses to injury [3]. Table 2.1 lists the sequence/
continuum of these events following injury. Overlap and simultaneous occurrence of
these events should be considered; e.g., the foreign body reaction at the implant inter-
face may be initiated with the onset of acute and chronic inflammation. From a bioma-
terials perspective, placing a biomaterial in the in vivo environment requires injection,
insertion, or surgical implantation, all of which injure the tissues or organs involved.
The placement procedure initiates a response to injury by the tissue, organ, or
body and mechanisms are activated to maintain homeostasis. Obviously, the extent
of injury varies with the implantation procedure. The degrees to which the homeo-
static mechanisms are perturbed and the extent to which pathophysiologic condi-
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Table 2.1 Sequence/
continuum of host reactions
following implantation of
medical devices

Injury

Blood-material interactions
Provisional matrix formation

Acute inflammation

Chronic inflammation

Granulation tissue

Foreign-body reaction
Fibrosis/fibrous capsule development

tions are created and undergo resolution are a measure of the host response to the
biomaterial and may ultimately determine its biocompatibility. Although it is con-
ceptually convenient to separate homeostatic mechanisms into blood-material or
tissue-material interactions, it must be remembered that the various components or
mechanisms involved in homeostasis are present in both blood and tissue, are inex-
tricably linked, and are a part of the physiologic continuum. Furthermore, it must be
noted that the host response is tissue-dependent, organ-dependent, and species-
dependent. The similarities and differences between prostheses utilized between
cells, tissues, organs, and species must be appreciated in the design of in vitro and
in vivo experiments in the determination of biocompatibility and function.

2.2 Blood-Material Interactions/Provisional Matrix
Formation

Immediately following injury, changes in vascular flow, caliber, and permeability
occur. Fluid, proteins, and blood cells escape from the vascular system into the
injured tissue in a process called exudation. The changes in the vascular system,
which also include the hematologic alterations associated with acute inflammation,
are followed by cellular events that characterize the inflammatory response.
Blood-material interactions and the inflammatory response are intimately linked,
and in fact, early responses to injury involve mainly blood and vasculature. Regardless
of the tissue or organ into which a biomaterial is implanted, the initial inflammatory
response is activated by injury to vascularized connective tissue (Table 2.2).
Inflammation serves to contain, neutralize, dilute, or wall off the injurious agent or
process. In addition, the inflammatory response initiates a series of events that may
heal and reconstitute the implant site through replacement of the injured tissue by
regeneration of native parenchymal cells, may form fibroblastic scar tissue, or a com-
bination of these two processes. Since blood and its components are involved in the
initial inflammatory responses, blood clot formation and/or thrombosis also occur.
Blood coagulation and thrombosis are generally considered humoral responses and
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Table 2.2 Cells and Intravascular (blood) cells
components of vascularized Erythrocytes (RBC)

connective tissue -
Neutrophils (PMNs,
polymorphonuclear leukocytes)

Monocytes

Eosinophils

Lymphocytes

Plasma cells

Basophils

Platelets

Connective tissue cells
Mast cells

Fibroblasts
Macrophages

Lymphocytes

Extracellular matrix components

Collagens
Elastin
Proteoglycans

Fibronectin

Laminin

are influenced by homeostatic mechanisms such as the extrinsic and intrinsic coagu-
lation systems, the complement system, the fibrinolytic system, the kinin-generating
system, and platelets. Thrombus or blood clot formation on the surface of a biomate-
rial is related to the well-known Vroman effect, in which a hierarchical and dynamic
series of collision, adsorption, and exchange processes, determined by protein mobil-
ity and concentration, regulate early time-dependent changes in blood protein adsorp-
tion. From a wound-healing perspective, blood protein deposition on a biomaterial
surface in tissue is described as provisional matrix formation. Blood interactions with
biomaterials are generally considered under the category of hematocompatibility.
Injury to vascularized tissue in the implantation procedure leads to immediate
development of the provisional matrix at the implant site. This provisional matrix
consists of fibrin and inflammatory mediators, produced by activation of the coagu-
lation and thrombosis and complement systems, respectively, activated platelets,
inflammatory cells, and endothelial cells. These events occur early, within minutes to
hours following implantation of a medical device and initiate the resolution,
reorganization, and repair processes such as fibroblast recruitment. The provisional
matrix provides both structural and biochemical components to the process of wound
healing. The complex three-dimensional structure of the fibrin network with attached
adhesive proteins provides a substrate for cell adhesion and migration. The presence
of cytokines, chemokines, and growth factors within the provisional matrix provides
a rich milieu of activating and inhibiting substances for cellular proliferative and
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Fig. 2.1 The temporal variation in the acute inflammatory response, chronic inflammatory
response, granulation tissue development, and foreign-body reaction to implanted biomaterials.
The intensity and time variables are dependent upon the extent of injury created in the implantation
and the size, shape, topography, and chemical and physical properties of the biomaterial

synthetic processes, mitogenesis, and chemoattraction. The provisional matrix may
be viewed as a naturally derived, biodegradable, sustained release system in which
these various bioactive molecules are released to orchestrate subsequent wound-
healing processes. Although our understanding of the provisional matrix and its
capabilities has increased, our knowledge of the key molecular regulators of the
formation of the provisional matrix and subsequent wound-healing events is poor. In
part, this lack of knowledge is because most studies have been conducted in vitro,
and there is a paucity of in vivo studies that provide for a more complex perspective.
However, attractive hypotheses have been presented regarding the presumed ability
of adsorbed materials to modulate cellular behavior.

The predominant cell type present in the inflammatory response varies with
time (Fig. 2.1). In general, neutrophils predominate during the first several days
following injury and exposure to a biomaterial, and then are replaced by mono-
cytes as the predominant cell type. Three factors account for this change in cell
type: neutrophils are short lived and disintegrate and disappear after 2448 h;
neutrophil emigration from the vasculature to the tissues is of short duration; and
chemotactic factors for neutrophil migration are activated early in the inflamma-
tory response. Following emigration from the vasculature, monocytes differenti-
ate into macrophages and these cells are very long-lived (up to months).
Monocyte emigration may continue for day to weeks, depending on the extent of
injury and type of implanted biomaterial. In addition, chemotactic factors for
monocytes are produced over longer periods of time. In short-term (24 h)
implants in humans, administration of both H1 and H2 histamine receptor antag-
onists greatly reduced the recruitment of macrophages/monocytes and neutro-
phils on polyethylene terephthalate surfaces [4]. These studies also demonstrated
that plasma-coated implants accumulated significantly more phagocytes than did
serum-coated implants.
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Fig. 2.2 In vivo transition from blood-borne monocyte to biomaterial adherent
monocyte/macrophage to foreign body giant cell at the tissue/biomaterial interface

The temporal sequence of events following implantation of a biomaterial is illus-
trated in Fig. 2.2. The size, shape, and chemical and physical properties of the bioma-
terial may be responsible for variations in the intensity and duration of the inflammatory
or wound-healing process, and thus the host response to a biomaterial.

2.3 Acute Inflammation

While injury initiates the inflammatory response, the chemicals released from
plasma, cells, or injured tissues mediate the inflammatory response. Important
chemical mediators of inflammation are presented in Table 2.3.

Several points must be noted to understand the inflammatory response and its
relationship to biomaterials. First, although chemical mediators are classified on a
structural or functional basis, complex interactions provide a system of checks and
balances regarding their respective activities and functions. Second, chemical medi-
ators are quickly inactivated or destroyed, suggesting that their action is predomi-
nantly local (e.g., at the implant site). Third, generally the lysosomal proteases and
the oxygen-derived free radicals produce the most significant damage or injury.
These chemical mediators are also important in the degradation of certain biomate-
rials [5-8].

Acute inflammation is of relatively short duration, lasting for minutes to hours to
days, depending on the extent of injury and the type of implanted biomaterial. Its
main characteristics are the exudation of fluid and plasma proteins (edema) and the
emigration of leukocytes (predominantly neutrophils). Neutrophils (polymorp
honuclear leukocytes, PMNs) and other motile white cells emigrate or move from
the blood vessels into the perivascular tissues and the injury (implant) site.
Leukocyte emigration is assisted by “adhesion molecules” present on leukocyte and
endothelial surfaces. The surface expression of these adhesion molecules can be
induced, enhanced, or altered by inflammatory agents and chemical mediators.
White cell emigration is controlled, in part, by chemotaxis, which is the unidirec-
tional migration of cells along a chemical gradient. A wide variety of exogenous
and endogenous substances have been identified as chemotactic stimuli. Specific
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Table 2.3 Important chemical mediators of inflammation derived from plasma, cells, or injured

tissue

Mediators

Examples

Vasoactive agents

Histamines, serotonin, adenosine, endothelial-derived
relaxing factor (EDRF), prostacyclin, endothelin,
thromboxane a,

Plasma proteases

Kinin system

Bradykinin, kallikrein

Complement system

C3a, C5a, C3b, C5b-C9

Coagulation/fibrinolytic system

Fibrin degradation products, activated Hageman factor
(FXIIA), tissue plasminogen activator (tPA)

Leukotrienes

Leukotriene B, (LTB,), hydroxyeicosatetranoic acid
(HETE)

Lysosomal proteases

Collagenase, elastase

Oxygen-derived free radicals

H,0,, superoxide anion

Platelet activating factors

Cell membrane lipids

Cytokines

Interleukin 1 (IL-1), tumor necrosis factor (TNF)

Growth factors Platelet-derived growth factor (PDGF), fibroblast growth
Factor (FGF), transforming growth factor TGF-a or

(TGF-p), epithelial growth factor (EGF)

receptors for chemotactic agents on the cell membranes of leukocytes are important
in the emigration or movement of leukocytes. These and other receptors also play a
role in the transmigration of white cells across the endothelial lining of vessels and
activation of leukocytes. Following localization of leukocytes at the injury (implant)
site, phagocytosis and the release of proteolytic enzymes occur following activation
of neutrophils and macrophages. The major role of the neutrophil in acute inflam-
mation is to phagocytose microorganisms and foreign materials. Phagocytosis is
seen as a three-step process in which the stimulus (e.g., damaged tissue, infectious
agent, biomaterial) undergoes recognition and neutrophil attachment, engulfment,
and killing or degradation. In regard to biomaterials, engulfment and degradation
may or may not occur, depending on the properties of the biomaterial.

Although biomaterials are not generally phagocytosed by neutrophils or macro-
phages because of the disparity in size (e.g., the surface of the biomaterial is greater
than the size of the cell), certain events in phagocytosis may occur. The process of
recognition and attachment is expedited when the injurious agent is coated by natu-
rally occurring serum factors called “opsonins.” Two major opsonins are
immunoglobulin G (IgG) and the complement-activated fragment, C3b. Both of
these plasma-derived proteins are known to adsorb biomaterials, and neutrophils and
macrophages have corresponding cell-membrane receptors for these opsonins. These
receptors may also play a role in the activation of the attached neutrophil or macro-
phage. Other blood proteins such as fibrinogen, fibronectin, and vitronectin may also
facilitate cell adhesion to biomaterial surfaces. Owing to the disparity in size between
the biomaterial surface and the attached cell, frustrated phagocytosis may occur; a
process that does not involve engulfment of the biomaterial but does cause the extra-
cellular release of leukocyte products in an attempt to degrade the biomaterial.
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Henson has shown that neutrophils adherent to complement-coated and
immunoglobulin-coated nonphagocytosable surfaces may release enzymes by direct
extrusion or exocytosis from the cell [9]. The amount of enzyme released during this
process depends on the size of the polymer particle, with larger particles inducing
greater amounts of enzyme release. This disparity suggests that the specific mode of
cell activation depends, at least in part, upon the size of the implant and whether or
not a material is in a phagocytosable form. For example, a powder, particulate, or
nanomaterial may provoke a different degree of inflammatory response than the
same material in a nonphagocytosable form such as film. In general, materials
greater than 5 pm are not phagocytosed, while materials less than 5 pm can be
phagocytosed by inflammatory cells, i.e., nanoparticles.

Acute inflammation normally resolves quickly, usually less than 1 week, depend-
ing on the extent of injury at the implant site. The presence of acute inflammation
(i.e., PMNs) at the tissue/implant interface at time periods beyond 1 week (i.e.,
weeks, months, or years) suggests the presence of infection.

2.4 Chronic Inflammation

Chronic inflammation has a more heterogeneous histologic appearance than acute
inflammation. In general, chronic inflammation is characterized by the presence of
macrophages, monocytes, and lymphocytes, with the proliferation of blood vessels
and connective tissue. Many factors can modify the course and histologic appear-
ance of chronic inflammation.

Clinically, surgical pathologists commonly use the term chronic inflammation to
describe the foreign body reaction. Caution is recommended in the use of this term
as it demonstrates the breadth of histological findings that lead to the clinical diag-
nosis of chronic inflammation. Chronic inflammation that is predominantly com-
posed of monocytes, macrophages, and lymphocytes is most commonly associated
with toxicity or infection, whereas the foreign body reaction is most commonly
composed of macrophages and foreign body giant cells.

Persistent inflammatory stimuli lead to chronic inflammation. While the chemi-
cal and physical properties of the biomaterial in themselves may lead to chronic
inflammation, in situ motion of the implant or infection may also produce chronic
inflammation. The chronic inflammatory response to biomaterials is usually of short
duration and is confined to the implant site. The presence of mononuclear cells,
including lymphocytes and plasma cells, is considered chronic inflammation,
whereas the foreign-body reaction with the development of granulation tissue is
considered the normal wound-healing response to implanted biomaterials (i.e., the
normal foreign-body reaction). Chronic inflammation with the presence of collec-
tions of lymphocytes and monocytes at extended implant times (weeks, months,
years) also may suggest the presence of a long-standing infection. The prolonged
presence of acute and/or chronic inflammation also may be due to toxic leachables
from a biomaterial [10].
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The following example illustrates this point. In vivo subcutaneous implantation
studies were conducted in rats and rabbits with naltrexone sustained release prep-
arations that included placebo (polymer only) beads and naltrexone containing
beads [11]. Histopathological tissue reactions were determined at days 3, 7, 14,
21, and 28. The only significant histological finding in both rats and rabbits at
any time period was the persistent chronic inflammation that occurred focally
around the naltrexone containing beads. The focal inflammatory cell density in
both rats and rabbits was higher for the naltrexone beads than for the placebo
beads at days 14, 21, and 28, respectively. This difference in inflammatory
response between naltrexone beads and placebo beads increased with increasing
time of implantation. Considering the resolution of the inflammatory response
for the placebo beads with implantation time in both rats and rabbits, the more
severe inflammatory reaction suggested that the naltrexone drug itself was the
causative agent of the focal chronic inflammation present surrounding the nal-
trexone beads in the implant sites.

The important lesson from this case study is the necessary use of appropriate con-
trol materials. If no negative control, i.e., placebo polymer-only material, had been
used, the polymer in the naltrexone containing beads also would have been consid-
ered a causative agent of the extended chronic inflammatory response. Similar chronic
inflammatory responses have been identified with drugs, polymer plasticizers and
other additives, fabrication and manufacturing aids, and sterilization residuals. Each
case presents its own unique factors in a risk assessment process necessary for deter-
mining safety (biocompatibility) and benefit versus risk in clinical application.

Lymphocytes and plasma cells are involved principally in adaptive immune reac-
tions and are key mediators of antibody production and delayed hypersensitivity
responses. Although these cells may be present in nonimmunologic injuries and
inflammation with biomaterials, their roles in such circumstances are largely
unknown [12, 13]. Little is known regarding humoral (or adaptive) immune
responses and cell-mediated immunity to synthetic biomaterials. The role of macro-
phages (cells of the innate humoral response) must be considered in the possible
development of adaptive immune responses to synthetic biomaterials. Macrophages
and dendritic cells process and present the antigen to immunocompetent cells and
thus are key mediators in the development of adaptive immune reactions.

Monocytes and macrophages belong to the mononuclear phagocytic system
(MPS), also known as the reticuloendothelial system (RES). These systems consist
of cells in the bone marrow, peripheral blood, and specialized tissues. Table 2.4 lists
the tissues that contain cells belonging to the MPS or RES.

The specialized cells in these tissues may be responsible for systemic effects in
organs or tissues secondary to the release of components or products from implants
through various tissue—material interactions (e.g., corrosion products, wear debris,
degradation products) or the presence of implants (e.g., microcapsule or nanoparti-
cle drug-delivery systems).

Over the past decade, increasing numbers of studies have identified significant
differences in macrophage phenotypic expression. This difference in macro-
phage function or activation, dictated by different environmental cues, has been
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Table 2.4 Tissues and cells Tissues Cells

of MPS and RES Implant sites Inflammatory macrophages
Liver Kupffer cells
Lung Alveolar macrophages
Connective tissue Histiocytes
Bone marrow Macrophages
Spleen and lymph Fixed and free macrophages
nodes
Serous cavities Pleural and peritoneal macrophages
Nervous system Microglial cells
Bone Osteoclasts
Skin Langerhans’ cells
Lymphoid tissue Dendritic cells

classified into various ways. Following on the T-cell literature, macrophages
have been classified as M1 macrophages defined as classically activated or pro-
inflammatory macrophages and M2 macrophages described as alternatively acti-
vated macrophages or anti-inflammatory/pro-wound-healing macrophages
[14-16]. Others have attempted to identify three different macrophage classifica-
tions: classically activated macrophages, wound-healing macrophages, and regu-
latory macrophages [17]. In this classification, it is the regulatory macrophage
that has anti-inflammatory activity whereas the wound-healing macrophage
facilitates tissue repair. Attempts to classify macrophage activity are artificial
and can be misleading given the wide variety of environmental cues that may
activate macrophages and result in a wide variety of different forms of macro-
phage polarization, e.g., phenotypic expression. Mantovani best describes mac-
rophage polarization, activity, or phenotypic expression as being a continuum
ranging from M1 to M2 [18, 19].

The macrophage is probably the most important cell in chronic inflammation
because of the great number of biologically active products it can produce. Important
classes of products produced and secreted by macrophages include neutral prote-
ases, chemotactic factors, arachidonic acid metabolites, reactive oxygen metabo-
lites, complement components, coagulation factors, growth-promoting factors,
cytokines, and acid. Phagolysosomes in macrophages can have acidity as low as pH
of 4 and direct microelectrode studies of this acid environment have determined pH
levels as low as 3.5. Moreover, only several hours are necessary to achieve these
acid levels following adhesion of macrophages [20-23].

Growth factors such as platelet-derived growth factor (PDGF), fibroblast growth
factor (FGF), transforming growth factor-f (TGF-f), TGF-a/epidermal growth fac-
tor (EGF), and interleukin-1 (IL-1) or tumor necrosis factor (TNF-a) are important
to the growth of fibroblasts and blood vessels and the regeneration of epithelial
cells. Effector molecules released by activated macrophages can initiate cell migra-
tion, differentiation, and tissue remodeling; and are involved in various stages of
wound healing.
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2.5 Granulation Tissue

Within 1 day following implantation of a biomaterial (e.g., injury), the healing
response is initiated by the action of monocytes and macrophages. Fibroblasts and
vascular endothelial cells in the implant site proliferate and begin to form granula-
tion tissue, which is the specialized type of tissue that is the hallmark of healing
inflammation. Granulation tissue derives its name from the pink, soft granular
appearance on the surface of healing wounds, and its characteristic histologic fea-
tures include the proliferation of new small blood vessels and fibroblasts. Depending
on the extent of injury, granulation tissue may be seen as early as 3—5 days follow-
ing implantation of a biomaterial.

The new small blood vessels are formed by budding or sprouting of preexisting
vessels in a process known as neovascularization or angiogenesis [24, 25]. This
process involves proliferation, maturation, and organization of endothelial cells into
capillary vessels. Fibroblasts also proliferate in developing granulation tissue and
are active in synthesizing collagen and proteoglycans. In the early stages of granula-
tion tissue development, proteoglycans predominate but later collagen, especially
type III collagen, predominates and forms the fibrous capsule seen with most bio-
materials. Some fibroblasts in developing granulation tissue may have the features
of smooth muscle cells, e.g., actin microfilaments. These cells are called myofibro-
blasts and are considered to be responsible for the wound contraction seen during
the development of granulation tissue. In addition to contraction, myofibroblasts
can invade and repair injured tissues by secreting an organizing extracellular matrix
[26]. Recent studies indicate that myofibroblasts can originate from different pre-
cursor cells, the major contribution being from local recruitment of connective tis-
sue fibroblasts; however, local mesenchymal stem cells, bone marrow-derived
mesenchymal stem cells (fibrocytes), and cells derived from the epithelial-
mesenchymal transition process may be an alternative source of myofibroblasts
[27]. Macrophages are almost always present in granulation tissue. Other cells may
also be present if chemotactic stimuli are generated.

The wound-healing response is generally dependent on the extent or degree of
injury or defect created by the implantation procedure [28-31]. Wound healing by
primary union or first intention is the healing of clean, surgical incisions in which the
wound edges have been approximated by surgical sutures. This term does not apply in
the context of host response to biomaterials. Healing under these conditions occurs
without significant bacterial contamination and with a minimal loss of tissue. Wound
healing by secondary union or second intention occurs when there is a large tissue
defect that must be filled or there is extensive loss of cells and tissue. In wound healing
by secondary intention, regeneration of parenchymal cells cannot completely reconsti-
tute the original architecture and much larger amounts of granulation tissue are formed
that result in larger areas of fibrosis or scar formation. Under these conditions, differ-
ent regions of tissue may show different stages of the wound-healing process simulta-
neously. Wound healing by second intention is commonly seen with biomaterials and
is related to the extent of provisional matrix formed between the implant and tissue.
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Granulation tissue is distinctly different from granulomas, which are small
collections of modified macrophages called epithelioid cells. Langhans’ or
foreign-body-type giant cells may surround nonphagocytosable particulate mate-
rials in granulomas. Foreign-body giant cells are formed by the fusion of mono-
cytes and macrophages in an attempt to phagocytose the material.

2.6 Foreign-Body Reaction

The FBR to biomaterials is composed of foreign-body giant cells (FBGCs) and the
components of granulation tissue (e.g., macrophages, fibroblasts, and capillaries in
varying amounts), depending upon the form and topography of the implanted mate-
rial [2, 32, 33]. Relatively flat and smooth surfaces such as that found on silicone
breast prostheses have a foreign-body reaction that is composed of a layer of macro-
phages and foreign body giant cells one to two cells in thickness. Relatively rough
surfaces such as those found on the outer surfaces of expanded poly tetrafluoroethyl-
ene (ePTFE) or Dacron vascular prostheses have a foreign-body reaction composed
of macrophages and foreign-body giant cells at the surface. Fabric materials gener-
ally have a surface response composed of macrophages and foreign body giant cells,
with varying degrees of granulation tissue subjacent to the surface response.

As previously discussed, the form and topography of the surface of the biomate-
rial determine the composition of the foreign-body reaction [34]. With biocompat-
ible materials, the composition of the foreign-body reaction in the implant site may
be controlled by the surface properties of the biomaterial, the form of the implant,
and the relationship between the surface area of the biomaterial and the volume of
the implant. For example, high-surface-to-volume implants such as fabrics, porous
materials, particulate, or microspheres will have higher ratios of macrophages and
foreign-body giant cells in the implant site than smooth-surface implants, which
will have fibrosis as a significant component of the implant site [35, 36].

The FBR may persist at the tissue—implant interface for the lifetime of the implant.
Generally, fibrosis (i.e., fibrous encapsulation) surrounds the biomaterial or implant
with its interfacial foreign-body reaction, isolating the implant and foreign-body reac-
tion from the local tissue environment. Early in the inflammatory and wound-healing
response, the macrophages are activated upon adherence to the material surface [37].

Although it is generally considered that the chemical and physical properties of the
biomaterial are responsible for macrophage activation, the subsequent events regard-
ing the activity of macrophages at the surface are not clear. Tissue macrophages,
derived from circulating blood monocytes, may coalesce to form multinucleated for-
eign-body giant cells. It is not uncommon to see very large foreign-body giant cells
containing large numbers of nuclei on the surface of biomaterials. While these for-
eign-body giant cells may persist for the lifetime of the implant, it is not known if they
remain activated, releasing their lysosomal constituents, or become quiescent [38].

Figure 2.2 demonstrates the progression from circulating blood monocyte to tissue
macrophage to foreign-body giant cell development that is most commonly observed.
Indicated in the figure are important biological responses that are considered to play
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Fig. 2.3 Sequence of events involved in inflammatory and wound-healing responses leading to
foreign body giant cell formation. This shows the potential importance of mast cells in the acute
inflammatory phase and Th2 lymphocytes in the transient chronic inflammatory phase with the
production of IL-4 and IL-13, which can induce monocytes/macrophage fusion to form foreign
body giant cells

an important role in FBGC development. Material surface chemistry may control
adherent macrophage apoptosis (i.e., programmed cell death) that renders potentially
harmful macrophages nonfunctional, while the surrounding environment of the
implant remains unaffected. The level of adherent macrophage apoptosis appears to
be inversely related to the surface’s ability to promote fusion of macrophages into
FBGCs, suggesting a mechanism for macrophages to escape apoptosis. Figure 2.3
demonstrates the sequence of events involved in inflammation and wound healing
when medical devices (i.e., biomaterials) are implanted. In general, the PMN pre-
dominant acute inflammatory response and the lymphocyte/monocyte predominant
chronic inflammatory response resolve quickly (i.e., within 2 weeks) depending on
the type and location of the implant. Studies using IL-4 or IL-13, respectively, dem-
onstrate the role for Th2 helper lymphocytes and/or mast cells in the development of
the foreign body reaction at the tissue/material interface [39, 40]. Integrin receptors
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of IL-4-induced FBGCs are characterized by the early constitutive expression of
aVPI and the later induced expression of a581 and aXp2, which indicate potential
interactions with adsorbed complement C3, fibrin(ogen), fibronectin, Factor X, and
vitronectin [39—47]. Interactions through indirect (paracrine) cytokine and chemo-
kine signaling have shown a significant effect in enhancing adherent macrophage/
FBGC activation at early times, whereas interactions via direct (juxtacrine) cell-cell
mechanisms dominate at later times [48-51]. Th2 helper lymphocytes have been
described as “anti-inflammatory” based on their cytokine profile, of which IL-4 is a
significant component.

There is a common belief that mononuclear leukocytes, i.e., monocytes and mac-
rophages, can proliferate in the healing response. However, this belief is based on
rodent study observations and may not hold for human mononuclear leukocytes in the
foreign body reaction to biomaterials [52—54]. No convincing evidence supporting the
proliferation of mononuclear leukocytes and macrophages at implant sites in humans
has been provided in the literature. This issue of mononuclear leukocyte replication
addresses the significant issue of understanding species differences in considering the
innate immune response to implanted biomaterials.

In vitro cell culture studies may play a role in determining the interactions of the
various cell types involved in the innate immune response with candidate biomaterials
for medical devices. However, several key issues must be addressed in the experimen-
tal design of these in vitro cell culture studies. Macrophage cell cultures are com-
monly used to determine the cytotoxicity as well as the capability for foreign body
giant cell formation. Unfortunately, the vast majority of macrophage cell cultures uti-
lize tumor-derived macrophage cell lines and rarely are the similarities and differ-
ences between these rodent tumor-derived macrophage cell lines compared to primary
human blood-derived monocytes presented or discussed. Marked differences in phe-
notypic expression may be expected when rodent tumor-derived macrophage cell
lines are used when compared to primary human monocyte/macrophage cell cultures.
Table 2.5 presents a list of commonly utilized tumor-derived macrophage cell lines.

Table 2.5 Macrophage cell Cell Line Source
lslt?]?;eu:ed in biomaterials HL-60 Human—Promyelocytic Leukemia
IC-21 Mouse —Transformed Peritoneal
Macrophages
1774 Mouse —Histiocytic Lymphoma

J774A.1 Mouse —Histiocytic Lymphoma
P388D1 Mouse —Transformed Lymphoma

RAW Mouse —Transformed Lymphoma
RAW Mouse —Transformed Lymphoma
264.7

THP-1 Human — Acute Monocytic Lymphoma
U937 Human—Histiocytic Lymphoma

“Macrophages” mouse — peritoneal surface
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2.7 Fibrosis/Fibrous Encapsulation

The end-stage healing response to biomaterials is generally fibrosis or fibrous
encapsulation. However, there may be exceptions to this general statement (e.g.,
porous materials inoculated with parenchymal cells or porous materials implanted
into tissue or bone). As previously stated, the tissue response to biomaterials is in
part dependent upon the extent of injury or defect created in the implantation proce-
dure and the amount of provisional matrix.

The ultimate goal of tissue engineering and regenerative medicine is replace-
ment of injured tissue by cells that reconstitute normal tissue and organ structures.
Numerous approaches, including stem cells, scaffolds, growth factors, etc., are
currently being investigated. However, the relatively rapid responses of inflamma-
tion, wound healing, and the foreign body reaction, as well as other significant
factors in tissue regeneration, present major challenges to the successful achieve-
ment of this goal. This is especially significant with the use of scaffold materials
where migration and integration of the scaffold porosity is necessary in tissue
engineering approaches.

Repair of biomaterial implant sites can involve two distinct processes: construc-
tive remodeling, which is the replacement of injured tissue by parenchymal cells of
the same type, or replacement by connective tissue that constitutes the fibrous cap-
sule. These processes are generally controlled by either (1) the proliferative capac-
ity of the cells in the tissue or organ receiving the implant and the extent of injury as
it relates to the destruction, or (2) persistence of the tissue framework (i.e., extracel-
lular matrix) of the implant site.

The regenerative capacity of cells allows them to be classified into three groups:
labile, stable (or expanding), and permanent (or static) cells. Labile cells continue to
proliferate throughout life; stable cells retain this capacity but do not continuously
replicate; and permanent cells cannot reproduce themselves after birth. Perfect
repair with restitution of normal structure can theoretically occur only in tissues
consisting of stable and labile cells, whereas all injuries to tissues composed of
permanent cells may give rise to fibrosis and fibrous capsule formation with very
little restitution of the normal tissue or organ structure. Tissues composed of perma-
nent cells (e.g., nerve cells and cardiac muscle cells) most commonly undergo an
organization of the inflammatory exudate, leading to fibrosis. Tissues of stable cells
(e.g., parenchymal cells of the liver, kidney, and pancreas); mesenchymal cells (e.g.,
fibroblasts, smooth muscle cells, osteoblasts, and chondroblasts); and vascular
endothelial and labile cells (e.g., epithelial cells and lymphoid and hematopoietic
cells) may also follow this pathway to fibrosis or may undergo resolution of the
inflammatory exudate, leading to restitution of the normal tissue structure.

The condition of the underlying framework or supporting extracellular matrix
(ECM) of the parenchymal cells following an injury plays an important role in the
restoration of normal tissue structure. Retention of the framework ECM with injury
may lead to restitution of the normal tissue structure, whereas destruction of the
framework most commonly leads to fibrosis.
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It is important to consider the species-dependent nature of the regenerative
capacity of cells. For example, cells from the same organ or tissue but from different
species may exhibit different regenerative capacities and/or connective tissue repair,
as in endothelialization with vascular grafts and stents.

Local and systemic factors play a role in the wound-healing response to bioma-
terials or implants. Local factors include the anatomic site (tissue or organ) of
implantation, the adequacy of blood supply, and the potential for infection. Systemic
factors include nutrition, hematologic derangements, glucocorticoid administration,
and preexisting diseases such as atherosclerosis, diabetes, and infection.

The end stage of wound healing/tissue repair with implanted medical devices is
the fibrous capsule. Initially believed to be produced by infiltrating fibroblasts, it is
now known that myofibroblasts and fibrocytes (resident and circulating mesenchy-
mal progenitor cells) play a significant role in producing collagenous fibrosis, the
main constituent of the fibrous capsule [55-59].

Finally, the implantation of biomaterials or medical devices may be best viewed
from the perspective that the implant provides an impediment or hindrance to appro-
priate (normal) tissue or organ regeneration and healing. The fibrous capsule sur-
rounding drug delivery devices also has been suggested to be a barrier to drug
diffusion and inhibition of the function of drug delivery systems and biosensors
(e.g., glucose sensors). However, that view may be short-sighted as recent studies
with a wireless controlled drug delivery microchip for the delivery of an osteoporo-
sis inhibitor of approximately 4000 molecular weight have been shown to produce
clinically relevant blood levels for inhibition of osteoporosis [60]. Given our current
limited ability to control the sequence of events following injury in the implantation
procedure, restitution of normal tissue structures with function is rare.

The development of a fibrous capsule surrounding or encapsulating a biomaterial,
i.e., scaffold, or medical device, i.e., pacemaker generator, has been commonly viewed
as arejection phenomenon in the end-stage healing of implanted biomaterials or med-
ical devices. This perspective is medical device dependent and the formation of a
fibrous capsule may be a positive or negative response. It is not necessarily a rejection
phenomenon. Numerous biomaterials and medical devices require the development
of an encapsulating fibrous capsule to stabilize the biomaterial or medical device
within the tissue. Stabilization of devices within tissue markedly reduces motion of
the implant relative to the tissue and has been shown to reduce the chronic inflamma-
tory response produced by such motion when inadequate fibrous capsules have
formed surrounding implanted biomaterials or medical devices. Inadequate fibrous
capsule formation may lead to migration of a medical device and thus may be a failure
mechanism. A classic example of migration as a failure mechanism has been observed
with breast implants. Thus, the formation of a fibrous capsule is an important consid-
eration in the design criteria of implanted biomaterials and medical devices.

Current studies directed toward developing a better understanding of the modifi-
cation of the inflammatory response, stimuli providing for appropriate proliferation
of permanent and stable cells, and the appropriate application of growth factors may
provide keys to the control of inflammation, wound healing, and fibrous encapsula-
tion of biomaterials.
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2.8 Discussion and Perspectives

In spite of the significant advances that have been made in mechanistic understanding
of the inflammatory, healing, and foreign body responses to biomaterials and medical
devices over the past two decades, numerous challenges, lack of understanding which
limit projection to clinical application still exist. The purpose of this discussion/per-
spectives section is to identify several of these problems that offer challenges/oppor-
tunities for the future.

Species differences in the various responses to the implantation of a biomaterial
or medical device still exist. The translation from animals to humans is still poorly
understood but significant considering that animal studies are a required precursor
to clinical application. Current thought regarding the source of macrophages and
their fused entity, i.e., foreign body giant cells, suggests that differentiated macro-
phages may be present due to self-renewal [52]. That is, resident macrophages are
capable of proliferation. Studies that support this hypothesis have been conducted in
nonhuman mammals and many major macrophage populations have been found to
be derived from embryonic progenitors and are capable of renewal independent of
hematopoietic stem cells. From a clinical applications perspective, this is a signifi-
cant question as implant retrieval studies have identified macrophages and foreign
body giant cells in the foreign body response to biomaterials and medical devices to
be present at the tissue/material interface for approximately 30 years. As there is no
compelling evidence that the macrophages in the foreign body reaction to biomate-
rials and medical devices implanted in humans are capable of self-renewal, i.e.,
proliferation, the turnover rate of these cells at the interface and the precursor cells
that continue to populate the surface of the biomaterial or medical device with
implants in humans [52, 61] remain unanswered questions. An example of signifi-
cant species differences is the fact that human vascular grafts do not endothelialize
their luminal surface, whereas higher vertebrates, including chimpanzees and
baboons, do provide an endothelial lining in the healing response of vascular grafts.
While putative evidence focuses on circulating stem cells in the blood to provide an
endothelial lining, no evidence exists today to support this hypothesis.

The lack of a host response to an implanted biomaterial may be desirable in some
applications; however, the holy grail of a biomaterial surface that does not adhere
proteins or cells remains elusive. As noted earlier, almost immediately upon implan-
tation, the humoral and cellular components of blood come in contact with implanted
biomaterials or medical devices resulting in a provisional matrix. Recent studies
have focused on inhibition of biomaterial-induced complement activation to reduce
the protein adhesion phenomenon on the surface [62—64]. Inhibition of biomaterial-
induced complement activation also would be expected to lead to a reduction in
monocyte/macrophage adhesion to the biomaterial [40, 44]. However, the adhesion
of monocytes/macrophages to biomaterial surfaces is far more complex as mono-
cytes/macrophages express protein adhesion receptors (integrins) with at least three
different types of beta chains (B1, f2, p3) that in turn can bind to a wide variety of
proteins present in the provisional matrix. These blood-derived proteins include
complement C3b fragments, fibrin, fibrinogen, fibronectin, factor X, and vitronectin.
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Moreover, integrin expression by monocytes/macrophages is time-dependent and 1
integrins are not initially detected on adherent monocytes but begin to appear during
macrophage development and are strongly expressed on fusing macrophages that
form foreign body giant cells [42, 44]. Thus, monocyte/macrophage adhesion with
subsequent macrophage fusion to form foreign body giant cells at the interface is far
more complex given the relatively large number of adhesion proteins, their respec-
tive monocyte/macrophage receptors, and the time-dependent nature of receptor up-
regulation on adherent macrophages and foreign body giant cells. Other mechanisms
such as apoptosis or anoikis of adherent cells may be considered to reduce the adher-
ent monocyte/macrophage/foreign body giant cell adhesion to biomaterial surfaces.
Apoptosis is programmed cell death while anoikis is a term for apoptosis induced by
cell detachment from its supportive matrix. Various biomaterial surface chemistries
have identified apoptosis of adherent macrophages both in vitro and in vivo [49,
65-68]. These potential mechanisms for reducing cellular adhesion have been poorly
studied and offer an opportunity for controlled and down-regulation of monocyte/
macrophage/foreign body giant cell adhesion to biomaterial surfaces.

Regarding development of the fibrous capsule surrounding implants, fibrocytes, a
subpopulation of circulating mesenchymal progenitor cells, have been identified as
augmenting wound repair as well as producing different fibrosing disorders in
humans [59]. Blood circulating fibrocytes can be recruited to sites of tissue or implant
injury and differentiate into fibroblasts and myofibroblasts. Myofibroblasts are now
considered to be a major contributor to fibrosis and may be responsible for the remod-
eling of granulation tissue collagen to fibrosis-dependent collagen, i.e., collagen type
I. Recent studies have suggested that the mechanical properties of the biomaterial
substrate can influence the contractile nature of myofibroblasts [26, 58, 69, 70].

A successful approach to the inhibition of inflammatory adhesion and activation
has been the modification of biomaterial surfaces with CD47, a transmembrane
molecular marker of “self.” As inflammatory cells do not recognize these surfaces
as being foreign, inflammatory cell adhesion is reduced with a down-regulation of
expressed cytokines, an up-regulation of matrix metalloproteinases, and involve-
ment of JAK/STAT signaling mechanisms [71, 72]. These findings suggest that both
biomaterial degradation and fibrous capsule formation can be reduced with CD47
modification of biomaterial surfaces. Strict control of biomedical polymer morphol-
ogy and porosity also has provided a means to down-regulate foreign body giant cell
formation and fibrous capsule formation [34, 73]. These approaches can be expected
to be useful in the development of scaffolds for clinical use.

2.9 Conclusions

Ultimately, the success or failure of medical devices, implants, and tissue-engineered
constructs is modulated by the interaction between the characteristics of the bioma-
terial or medical device, patient conditions or factors, and surgical technique. These
conditions may modulate the inflammatory, healing, and foreign body responses to
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biomaterials and medical devices resulting in their eventual failure. Infection
remains a significant factor leading to implant failure. Recent studies suggest that
individual patient genomic factors may predispose the patient to implant failure.

In the development of new biomaterials, tissue-engineered scaffolds with or
without immunomodulary proteins or cells and new medical devices, the acute and
chronic inflammatory response and foreign body reaction must be considered in
the context of the materials, proteins, and cells that are utilized as well as the syn-
thetic or native-derived materials that are utilized. These factors and their potential
interactions must be considered in the experimental design and the goals and
objectives of the study. Strengths and weaknesses of the experimental design
should be identified prior to the initiation of any study designed to identify the
immune response or the modulation of the immune response in a time-dependent
nature. This is of special significance as the response to injury with the develop-
ment of the acute and chronic inflammatory response usually occurs within the first
two weeks following implantation and the foreign body reaction with adherent
macrophages and foreign body giant cells, while developing within the first 2
weeks of implantation, are more persistent and in some cases have been identified
to be present for the lifetime of the synthetic or biologically derived material. The
investigation of tissue-engineered systems is of special significance as they have
the potential to significantly modulate the immune response in a time-dependent
fashion. It can be expected that each unique tissue-engineered system can lead to
unique immune responses in a time-dependent fashion. While the objective of
complex tissue-engineered systems is to provide regeneration of the tissue/organ
under consideration, further investigation of the immune response and its modula-
tion provides a future challenge in not only determining the relative regenerative
capacity of the tissue-engineered system but also its biocompatibility and potential
for success or failure.
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Abstract Macrophages play a central role in guiding proper organ and tissue
development, physiological healing, and in maintaining tissue homeostasis. Further,
they are one of the major cell components of the inflammatory response. During
healing, macrophages assume a temporal series of distinct phenotypes that guide
tissue repair and restoration of tissue homeostasis. Macrophages then decline and
the restored tissue is macrophage free. Dysfunction or imbalance in macrophage
phenotypes results in compromised healing that is thought to be the root cause of
inflammatory diseases. Implanted biomedical devices elicit a robust inflammatory
response driven largely by dysfunctional macrophages, which show a significant
shift in their physiological behavior. They do not progress through the temporal
series of phenotypes and do not decline with time, rather remain with the biomedi-
cal device for the life of it (the bad). At the host-device interface macrophages fuse
to create large cells, foreign body giant cells. These giant cells are believed to dam-
age the biomedical device at a structural and functional level (the ugly). Significant
effort has been put forward to understand the processes leading to the dysfunctional
macrophage response to biomedical devices, as well as to design novel approaches
to guide the macrophages through the temporal series of phenotypes of physiologi-
cal healing (the good). In this chapter, the current understanding of the developmen-
tal origin of macrophages, their functions in physiological processes, and dysfunction
in response to the foreign body will be presented and discussed, as well as approaches
to guide them toward resolution of the foreign body-elicited inflammatory response.
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3.1 Introduction

Monocytes, macrophages, and dendritic cells (DCs) are part of the mononuclear
phagocyte system (MPS), a body-wide, specialized system of phagocytic cells. This
system functions in the innate immune response, in support of the adaptive immune
response and in the maintenance of tissue homeostasis. Monocytes are the precur-
sors of macrophages responding to pathophysiological processes and are consid-
ered key cellular components of chronic inflammatory conditions like the host
response to biomedical devices. DCs are specialized cells evolved mainly to stimu-
late and initiate the T and B lymphocyte-driven (adaptive) immune response. DC
involvement in biomaterial healing is not well characterized and will not be dis-
cussed in this chapter.

Monocytes are identified by specific surface markers (CD115 and CD11b in mouse,
and CD14 in human) and are found mainly in the bone marrow, blood, and spleen. In
humans and mice at least two phenotypically and functionally distinct monocyte sub-
sets are present, suggesting evolutionary conservation. They are categorized as “clas-
sical” and “patrolling” monocytes by differences in the expression of surface markers
and functional features. “Classical” monocytes are thought to give rise to the macro-
phages populating the inflammatory response to the foreign material [1].

As described in detail in the following sections, monocyte-derived macrophages
are the main inflammatory cell type found in the robust inflammatory response elic-
ited by foreign materials. It is well documented that the wound-healing process ensu-
ing material implantation does not follow the physiological path but rather a
pathological course, whereby macrophages become dysregulated and are unable to
guide the host tissue near and around the biomaterial to healing and restoration.
Accordingly, the recruited macrophages rather than evolving from the initial pheno-
type that protects the host from potential infection and facilitates the removal of
damaged tissue to the phenotype guiding tissue regeneration and homeostasis,
remain locked in specific phenotypes and do not decline with time (the bad). This is
generally thought to prolong and propagate inflammation. Further, the recruited mac-
rophages fuse into foreign body giant cells (FBGCs). These cells are believed to
develop in an attempt to destroy the foreign material; however, they just damage it
and impede the biomedical device function (the ugly). Thus, new efforts to guide
macrophages toward phenotypes that restore tissue hemostasis are needed (the good).

3.2 Developmental Origin

3.2.1 Monocytes and Macrophages Ontogeny and Lineage

The MPS has been proposed to arise from a temporal succession of macrophage
progenitors. In mice, these start to develop first at embryonic day 8 from the primi-
tive ectoderm of the yolk sac and give rise to macrophages without a monocytic
progenitor, as identified by morphological characteristics, and by expression of
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macrophage markers. Later in development, haematopoiesis in fetal liver generates
circulating monocytes during embryogenesis. Macrophages derived from the fetal
liver resemble those that are present in adults. The fetal liver is initially seeded by
haematopoietic progenitors from the yolk sac and subsequently from the hemato-
genic endothelium of the aorto-gonadal-mesonephros region of the embryo. In post-
natal life, fetal liver haematopoiesis declines and is replaced by bone marrow
haematopoiesis that becomes the source of circulating monocytes [2—4].

Studies have shown that monocytes, macrophages, and DCs are developmentally
related and share a common bone marrow-derived precursor called the “monocyte-
macrophage DC progenitor” (MDP). These cells have the ability to differentiate into
phagocytic macrophages, antigen-presenting DCs, and osteoclasts that are special-
ized bone-resorbing cells [5—7]. In vitro, mouse cultures of MDPs progress toward
macrophages in response to macrophage colony stimulating factor (M-CSF or
Colony Stimulating Factor 1, CSF1). These cells show high expression of the macro-
phage markers CD11b and F4/80, and low expression of the dendritic cell marker
CDl1lc. The addition of granulocyte macrophage colony stimulating factor
(GM-CSF) and interleukin 4 (IL-4) skews the population toward DCs that, in turn,
express high CD11c and MHC class II. In DC development, a common DC progeni-
tor (CDP) derived from the MDP has been identified. It is able to develop into two
DC subtypes, classical and plasmacytoid DCs, but not monocytes. In macrophage
development occurring in the postnatal bone marrow, the common myeloid progeni-
tor (cMoP) also derives from the MDP and gives rise to monocytes and their descen-
dants but does not generate DCs [8, 9]. The developmental path leading to
determination of the osteoclast lineage is less clear. Mouse and human bone marrow
and spleen-derived cells expressing c-Kit and colony-stimulating factor 1 receptor
(CSF1R) have been shown to be able to generate osteoclasts and compose 0.1-0.3 %
of bone marrow cells [7, 10, 11]. Whether these cells derive from the cMoP or a sepa-
rate osteoclast precursor branch derives from the MDP has yet to be established. We
have recently found the early monocyte-macrophage marker CD68 is not expressed
in osteoclast precursors suggesting a separation of the monocyte-macrophage and
osteoclast lineage early on (Jackson, Scatena and Giachelli, in submitted).

A common myeloid progenitor has also been identified in murine spleen and
peripheral blood. Peripheral monocyte populations are heterogeneous and have an
inherent plasticity to generate different types of macrophages based on microenvi-
ronmental cues. Indeed, after release into the circulation, monocytes are found in
two distinct phenotypes: “classical” and “patrolling.” In the mouse system, it has
been suggested that “patrolling,” Ly6C- cells, originate from “classical,” Ly6C*
cells, monocytes, and that Ly6C~ monocytes act to maintain vessel integrity and to
detect pathogens, while Ly6C* monocytes are recruited predominantly to sites of
infection and injury. This system is conserved in humans where peripheral-blood
monocytes can also be divided into two subsets: CD14*CD16" cells, or classical
monocytes, and CD14*CD16* cells or patrolling monocytes. Distinct chemokine-
receptor expression profiles are also among the phenotypic differences that are rec-
ognized between these subsets: for example, CD14*CD16* monocytes express
CC-chemokine receptor 5 (CCRS), whereas CD14*CD16- monocytes expressed
CC-chemokine receptor 2(CCR2) [1].
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Monocytes, which circulate in the bloodstream, have long been considered pre-
cursors of macrophages found in many uninjured and healthy tissues. However,
recent studies show that tissue macrophages mostly originate from the yolk sac with
few originating from the fetal liver. For example, lineage-tracing experiments have
shown that brain macrophages (microglia) are primarily derived from yolk-sac pro-
genitors, whereas Langerhans (skin associated macrophages) cells have a mixed
origin as they derive from the yolk sac and the fetal liver. However, the major tissue-
resident population of macrophages (defined as F4/80 bright in mice) in skin,
spleen, pancreas, liver, brain, and lung arise from yolk sac progenitors. In a few
tissues, such as kidney and lung, macrophages have a chimaeric origin being derived
from the yolk sac and the bone marrow. These data indicate that there are at least
three lineages of macrophages in the adult mouse, which arise at different stages of
development (yolk sac, fetal liver, and bone marrow) and persist to adulthood. As
tissue macrophages appear not to be derived from bone-marrow monocytes, by defi-
nition circulating patrolling monocytes act to maintain vessel integrity and to detect
pathogens while classical monocytes are recruited predominantly to sites of infec-
tion or injury, or to tissues that have continuous cyclical recruitment of macro-
phages, such as the uterus [12, 13].

3.2.2 Monocytes and Macrophages Lineage Regulation

Regardless of their origin, the major lineage regulator of almost all macrophages is
macrophage CSFIR. This class III transmembrane tyrosine kinase receptor is
expressed on most, if not all, mononuclear phagocytic cells. Targeted ablation of the
Csflr gene causes severe depletion of macrophages in most tissues. Moreover, com-
parison of Csflr-null mice with those homozygous for a spontaneous null mutation
in its ligand, colony stimulating factor 1 (CSF1, CsfI°"°P mice) demonstrated that all
phenotypes in Csflr-null mice were also found in the CsfI°P°P mice, indicating that
CSF1 has only a single receptor [14]. However, the phenotype of CsfIr-null mice is
more severe than that of CsfI-null mice, which suggested the presence of another
ligand that has been identified as IL-34. Targeted ablation of //34 results in loss of
microglia and Langerhans cells, but had little impact on bone marrow, liver, or
splenic macrophages. Other potential regulators of monocytes differentiation
include GM-CSF and IL-3, which act as macrophage growth factors in tissue cul-
ture [15]. In addition, vascular endothelium growth factor A (VEGFA) is a regulator
of monocytes because it can compensate for the loss of CsfI in osteoclast develop-
ment in vivo [16].

At the transcriptional level, the most important factor regulating monocyte devel-
opment is SFPI1 (also known as PU.1), a member of the ETS family whose loss
following targeted mutation results in complete depletion of CD11b*F4/80* macro-
phages in mice, including those derived from the yolk sac. Similarly, other members
of the ETS family are also involved in macrophage differentiation, including Ets2,
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which positively regulates the Csflr promoter. In adults, Mafb (also known as
v-Maf) is required for the local proliferation that maintains resident macrophages,
whereas Gata2 is required for monocyte development but not for resident macro-
phage populations [17-19]. Fos and Mitf are required for the differentiation of
osteoclasts [20].

3.2.3 Macrophage Function in Development

Macrophages regulate organ development and there is a general requirement for
macrophages in tissue patterning and branching morphogenesis. In the mammary
gland, macrophages are recruited to the growing ductal structure and their loss
results in a slower rate of outgrowth and limited branching. Further, macrophages
have also been implicated in maintaining the viability and function of mammary
stem cells [21].

Macrophages also regulate angiogenesis. In the eye during the regression of the
vasculature in the postnatal period, macrophages guide vascular endothelial cells to
undergo apoptosis if these cells do not receive a counterbalancing survival signal.
Macrophages appear to mediate vascular endothelial cell death directly via produc-
tion of Wnt7B, and indirectly via the Wnt5A and Wntl1-dependent induction of the
soluble VEGF receptor 1 (VEGFR1) that inhibits the endothelial survival factor
VEGF, thereby reducing vascular morphogenesis so that the vascular system is
appropriately patterned [22].

Macrophages also act on stem cells of different organs. In the gut they regulate
the maintenance and regeneration of intestinal integrity via the regulation of gut
stem cell, while in the bone marrow a subpopulation of macrophages in the haema-
topoietic niche regulates the dynamics of haematopoietic stem cell release and dif-
ferentiation [13].

Brain development is also influenced by macrophages. Microglia are specialized
brain macrophages. In the absence of CSFIR signaling there are no microglia, and
the brains have substantial structural defects as they mature. Indeed, microglia
express neuronal growth factor (NGF) that promotes neuron viability. Further,
microglia modulate neuronal activity and prune synapses during development. The
hypomorphic mutation in CSF/R in humans is responsible for hereditary diffuse
leukoencephalopathy with spheroids that results from loss of myelin sheaves and
axonal destruction [13].

Phagocytosis is clearly central to macrophage function even during develop-
ment. During the development and the adult animal erythropoiesis, maturing eryth-
roblasts are surrounded by macrophages that ingest the extruded erythrocyte nuclei.
In the absence of macrophages erythropoiesis is blocked and survival is compro-
mised. Macrophages also maintain the haematopoietic steady state through engulf-
ment of neutrophils and erythrocytes in the spleen and liver [23].



42 M. Scatena et al.

3.3 Macrophages and Inflammation

3.3.1 The Wound-Healing Process

Macrophages are tissue-scavenging phagocytic cells found in all tissues that have a
diverse set of functions. Besides their role during embryonic development, circulat-
ing monocytes and tissue macrophages play major roles in the adult. Their functions
include tissue homeostasis, stimulating the immune system through production of
pro-inflammatory cytokines, and termination of the inflammatory response.

One of the main functions of macrophages is phagocytosis. Indeed, macrophages
perform phagocytic clearance of dying or dead cells during development and adult
life. In primitive organisms, the phagocytic properties of macrophages are the host
defense [24].

The physiological inflammatory response requires a highly orchestrated series of
events characterized by four basic phases: reaction, regrowth, remodeling, and reso-
lution. The acute and chronic inflammation response is triggered by certain pro-
inflammatory molecules of invading microbes. However, sterile stimuli such as
mechanical trauma, ischemia, chemicals, and antigens also trigger inflammation. In
the event of infection or sterile inflammation, cytokines and chemokines are
released, which increase permeability of capillaries and attract wandering neutro-
phils and monocytes. Neutrophils are the first cells to respond and arrive attracted
by chemokines, such as extracellular adenosine triphosphate and other damage-
associated molecular patterns [25, 26]. Neutrophils phagocytise debris, kill bacteria
by releasing reactive oxygen species (ROS) and aid in the cleaning of the wound by
secreting proteases that break down damaged tissue. Neutrophils are usually the
most prevalent cell type during the first 48 h of inflammation. Once neutrophils fin-
ish cleaning up the infection, they undergo controlled apoptosis and infiltrating
macrophages will engulf and degrade the neutrophils in a safe and controlled man-
ner. Macrophage phagocytosis involves the ingestion of the dying cell, microbe, or
cellular debris. The ingested particles become trapped in a phagosome, which fuses
with a lysosome where enzymes and toxic peroxides digest the pathogen. During
the next 2—5 days, macrophages are the most prevalent cell type at the site of inflam-
mation [27].

Macrophages responding to injury and trauma mature from their circulating
CD14*CD16* in human and Ly6C* in mouse monocyte precursor cells at the site of
inflammation and respond to key cytokine signals such as IL-4 and IFN-y. When
recruited to the site of injury, macrophages display two major phenotypes in response
to the specific microenvironment that can be broadly defined as M1 and M2. M1
macrophages destroy foreign material at the damaged site and M2 macrophages
promote growth, resolution, regeneration, and decline as tissue regenerates [28].
Macrophages of the M1 or pro-inflammatory subtype are the first to appear and aid
in the natural debriding of the wound along with neutrophils. They are potent pro-
ducers and inducers of inflammatory mediators, such as tumor necrosis factor alpha
(TNFa). About 3 days postinfection, the M2 or pro-regeneration macrophage
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subtype becomes the prominent player at the site of injury where M2 macrophages
secrete anti-inflammatory cytokines, such as IL-10, and perform efferocytosis of
apoptotic pro-inflammatory macrophages and neutrophils. Pro-regeneration M2
macrophages also release factors, such as transforming growth factor beta (TGFp),
which recruit endothelial cells, epithelial cells, and fibroblasts; all key players in the
next regrowth phase of healing. The regrowth phase can start as early as day 3
postinfection/injury and last until day 10 postinfection/injury. During this phase,
new cells begin to lay down collagen and other extracellular matrix molecules. At
the same time, new blood vessels are formed and begin to infiltrate into the wounded
areas. The remodeling and resolution phases take place concurrently, in that the
resolution phase decreases the number of fibroblasts and M2 pro-regeneration mac-
rophages, as well as thins the dense capillary network. This occurs while the remod-
eling phase contracts the scar tissue and allows the scar to adjust to the tensions
applied during everyday life [29].

Inflammatory resolution can take up to 21 days to complete; however, the remod-
eling phase may take up to 6—12 months to adjust for physical movements, depend-
ing on the tissue. In some cases, the resolution phase fails to resolve inflammation,
which can ultimately lead to a chronic inflammatory state or constant fibrotic
remodeling in the affected tissues. The dysregulation of the macrophage response
has been implicated as a major player in these pathological processes [27]. Therefore,
the ability to precisely regulate key players in the innate inflammatory response
could help elucidate important mechanisms underlying dysregulated inflammation,
which could possibly lead to remedies and an overall better understanding of inflam-
matory reactions and deadly inflammatory diseases.

3.3.2 Macrophages in Wound Healing

Pro-inflammatory M1 macrophages are the first to arise at the site of injury and
propagate the initial response by releasing pro-inflammatory cytokines. They also
produce ROS at the injury site in order to destroy foreign material. Thus, pro-
inflammatory M1 macrophages are absolutely necessary in cleaning the injured and
inflamed site before any healing can begin. On the other side of the spectrum, M2
macrophages promote growth and regeneration and are present following the pro-
inflammatory macrophages decline. M2 macrophages are present toward the end of
the inflammatory response and mainly function to end and resolve inflammation,
stimulate healing, and restore tissue homeostasis characterized by proper vascular-
ization and little to no fibrosis [30]. In chronic inflammatory diseases, pro-
inflammatory M1 macrophages are the most prominent macrophage subtype in the
tissue, with little pro-regeneration M2 macrophages present, and tissues show no
signs of resolution and regeneration.

The pro-inflammatory/pro-regeneration (M1/M2) macrophage ratio can be help-
ful in determining the phase of the immune response. It has been hypothesized that
a high M1/M2 macrophage ratio can lead to chronic inflammation due to the failure



44 M. Scatena et al.

of M1 efferocytosis by deficient M2 cells [31]. If M1 cells are not efferocytized by
M2 cells before they undergo necrosis/apoptosis pro-inflammatory M1 cytotoxic
contents are released into the tissue and can cause further inflammation and recruit-
ment of inflammatory cells. Left untreated, this condition could foster an infinite
loop of necrosis and further inflammation. Conversely, it is hypothesized that fibrosis
is the result of a low M1/M2 macrophage ratio in which there is an excess of TGFp-
producing M2 cells [32]. Due to high levels of TGFp, there is a constant influx of
collagen depositing fibroblasts and inflammation is never completely resolved.
These notions strengthen the argument that it is necessary to have a balance of both
pro-regeneration M2 and pro-inflammatory M1 cells and any skewing of this balance
could potentially lead to chronic inflammation or fibrosis of the tissue.

3.3.3 Regulation and Functional Consequences of Distinct
Macrophage Phenotypes

As mentioned in the previous section, macrophages mature and respond to microen-
vironmental cues with the activation of distinct functional phenotypes. Two broadly
distinct states of polarization have been defined: a pro-inflammatory M1 and a pro-
regeneration M2. These states mirror the Th1-Th2 polarization nomenclature of
T-cells. Although, unlike Th1-Th2 polarization, macrophage polarization is not per-
manent but rather plastic and can be altered as stimuli change.

The phenotype of the pro-inflammatory M1 macrophages differs from the pro-
regeneration M2 macrophage subsets by the expression of unique membrane recep-
tors, and secretion of cytokines and chemokines. The concept of pro-inflammatory
M1 cells was first introduced in the 1960s by Mackaness to describe the antigen-
dependent microbicidal activity of macrophages toward bacillus Calmette-Guerin
and Listeria upon secondary exposure to the pathogens. Thus, M1 macrophages
constitute a potent arm of the immune system to fight infections [33].

The pro-inflammatory M1 phenotype is induced by IFN-y, TNF-a, GM-CSF, bac-
terial products like toll receptor 4 (TLR4)-binding LPS, and other TLR ligands. IFN-y
is the main cytokine inducing the pro-inflammatory M1 phenotype and the main Th1
cell product. IFN-y signals through the JAK1/STAT1 pathway. The pro-inflammatory
M1 phenotype is characterized by the promotion of the Thl response, the expression
of pro-inflammatory cytokines, and the high production of reactive nitrogen and oxy-
gen intermediates. The pro-inflammatory M1 phenotype is typically IL-12"e" and
IL-10*" and cytokine expression also includes IL-1, TNFa, and IL-6. Pro-
inflammatory M1 polarization and subsequent NF-kB activation leads to transcription
of inflammatory factors, such as various CXCL and CCL chemokine ligands. M1
macrophages also produce ROS, which originate primarily from the induced nitric
oxide synthase (iNOS) enzyme. The production of NO by iNOS acts as an immune
defense, as NO is a free radical with an unpaired electron that can react with superox-
ide and form peroxynitrate, which is a potent bactericidal agent [34]. At the transcrip-
tional level, NF-xB, AP-1, STAT-1, and IRF5 have been identified as important
transcription factors for the pro-inflammatory M1 phenotypic response [35].
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Following pro-inflammatory M1 activation, the main inhibitory molecule for pro-
inflammatory genes is IL-10. This interleukin activates STAT6 pathways, which
sequester coactivator molecules required for the LPS/TLR4 pathway activation and
prime the cell for a pro-regeneration M2 macrophage phenotype transition [36].
Ultimately, it is the balance of these cytokines, chemokines, and ROS that dictates
the polarization state of macrophages. Unlike M1 cells, M2 cells are less-sensitive to
pro-inflammatory stimuli and are actively involved in debris scavenging, angiogen-
esis, tissue remodeling, and secretion of anti-inflammatory cytokines. Further, they
can assume multiple subphenotypes, which include M2a, M2b, and M2c. Hallmarks
of pro-regeneration M2 macrophages are high production of IL-10, low expression
of IL-12, and the production of Arginase, which deprives iNOS of its substrate. As
far as the M2 subphenotypes, M2a macrophages are involved in the Th2 type
immune response against parasites and are known to be pro-fibrotic. M2a macro-
phages are activated by IL-4, IL-10, and IL-13. These cells are characterized by their
surface expression of IL-4R and FceR, Dectin-1, CD163, CD206, and CD209. M2b
macrophages are considered immunity-regulating and are induced by IL-1 and
LPS. They produce IL-10, IL-1, IL-6, and TNF-a. M2¢c macrophages are induced by
IL-10 and TGF-p. They are often referred to as anti-inflammatory and are known to
be involved in tissue repair and remodeling. They produce large amounts of IL-10
and TGF-f and express receptors such as CD163, CD206, and RAGE [28, 37]. At
the transcriptional level, factors, including STAT6, IRF4, and PPARY, have been
identified as important in the regulation of characteristic M2 macrophage target
genes such as Argl, Mrcl, and Chi3l3. Furthermore, it has been shown that PPARy
and STAT6 can cooperate to regulate many pro-regeneration M2 targets establishing
the STAT6/PPARY pathway as essential for the M2 phenotype [38].

Macrophage phenotype is in part regulated by the Kruppel-like factor (KLF)
family of proteins. These are zinc finger transcription factors that regulate key cel-
lular processes such as development, differentiation, proliferation, and programmed
cell death. KLF2 has been identified as a tonic repressor of macrophage
pro-inflammatory M1 phenotype, while KLF4 has been found to be essential for the
macrophage pro-regeneration M2 phenotype in vitro and in vivo. On the other end,
KLF6 has been shown to promote the pro-inflammatory M1 phenotype through
cooperation with NF-kB and to inhibit the pro-regeneration M2 targets by suppress-
ing PPAR-y expression [39].

Increasingly, the M1 and M2 phenotypes are being perceived as two extremes of
a continuum of functional states; however, the simplified M1/M2 macrophage
nomenclature can be helpful in determining the phase of the immune response.

3.3.4 Macrophage Phenotype Plasticity

The phenotypes of pro-inflammatory M1 and pro-regeneration M2 macrophages
in vivo and in vitro can be reversed to some extent. The pathology of the tissue has
a large influence on the phenotypic state and influences whether the macrophages
display a more inflammatory M1 phenotype or a more regeneration M2 phenotype



46 M. Scatena et al.

[40]. However, it still remains unclear whether the recruitment of circulating mono-
cytes or the reprogramming of cells is the main mechanism for this phenotype
switch. Nevertheless, pro-regeneration M2 macrophages can be skewed to a pro-
inflammatory M1 macrophages phenotype by certain stimuli. For example, CCL16
chemokine delivery to the tumor environment combined with TLRO ligand and anti-
IL-10 antibody can induce macrophage redirection toward a tumor rejection pro-
inflammatory M1-like phenotype [41]. Similarly, genetic deletion of p5S0 NF-xB
allows for tumor-associated pro-regeneration M2 macrophages to express pro-
inflammatory M1 markers in sufficient amounts to reduce tumor growth [42].
Lastly, delivery of IL-10 promotes a pro-regeneration M2 macrophages phenotype
directly from pro-inflammatory M1 cells [43]. Thus, macrophages can be influ-
enced to transition from a M2 to M1 phenotype, as well as be induced to transition
from a M1 to M2 phenotype.

3.4 Macrophage Interaction with Biomaterial Implants

3.4.1 Macrophage Recruitment to the Biomaterial Surface

Implantation of biomaterials elicits a series of well-known molecular and cellular
events that constitute the foreign body response (FBR) to biomaterials. A wide
range of materials is used for implanted biomedical devices today. While these
materials differ greatly in terms of chemical composition, mechanical properties,
and surface topography, they all elicit a FBR when implanted in vivo. In wound
healing, the resolution of the inflammatory response and subsequent tissue remodel-
ing lead to the restoration of tissue homeostasis. In contrast, the FBR does not result
in resolution of the inflammatory response and, instead it leads to encapsulation of
the device with fibrotic tissue, which isolates it from the host and can negatively
impact device structure and function [44, 45].

The FBR consists of blood-material interactions, provisional matrix deposition,
acute inflammation, chronic inflammation, granulation tissue development, foreign
body giant cell formation, and fibrosis. The initial phase of the FBR is characterized
by blood-biomaterial interactions. This occurs immediately upon implantation and
results in the nonspecific adsorption of proteins to the biomaterial surface.
Adsorption of proteins to the surface creates cell adhesion sites and provides a way
for immune cells, mainly neutrophils and monocytes-derived macrophages, to
adhere to synthetic biomaterials that lack intrinsic ligands for cell receptors. Cell
adhesion to the implant surface is dependent on the proteins that adsorb to the sur-
face and much research has gone into developing surfaces that minimize or alter
protein adsorption. The type, concentration, and surface orientation of adsorbed
proteins are critical determinants of the early stages of the FBR. The presence of
adsorbed proteins such as fibronectin, fibrinogen, vitronectin, complement C3, and
albumin modulates inflammatory cell interactions with biomaterials and conse-
quently is linked to downstream inflammatory responses [46—-50].
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Following blood-biomaterial interactions, immune cells are recruited to the sur-
face of the biomaterial. As in the physiological response to injury, neutrophils are
the first cells to arrive at the biomaterial surface, followed shortly after by macro-
phages. Neutrophils arrive first but are short lived and by 4872 h post-implantation
macrophages begin to predominate the inflammatory response [51]. Peripheral
blood-derived and tissue resident macrophages are recruited to the implant site in
response to cytokines and chemokines including TGF-, PDGF, CXCL4, and IL-1p.
Up to this step, the FBR correlates closely with the natural inflammatory reaction to
invading microbes and sterile stimuli. Once they have reached the biomaterial sur-
face, macrophages attach, undergo activation, and continue to propagate the FBR.
In vitro studies have shown that when cultured on biomaterials macrophages assume
a pro-inflammatory M1-like phenotype and produce cytokines including IL-1p,
IL-6, TNF-a. The mechanism of macrophage M1 phenotype induction in response
adhesion to biomaterials is unclear; however, some studies have indicated that
biomaterial-derived microparticles taken up by macrophages activate a caspase-1-
dependent release of IL-1p. This activation seems to be dependent on ROS genera-
tion, lysomal destabilization, and K+ efflux. IL-1f activation of the NF-kB pathway
would then propagate the pro-inflammatory M1 response [52].

Despite a microenvironment poised to propagate chronic inflammation, the pop-
ulation of macrophages surrounding a biomaterial implant is often made up of a
mixture of cells possessing both M1 and M2 markers [52-54]. This intermediate
macrophage phenotype has not yet been well characterized, but contrasts with the
acute inflammatory response, which is characterized by distinct temporal phases of
discrete M1 and M2 macrophage populations.

3.4.2 Macrophage-Derived Foreign Body Giant Cells

Foreign body giant cells (FBGCs) are multinucleated cells generated by fusion of
macrophages and are a hallmark feature of the FBR. While these cells are not nor-
mally found in healthy tissues, they are abundant surrounding implanted biomateri-
als even years following implantation. As FBGCs typically do not succeed in
phagocytosing large foreign materials, they remain at the biomaterial-tissue inter-
face generating a sealed compartment between their surface and the underlying bio-
material. FBGCs secrete mediators such as ROS, degradative enzymes, and acid
into this compartment, in a process referred to as “frustrated phagocytosis,” which
has been attributed to device failure. Indeed, some classes of polymers, including
polyethylene and polypropylene, may undergo oxidative structural damage when
exposed to reactive oxygen intermediates [44, 55, 56].

While much research has explored the formation of FBGCs, until recently little
was known about their functional properties compared to their mononuclear macro-
phage counterparts. New studies have shed light onto the specialized functions of
macrophage-derived multinucleated giant cells, which at least in vitro are indistin-
guishable from FBGCs. Macrophage-derived multinucleated giant cells can more
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efficiently phagocytose large particles and complement-coated particles compared
to mono-nucleated macrophages. Interestingly, osteoclasts generated from mono-
cytes by treatment with the receptor activator of nuclear factor kappa-B ligand
(RANKL) and M-CSF treatment are also more efficient at taking up large particles,
suggesting that this may be a general feature of multinucleated cells of the mono-
cyte lineage. Macrophage-derived multinucleated giant cells have extensive mem-
brane ruffles that contain preactivated complement CR3. These membrane ruffles
provide abundant membrane for ingestion of large materials. Further, activated C3
fragments are found deposited on implanted biomaterials. This series of findings
demonstrate that multinucleated giant cells are indeed more than the sum of their
parts and may suggest that fusion at the biomaterial surface is indeed an attempt to
ingest a very large particle [57]. It remains to be determined whether FBGCs pos-
sess other specialized functions. Additionally, given the remarkable plasticity of
macrophages and the heterogeneity of macrophage phenotypes seen in vivo, it can-
not be excluded that FBGCs may also display heterogeneity depending on the local
tissue microenvironment.

Cell-cell fusion of macrophages to form multinucleated FBGCs requires a series
of highly orchestrated steps. Macrophages must first become fusion competent,
migrate toward each other, fuse, and then the resulting multinucleated cells must
undergo intracellular cytoskeletal rearrangement [58, 59]. Macrophage fusion is
dependent on the presence of fusion-inducing cytokines and a permissive surface.
In vitro macrophages fuse to form FBGCs in the presence of the Th2 cytokines,
IL-4 and IL-13, and in vivo IL-4 is necessary for FBGC formation by engaging the
JAK/STAT partway [59, 60]. Many factors participate in macrophage fusion. These
include monocyte chemotactic protein 1 (MCP-1), matrix metalloprotease 9 (MMP-
9), epithelial cadherin (ECad), cell surface receptors and membrane proteins
(DAP12, MR, CD44, CD47, DC-STAMP, tetraspanins), signal transducers (Racl),
and the matricellular protein Osteopontin [58, 61-64]. IL-4 upregulates DAP12,
DC-STAMP, and ECad, while MCP-1 is thought to mediate rearrangement of the
cytoskeleton through Rac-1. We have identified osteopontin, an extracellular matrix
molecule initially isolated from bone but also produced by macrophages, as an
inhibitor of FBGCs formation in vitro and in vivo. In vitro we found that osteopon-
tin treatment can inhibit the IL-13-dependent formation of FBGCs derived from
human peripheral blood monocytes. In vivo, we found the absence of osteopontin
leads to more FBGCs at the biomaterial-host interface in a mouse model of bioma-
terial implantation [64] (Fig. 3.1).

Newer players in the field of FBGCs are microRNAs. MicroRNAs (miRs) are
small noncoding RNAs that regulate gene expression at the post-transcriptional
level. A single miR can influence post-transcriptional control of hundreds of target
genes and regulate many cellular processes. It is, thus, not surprising that miRs play
a role in macrophage differentiation from monocytes and homotypic cell fusion.
miR-7a-1 targets DC-STAMP during FBGC formation and negatively regulates
macrophage fusion [65]. Likewise, miR-223 is a negative regulator of IL-4-
dependent macrophage fusion both in vitro and in vivo [66].
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Fig. 3.1 Osteopontin inhibits FBCG formation. (a) FBGCs on PVA sponge implants. Implant sec-
tion stained with H&E revealing FBGCs in association with the PVA sponge (S=sponge). Bar
represents 20 pm. PVA sponges were implanted subcutaneously in OPN** and OPN~~ animals for
14 days. Two sections per implant were stained, 200 pm apart. In each section, we analyzed six
random fields of view, for a total of 12 fields of view per mouse implant. FBGCs, defined as cells
containing three or more nuclei, were counted manually. (b) Implants from OPN~~ mice had sig-
nificantly more giant cells at their surfaces than those from OPN** mice (4.724+0.333 vs.
2.991+0.352, average number of FBGCs/field+SEM; p<0.003). n=4 mice per genotype. (c, d)
Percentage of human FBGCs in vitro. Primary human peripheral monocytes were isolated from
heparinized whole blood by density centrifugation, followed by adherence purification. Fusion was
induced by treatment with IL-4 and GM-CSF in a 10-day assay. Nuclei in ten representative fields
of view per well were counted and summed; each sample was performed in triplicate. Cells contain-
ing three or more nuclei were considered “giant.” Results are shown for one donor, but are repre-
sentative of a set of 3. (¢) Number of FBGCs summed in ten fields of view. "p<0.0001 ANOVA,
p<0.0001 Bonferroni-Dunn post hoc comparison vs. positive control. (b) Percentage fusion defined
as (number of nuclei contained within FBGC/total nuclei counted) x 100 %. "p<0.0001 ANOVA,
p<0.0001 Bonferroni-Dunn post hoc comparison vs. positive control. n=3 wells per sample.
Standard deviations are shown. Reproduced from Tsai et al. Biomaterials 26, 5835-5843

Fusion of macrophages to FBGCs is typically associated with a phenotype
switch of the macrophages from an M1-like to a more M2-like phenotype. Indeed,
they release pro-fibrotic factors such as TGF-f and platelet-derived growth factor
(PDGF) that triggers the action of fibroblasts and endothelial cells. Activated fibro-
blasts synthesize and deposit collagen that often results in material encapsulation.
However, FBGCs still produce pro-inflammatory RANTES and MCP-1, ROS and
degradative enzymes, which are not associated with the M2 phenotype [67].
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3.4.3 Macrophages and Fibrosis

Successful tissue repair requires resolution of inflammation through the release of
anti-inflammatory mediators, cleavage of chemokines, down-regulation of inflam-
matory mediators and receptors, and apoptosis of immune cells. Although the
mechanism is not well understood, it is assumed that continuous action of pro-
inflammatory M1 macrophages and FBGCs results in prolonged fibroblast activa-
tion and excessive biomaterial-associated matrix deposition. Indeed, fibrosis is a
common consequence of chronic inflammation as persistent inflammation can lead
to fibrosis. After 2—4 weeks, implantable biomaterials become encapsulated in a
nearly avascular, fibrous capsule termed the foreign body capsule (FBC). These
capsules can reach thicknesses of 50-200 pm and completely surround implants in
a network of dense, highly organized collagen fibers [68].

Macrophages regulate this process through the secretion of cytokines that pro-
mote fibroblast migration, proliferation, and activation (TGF-f, PDGF, IGF-1) and
the production of matrix degrading enzymes, like MMPs, and their inhibitors, TIMPs
that drive extracellular matrix deposition and remodeling. Macrophage-secreted
cytokines such as IL-1f can contribute to a state of inflammation, while on the other
hand macrophages can regulate fibrosis through the secretion factors that have been
shown to suppress inflammation such as IL-10 and TGF-f. Thus, macrophage par-
ticipation in fibrosis can contribute to either positive or negative outcomes depend-
ing on context specific polarization and the ability to shift polarized responses in
a timely manner. In many cases an appropriate phenotypic switch in macrophage
polarization is necessary for functional remodeling as macrophages are important
regulators of the fibrotic response [69-71].

3.5 Strategies to Target Macrophage Function
and Polarization in the FBR

There has been a growing interest in research regarding the effects of macrophage
phenotype on the FBR to biomaterials [72-75]. As described above macrophages,
unlike T-cells, appear to possess remarkable plasticity and are capable of phenotype
switching in response to changes in local microenvironmental signals. This plastic-
ity may represent a protective mechanism that allows the host to mount an appropri-
ate response to foreign invaders, but also allows for the resolution of such a response
without excessive inflammation.

The loss in function of medical devices over time is in large part due to the FBC
that forms around the device. This capsule, which is a consequence of the dysregu-
lated macrophage phenotype of the FBR, is characterized by extensive fibrosis and
minimal vascularization of the surrounding tissue. To combat the deleterious effect
of the FBR on implanted biomaterials, attempts have been made to mitigate some of
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the aspects of the FBR that are thought to cause the loss of function and/or structure
of the biomedical device. The most commonly used metrics to determine the effec-
tiveness of the various approaches are (1) the relative composition of pro-
inflammatory M1 and pro-regenerative M2 macrophages; (2) the number of FBGCs;
(3) the thickness and the density of the fibrotic tissue composing the capsule; and
(4) the amount of vascularization. Even if these are independent measures and the
cause and effect relationship is difficult to establish, they are nevertheless useful to
assess the integration of biomaterial with the host and the regeneration of the host
tissue with the understanding that the medical device function and structure would
be preserved.

3.5.1 Macrophages and Biomaterial Biomimicry

To date, no material or coating has completely blocked the FBR or the formation of
FBC surrounding implanted devices. One strategy to alter the surface of an implant-
able device is to coat the device with something that mimics the body. Ideally, these
materials that simulate the cell membrane will be able to inhibit undesirable inter-
actions, while allowing the selective and favorable binding of certain molecules.
Most of these materials derive from hydrophobic phospholipids, which are an inte-
gral part of the cell membrane. The resulting phospholipid surface likely deceives
the host, as it resembles a cell’s own membrane and possibly appears less foreign
to the host. Generally, phospholipid membranes have exhibited poor stability when
grafted onto the surface of medical device implants. To combat this problem, phos-
pholipids have been incorporated with polymers, which helps to increase stability.
Furthermore, these materials seem to elicit a more favorable inflammatory response.
For example, in vitro protein adsorption of PMB (poly(2-methacryloyloxyethyl
phosphorylcho-line(MPC)-co-n-butylmethacrylate(BMA)s) phospholipid poly-
mers, when compared to PET, PHEMA, or Tecoflex® 60, shows decreased protein
adsorption, as well as decreased macrophage-like HL-60 cell adhesion which also
expresses less IL-1P, a common pro-inflammatory M1 marker. By continuing to
develop new and more stable phospholipid polymers that decrease the pro-inflam-
matory environment, it might be possible to disguise medical devices as the host’s
own tissue and elicit a decreased FBR response. However, the duration of this con-
cealment will depend on the degradation properties of future phospholipid poly-
mers, as the PMBs in this study only reduce the inflammatory response for less than
7 days [76].

Zwitterionic hydrogels are yet another approach in creating an ultralow biofoul-
ing surface. A specific zwitterionic hydrogel, known as poly(carboxybetaine meth-
acrylate) (PCBMA), contains carboxybetaine. Since carboxybetaine is structurally
similar to glycine betaine, which is in turn a naturally occurring osmotic regulator
of living organisms, this zwitterionic hydrogel may be considered a biomimetic
material. PCBMA hydrogels induce less collagen deposition in the FBC and
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increase blood vessel formation [77]. Additionally, even though both macrophage
phenotypes are elicited by PCBMA hydrogels, this material contains fewer pro-
inflammatory M1 macrophages and more pro-regeneration M2 macrophages fol-
lowing implantation. More importantly, this biomaterial inhibits the FBR for at least
3 months. The success of this biomaterial might have been due to the fact that the
hydrogel was both biomimetic and zwitterionic. Development of future biomimetic
hydrogels in combination with specific non-fouling techniques will likely have
great potential in the field of biocompatible materials.

3.5.2 Biomaterial Modulation of Macrophage Phenotype

Understanding the control of pro-inflammatory M1 and pro-regeneration M2
macrophages through the modulation of biomaterial microenvironmental cues is
a key step in the design of next generation informed biomaterials to enhance posi-
tive tissue remodeling, integration, and regeneration. Several studies indicate that
macrophage phenotype is modulated by a wide variety of factors including sub-
strate stiffness, surface patterning and roughness, and porosity. Some examples
follow.

Studies using Arg-Gly-Asp (RGD)-functionalized polyethylene glycol hydro-
gels with varying stiffness (130-840 KPa) indicate a differential modulation of a
subset of macrophage-derived cytokines. However, there is no definitive modulation
of one macrophage phenotype vs. the other as both pro-inflammatory (IL-1p, IL-6,
TNF-a) and anti-inflammatory (IL-10) factors correlate with the increased stiffness
of the hydrogel. In vivo, increased stiffness appears to correlate with thicker FBC
and recruitment of more macrophages perhaps because of mechanical mismatch
between the material and the host tissue [78].

Cyclic strain of biomaterial may also be another way to modulate macrophage
phenotype. When macrophages are plated on poly-e-caprolactone bisurea strips
induction of the pro-inflammatory M1 phenotype appears to be independent of
strain. In contrast, pro-regeneration M2 cells increase with the degree of strain,
suggesting the strain-induced elongation of the macrophages possibly skews toward
the M2 phenotype as elongation correlates with M2 behavior (see below) [79].

Varying topographies are also active areas of investigation for the modulation of
macrophage phenotype. It appears that surface topography can override surface
chemistry, as macrophage elongation on the surface is inversely correlated with
surface micropatterning. The wider the lines (500 nm to 2 pm) the more elongated
the cells become. Further, elongation seems to promote the M2 macrophage pheno-
type as cells cultured on 20-50 pm lines or on PLLA and chitosan scaffolds with
diagonal pore geometry facilitating cell elongation produce more M2-type cyto-
kines. These effects seem to be dependent on a functioning cell contractile appara-
tus as inhibition of actin-myosin contraction dampens the M2 phenotype. In vivo
studies show that micropatterned surfaces reduce cell adhesion and FBGCs when
compared to planar substrates [80].
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Macrophages prefer to adhere to rough rather than smooth surfaces. As far as
macrophage phenotype, sandblasting- and acid etching-roughened titanium sur-
faces increase TNF-a secretion while decreasing production of the chemoattractants
monocyte chemotactic protein 1 (MCP-1) and macrophage inflammatory protein-1la
(MIP-1a) in RAW264.7 macrophages [81]. In contrast, nano-roughened titanium
surfaces mitigate expression of TNFa, IL-1f, and NO in J744A.1 macrophages
[82]. These contrasting findings may be the result of different cell lines used, time
points, and variability in the surface roughness.

Electrospun polymer meshes are thought to closely simulate the complex extra-
cellular matrix microenvironment of most native tissues. Both fiber diameter and
alignment are found to affect macrophage adhesion and phenotype. Random align-
ment of a variety of electrospun fibers (PLLA, PCL and PDO) favors M1 cytokines
production when compared to aligned fibers. At the same time, larger diameter favor
M2 cytokine production. These findings may be also dependent on the relative
porosity of the material as larger fibers produce a more porous structure. In vivo,
electrospun nanofibers elicit a thinner FBC when compared to flat films, as do thin-
ner fibers when compared to larger ones [83-86].

3.5.3 Macrophage Spatiotemporal Distribution in the FBR

While biomaterial-dependent modulation of macrophage phenotype is an important
approach to gain control of the FBR healing process, knowledge of the macrophage
phenotypes and of their dynamics in the natural progression of FBR may provide
us with the necessary tools to guide the FBR toward resolution and regeneration
as well as the full integration of the medical device with the host. It is becom-
ing clear that more than one microenvironment can exist or is created within and
around the biomaterial and that distinct macrophage phenotypes are associated with
these distinct spaces. However, how the overall healing is affected still needs further
investigation.

Extracellular matrix hydrogels have been commonly used as coatings to decrease
biofouling, and more recently their effect on macrophage phenotype has been rec-
ognized. In a study that evaluated the spatial and temporal distribution of pro-
inflammatory M1 and pro-regeneration M2 macrophage phenotypes in a rat model,
it was shown that a portion of the macrophages present were of the M2 type; how-
ever, M1 macrophages were not observed around or within a subcutaneously
implanted hexamethylenediiocyanate cross-linked dermal sheep collagen disk [87].
This study only identified macrophage phenotype with one marker, so it is possible
that macrophages could have been expressing different markers that were represen-
tative of a mixed phenotype. More recently, proper balance between the pro-
inflammatory or pro-regeneration macrophages is thought to result in the most
favorable FBR outcome. However, the parameters of the balance are still not
defined. Accordingly, several FBR studies have begun to look at the proportion of
M1 and M2 macrophages in response to an implanted biomaterial.
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Extracellular matrix hydrogel coatings have the ability to reduce the FBR to
polypropylene meshes. Numerous studies have shown that both pro-inflammatory
M1 and pro-regeneration M2 macrophages infiltrate the extracellular matrix hydro-
gel, yet there is still a higher proportion of M2 macrophages when compared to
noncoated materials [72, 88]. Detailed spatiotemporal macrophage polarization was
investigated in the response to a knitted heavy-weight polypropylene mesh [89].
The results reveal that hydrogel coatings composed of urinary bladder or dermal
extracellular matrix are able to modulate the M1/M2 macrophage ratio by decreas-
ing the overall amount of pro-inflammatory M1 macrophages at the surface of the
implant, while at the same time the pro-regeneration M2 macrophages response
remains similar compared to noncoated controls. The decrease in the M1/M2 ratio
is immediately adjacent to the polypropylene mesh, where the M1 macrophages are
usually most concentrated. This is also accompanied by a decrease in FBGCs at
biomaterial host interface. This indicates that, indeed, it might be beneficial to have
a specific balance of M1 and M2 macrophages during the FBR to promote a favor-
able outcome. In a study using different amounts of glutaraldehyde to crosslink
gelatin hydrogels, the numbers of pro-inflammatory M1 macrophages were not
affected by the degree of crosslinking. However, M2 macrophages increase with
degree of crosslinking over time. Further, M2 macrophage number highly corre-
lated with FBC thickness. Again, these studies suggest that different ratios of M1
and M2 macrophages may affect the FBR outcome [90]. Similarly, using sphere-
templated pHEMA scaffolds of 34-pm pore size, a greater proportion of M1 macro-
phages are found located near the implant surface when compared to nontemplated
scaffolds. The M2 macrophage phenotype is predominantly observed further from
the implant surface and mostly detected in the FBC [54]. These studies illustrate the
key concept that distinct zones of macrophage phenotypes can exist in microenvi-
ronments around an implant. Further, the sphere-templated scaffolds induce a more
vascularized and less fibrotic FBC, by purportedly excluding the M2 macrophages
from infiltrating the 34 pm pore network. In contrast, larger pores allow the penetra-
tion of M2 macrophages, which correlates with decreased angiogenesis and
increased collagen deposition (fibrosis) within the pores. These findings suggest
that biomaterial architecture can greatly influence the relative distribution of macro-
phage phenotypes and the density of new blood vessels. Additionally, the presence
of M2 macrophages intermixed with M1 macrophages immediately adjacent to the
implant surface and in the pores might be promoting the FBR further, when com-
pared to a primarily M1 macrophage response. Future materials that elicit a
decreased M1/M2 ratio environment and confine the M2 macrophage phenotype to
zones not immediately adjacent to the implant surface might have promise in
decreasing the FBR.

The examples above exemplify how biomaterial coating with extracellular matrix
components and architecture can influence the relative ratio of M1/M2 macrophages
as well as their spatial distribution. Another approach to control the macrophage
phenotype composition is the sequential release of chemical signals. The design of
scaffolds capable of sequential release of healing factors or molecules has been
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proposed and tested by several groups. Material can be engineered to achieve a
biphasic pattern of cytokine release to activate monocytes and macrophages using
monocyte regulatory factors. For example sequential release of MCP-1 and IL-4
from multidomain peptide hydrogel materials promotes the recruitment of mono-
cytes/macrophages, and promotion of a pro-regeneration M2 environment [91].
However, the functional impact of this system on the FBR is not yet clear. Modified
decellularized bone scaffolds releasing IFNy at early times promote M1 macro-
phages, and a more sustained release of IL-4 promotes the M2 macrophages in vitro.
M1 macrophages secrete VEGF and M2 macrophages secrete PDGF-BB that are
two of the main factors promoting vessel sprouting and maturation respectively.
In vivo this dual release scaffold shows increased vascularization; however, the rela-
tive ratio of M1/M2 macrophage phenotypes does not change regardless of the
factor(s) released [92]. This may suggest that a balance of M1 and M2 phenotypes
leads to healthy and robust vessel formation. The effects on the FBC are still to be
determined.

3.5.4 Engineering Macrophages to Modulate Inflammation
During the FBR

Engineering macrophages to control the inflammation response during the FBR is
yet another approach. For instance, in vitro transduced macrophages with the
IFNy gene and delivered intratracheally to mice restore macrophage-dependent
immune function in the lungs of immunodeficient mice [93]. However, this
approach with constitutively active pro-inflammatory M1 macrophages probably
has limited applications to the FBR as there is no “off switch” and persistent
unabated M1 macrophages lead to chronic responses. Additionally, Oxford
BioMedica has engineered human macrophages to express cytochrome P450. This
cytochrome has the ability to convert a cancer prodrug into its active form in
hypoxic conditions. The human-engineered macrophages tested in an avascular
spheroid cancer model result in tumor cell death [94]. The success of this system
is dependent on the hypoxia-driven expression of cytochrome P450 in macro-
phages and thus on a hypoxic microenvironment such as those found in tumors.
Systematic or even local delivery of these hypoxia responsive engineered macro-
phages could possibly have large off-target effects, if any ischemic or inflamma-
tory events exist nearby or if inflammation occurs during the cell therapy treatment.
Thus, caution must be used.

In order to overcome off-target effects and persistence problems, we have engi-
neered monocytes to polarize into pro-inflammatory M1 macrophages with the
addition of a cell permeable drug [95]. These cells work by utilizing the chemical
induced of dimerization (CID) system, in which the cytoplasmic portion of the
TLR4 receptor is fused to a dimerization domain that has a binding site for the CID
drug. When the CID drug is present, the dimerization of TLR4 and subsequent
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TLR4-specific pathway activation occurs. The TLR4 pathway activation polarizes
the monocyte into MI1-like macrophages. These macrophages then express
increased levels of pro-inflammatory markers, such as TNF-a, IL-6, and
iNOS. Further, they prime endothelial cells for sprouting [95] (Fig. 3.2). The abil-
ity to tune these engineered macrophages to the M1 phenotype with either the
addition or withdrawal of CID drug, as well as the ability to specifically activate
only these engineered cells, independent of the local environment, provides a large
added benefit. A potential FBR application could be to incorporate these engi-
neered monocytes in an encompassing scaffold around the implanted device.
Activation of engineered macrophages could then be achieved by the addition of
the CID drug, which conditionally polarizes the engineered macrophages into a
distinct functional phenotype.

One major difference between acute inflammation progression and the FBR pro-
cess is the presence of both M1 and M2 macrophage markers at the same time [96,
97]. This observation suggests even further that the FBR is a dysregulated inflam-
mation state. With this in mind, it might be beneficial to modulate the FBR to exhibit
a distinct M1 macrophage phase followed by a distinct M2 macrophage phase,
which would mirror the acute inflammatory response [92]. This could potentially
decrease capsule formation by forcing a M1 macrophage environment with little to
no M2 macrophages presence, and thus less production of TFGp, a major product
of M2 cells and driver of fibrosis. Withdrawal of the CID drug could then allow M1
macrophage deactivation, while M2 macrophage processes take over and guide
resolution.

3.6 Conclusions

Lack of progression of macrophage polarization from a pro-inflammatory M1 to a
pro-regeneration M2 phenotype is now believed to impair the healing process. At
the same time, extreme M1 or M2 polarization may have deleterious consequences
and lead to serious pathologies like rheumatoid arthritis (M 1) and cancer (M2). It is
also clear that biomaterial implantation alters the normal healing progression in
macrophage phenotype (the bad), which results in the macrophage-derived forma-
tion of material damaging FBGCs (the ugly). The bad and the ugly have led to great
efforts in understanding the biomaterial-host interaction at the cellular and molecu-
lar levels. These new insights, together with critical new knowledge in the field of
macrophage biology, are allowing the development of new strategies aimed to pro-
mote seamless biomaterial integration as well as proper healing and regeneration of
the surrounding tissues (the good). Indeed, an increasing number of studies in the
field of biomaterial and regenerative medicine have shown that macrophage pheno-
type can be modulated by biomaterials or with cell therapy approaches resulting in
better biomaterial-host interaction, tissue regeneration, and improved long-term
functional outcomes.
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Fig. 3.2 Engineered monocytes polarize to pro-inflammatory M1 macrophages with addition of a
cell permeable drug. (a) Diagram of the cytoplasmic portion of the TLR4 receptor is fused to a
dimerization domain (cTLR4) construct. The cTLR4 construct contains: a myristolation domain
(Myr), an engineered dimerization domain (F36V), the cytoplasmic portion of the TLR4 domain
(cTLR4), a T2A ribosome skipping sequence, and a GFP tag. Binding of the permeable drug (CID)
results in dimerization of the engineered construct and activation of the TLR4 pathway. (b) CID-
treated cTLR4 engineered monocytes exhibit increased expression of TNFa, IL-6, and iNOS. Bar
graphs show the levels of TNFa and IL-6 of CID-treated (50 nM) cTLR4 engineered monocytes
compared to untreated, vehicle (100 % EtOH), and LPS-treated cells (100 ng/mL). Cell media was
collected following 24 h treatment. Western blot shows intensity of iNOS expression (130 kDa) for
CID and LPS-treated cTLR4 engineered monocytes when compared to controls. Cells were lysed
following 24 h treatment. (¢) cTLR4 engineered monocytes return to baseline levels 18 h following
CID drug withdrawal. CID drug withdrawal experiment determined by IL-6 expression. Cells were
treated with CID drug (50 nM), LPS (100 ng/mL), or vehicle for 24 h and then left untreated for
up to 24 h. Media was collected at the indicated timepoints after complete CID drug withdrawal
and IL-6 levels were measured at each timepoint to determine activation intensity. (d) Medium
from CID-treated cTLR4 engineered monocytes upregulates VCAM-1 and ICAM-1 on endothelial
cells. Endothelial activation determined by flow cytometry. Conditioned medium from cTLR4
engineered monocytes treated for 6 h with TNFa, CID, or vehicle was transferred to plated bEnd.3
endothelial cells and left to incubate for 12 h. Following the 12 h incubation, bEnd.3 cells were
then trypsinized and stained for both VCAM-1 and ICAM-1. Histograms showing intensity of
VCAM-1 and ICAM-1 expression on bEnd.3 cells incubated with cTLR4 engineered mono-
cyte conditioned medium treated with TNFa (20 ng/mL), CID (50 nM), or vehicle. Reproduced
from Eaton et al. Exp Cell Res 339, 300-309
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Chapter 4
Understanding Nanoparticle Immunotoxicity
to Develop Safe Medical Devices

Marina A. Dobrovolskaia

Abstract Nanotechnology has a potential to transform healthcare by improving
the quality of drugs and medical devices. The benefits of using nanomaterials in
medical devices include improving device durability, decreasing bacterial adhesion
and biofilm formation, and providing slow and controlled release of device-associ-
ated drugs. Using nanoparticles as implantable materials and components of medi-
cal devices also poses some safety concerns and regulatory challenges. This chapter
reviews hematological and immunological toxicities relevant to the nanomaterials
used in medical devices. Regulatory challenges, translational considerations, and
literature case studies pertinent to the immunological safety of nanotechnology-
based devices are also discussed.

Keywords Immunotoxicity ® Nanomaterials ¢ Healthcare ® Environmental health
and safety issues

4.1 Introduction

A wide range of nanomaterials is considered for use in medical devices. Examples
of nanoparticles used in medical implants and devices include dendrimers, poly-
mers, liposomes, micelles, nanocapsules, metallic nanoparticles, nanocomposite
materials, and nanoemulsions. According to a recent study by Etheridge et al., there
were more therapeutics than devices among nanotechnology-based products which
received regulatory approval before the year of 2000 [1]. A steep growth in the
development of nanotechnology-based devices was noted in the first decade of the
twenty-first century while the growth of nanotherapeutics remained steady [1].
Popular areas of research included enhancement of in vivo imaging, in vitro diag-
nostics, bone substitutes, dental composites, medical dressings and textiles, thermal
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ablation mediated cancer treatment, drug delivery, tissue engineering, coatings for
implanted and surgical devices [1]. The proportion of nanoparticle-based medicines
and medical devices is also different between investigational and approved prod-
ucts. Nanotechnology-based devices dominate investigational products while drugs
lead among commercial nanomaterials (Fig. 4.1a). Among investigational nanoma-
terials liposomes, polymeric nanoparticles, emulsions, and solid nanoparticles pre-
vail other types of nanomaterials, while solid nanoparticles and nanocomposites
dominate clinically used nanotechnology-based products (Fig. 4.1b).

Translation of nanotechnology-based devices and implantable materials requires
a thorough investigation of their safety profiles. Among other critical parameters are
the potential nanoparticle toxicity to the immune system and (in)compatibility with
blood. Nanoparticle effects on the immune system may produce different outcomes.
Several outcomes including immunostimulatory, immunosuppressive, and immu-
nomodulatory reactions have been described. The consequences of these effects on
the immune system to the host can be good or bad, and depend on the intended use of
the engineered nanomaterials. For example, desirable immunostimulation can be used
in applications requiring the immune activation (e.g., to improve the immunogenicity

a Investigational b Investigational

Dendrimers 4%«

Commercial Commercial

Liposomes

Dendrimers 3‘}& : &13\

Micell

B Medical device W Drug

Fig. 4.1 A variety of nanotechnology-based devices and drugs. (a) The proportion of nanoparticle-
based medicines and medical devices in investigational and commercial stages. (b) Types of nano-
materials in nanotechnology-enabled medicines and medical devices. The graphs are built based
on the information reviewed in the reference [1]
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of vaccines). In contrast, unintended immunostimulation may lead to side effects
that include common dose limiting toxicities such as hypersensitivity reactions, ana-
phylaxis, and thrombosis [2]. Similarly, intended immunosuppression provides
therapeutic benefits to the treatment of inflammatory disorders and autoimmune
diseases, improves transplant acceptance, and prevents allergic reactions; the
unwanted immunosuppression may lower host’s response to infected and malignant
cells, and affect the normal function of the bone marrow and thymus [2]. Nanoparticle
physicochemical properties (size, charge, hydrophobicity, and presence of targeting
moieties) determine particle interaction with the components of the immune system
and influence the immunotoxicity [3]. Despite the fact that nanoparticles can be
immunotoxic, the toxicities described so far are not unique to their nano size.
Therefore, immunotoxicity of engineered nanomaterials is assessed using a current
portfolio of methods established for low molecular weight drugs, therapeutic nucleic
acids, and macromolecules [4]. Review of available data suggests that engineered
nanomaterials are intrinsically not more immunotoxic than traditional drugs cur-
rently in use. Moreover, there are an increasing number of examples demonstrating
a decrease in the immunotoxicity of traditional drugs after reformulation using nan-
otechnology platforms. For example, fever and hypotension were the adverse reac-
tions limiting clinical use of tumor necrosis factor alpha (TNF-«) [5], while none
such toxicities were observed with TNF-a formulated using PEGylated colloidal
gold [6]. Similarly, formulation of the anticancer drug paclitaxel (Taxol®) caused
severe hypersensitivity reactions in sensitive individuals, while nanoparticle formu-
lation of the same drug (Abraxane®) did not [7]. Despite some success stories, a
common translational challenge encountered with nanotechnology-formulated
drugs is an alteration in the drug toxicity profile caused by the change in biodistribu-
tion due to the nanocarrier. In such a scenario, a nephrotoxicity may be solved in
exchange for hepatotoxicity. For example, common toxicities limiting clinical use
of doxorubicin are myelosuppression and cardiotoxicity [8]. Reformulation of this
drug using PEGylated liposome shifted biodistribution away from bone marrow,
and heart muscle thus alleviating toxicity to these organs but resulted in accumula-
tion in the skin, which consequently lead to palmar-plantar erythrodysesthesia [9].
In contrast, reformulation of doxorubicin using cyanoacrylate nanocarrier led to
drug accumulation in the kidney with subsequent renal toxicity [10].

When nanoparticles are used to prepare or coat medical devices, a relevant safety
concern is a potential particle release from the device and distribution to other organs,
distant from the implanted material or device, with subsequent off-target toxicity. For
example, nanosized particles released into the air from dental composite materials
were suggested to result in pulmonary toxicity due to the inhalation by both patients
and dentists [11]. Oxidative stress often mediates pulmonary toxicity of nanomaterials
due to the particle uptake by alveolar macrophages [12—14]. Antimicrobial properties,
of silver nanoparticles, lead to the growing use of these nanomaterials in the coatings
of surgical instruments, in dental composites, wound sutures, bone prostheses, and
endotracheal tubes (reviewed in references [15, 16]). One of the safety concerns asso-
ciated with the use of silver nanoparticles in dental implants is due to a concern that
patients may ingest silver nanoparticles released from dental implants or composites
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and that such ingestion may result in an alteration in the gut microbiota. It has also
been suggested that the release of particles from devices and implantable materials
contained within the body (e.g., in joints and bones, or on the skin) may lead to toxic-
ity. Furthermore, such toxicity may occur through different mechanisms involving,
among others, an ion release from metallic nanoparticles and particle agglomeration
(for the detailed review, please see [17]).

Below I will summarize literature data demonstrating the link between nanoparticle
physicochemical properties and immunotoxicity, and outline key considerations for
preclinical studies aimed at understanding immunotoxicity of engineered nanomate-
rials. Although many examples used in this book chapter are derived from studies
using nanocarriers and nanotechnology-formulated drugs, the knowledge gained
from these studies can also be used to understand both the parameters responsible for
the nanoparticle immunotoxicity and the framework needed to establish the safety of
nanotechnology-based medical devices.

4.2 Hematological Compatibility

If a nanoparticle is intended for clinical applications, the first two principal questions
are (a) what is the intended use, and (b) what is the expected route of administration.
Understanding of nanoparticle interaction with blood components is an important
element in the initial safety assessment when a formulation is either directly injected
into the blood or otherwise distributes into systemic circulation after administration
through other routes. Hemolysis (damage of red blood cells), thrombogenic, and
anticoagulant properties as well as effects on the complement system are commonly
used to evaluate the hematological toxicity of nanoparticles.

4.2.1 Hemolysis

This term is referring to a nanoparticle potential to damage erythrocytes. Loss of red
blood cells following the hemolysis may lead to anemia, and the release of iron-
containing protein hemoglobin into circulation may result in nephrotoxicity [18].
Therefore, optimizing nanoparticle formulation to avoid hemolysis is essential to
prevent such complications. Nanoparticle interaction with red blood cells depends
on the particle physicochemical properties, which may differ between different
classes on engineered nanomaterials. For example, hemolytic activity of silver col-
loids with identical surface charge was shown to depend on particle surface area, in
that particles with smaller size and larger surface to volume ratio were more toxic in
hemolysis assay than their larger counterparts [19]. The mechanism of toxicity of
anionic silver nanoparticles was attributed to the greater release of silver ions from
particles with greater surface area [19]. Hemolysis caused by silica nanoparticles is
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attributed to the particle surface charge, porosity, and shape. For example, cationic
particles were shown to be more damaging to erythrocytes; particles with large
aspect ratio were less hemolytic than their spherical counterparts and particles with
low aspect ratio [20]. The shape was also named a primary parameter determining
hemocompatibility of gold colloids; however, in this case, the spherical shape was
found to be more compatible with blood [21]. Nanotechnology was shown to benefit
formulation of hydrophobic macromolecules with reduced hemolytic activity by
improving solubility and reducing zeta potential through the preparation of polymer-
based nanosuspensions [22, 23]. There are a lot of experimental nuances in each
study, which may make a comparison between them inaccurate. Use of surfactants
during particle synthesis, variations in material purity, stability under physiological
conditions, interaction with plasma proteins, use of different methods to study hemo-
lysis are a limited set of variabilities, which may influence the interpretation of the
test results. While it is clear that nanoparticle size, surface area, charge, shape, and
porosity may influence nanoparticle compatibility with erythrocytes, naming one
key factor that would apply to all nanocarriers is impossible without considering
other relevant details. The use of both in vitro and in vivo methods to test nanopar-
ticle interaction with erythrocyte is proven to be informative in selecting biocompat-
ible therapeutic nanocarriers.

4.2.2 Thrombogenicity

This toxicity refers to the particle ability to promote blood clotting through interac-
tion with various elements of the blood coagulation system, which includes plate-
lets (also known as thrombocytes), and plasma coagulation factors. Endothelial
cells, leukocytes, and certain abnormal cells (e.g., cancer cells) contribute to blood
clotting through their ability to express procoagulant activity (PCA) complex on the
cell surface which promotes associates of plasma coagulation factors thus promot-
ing blood clotting. Similar to hemolysis, nanoparticle toxicity to platelets, plasma
coagulation cascade, and cells contributing to the blood clotting is determined by
the nanoparticle physicochemical properties. More detailed overview of nanoparti-
cle pro-coagulant activities is provided elsewhere [24, 25]. Here I review only a few
examples of polymeric nanomaterials to demonstrate the link between nanoparticle
structure and compatibility with the blood coagulation system. Mechanisms of
platelet activation by polystyrene latex nanoparticles were shown to depend on the
nanoparticle surface charge in that perturbation of the cellular membrane and up-
regulation of adhesion receptors were observed with cationic and anionic latex
nanoparticles, respectively [26]. Similarly, amine-terminated nanoparticles bound
coagulation factors VII and IX, which resulted in a decrease in thrombin generation.
This effect was also size-dependent in that smaller particles were found to be more
prominent than for their larger counterparts. Nanoparticles with negative surface
charge induced contact activation of the intrinsic coagulation pathway [27]. This
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property was also dependent on particle size in that it was observed only with large
particles. Surface curvature was suggested to contribute to the difference observed
between small and large particles. Oslakovic et al. hypothesized that steric hin-
drance prevented the assembly of the multicomponent protein complex initiating
the intrinsic pathway on the surface of small nanoparticles [27]. In contrast to their
anionic and neutral counterparts, cationic dendrimers were shown to be cytotoxic
in vitro [28]. Cationic dendrimers resulted in time-dependent changes in permeabil-
ity of the cellular membrane of endothelial cells [29]. Both systemic and oral
administration of amine-terminated polyamidoamine (PAMAM) dendrimers led to
disseminated intravascular coagulation in mice [30]. This toxicity was dose-
dependent and observed when dendrimers were injected at dose levels exceeding
their maximum tolerated dose [30]. The mechanism of this toxicity is very complex
and besides endothelial cells, involves coagulation factors, leukocytes, and plate-
lets. Induction of both platelet aggregation and leukocyte procoagulant activity by
PAMAM dendrimers in vitro is determined by the particle size and zeta potential
[31-33]. Only cationic PAMAM dendrimers, but not their anionic and neutral coun-
terparts, induced platelet aggregation [32, 33] and leukocyte procoagulant activity
[31] in vitro. Cationic PAMAM dendrimers of higher generations (e.g., larger size)
were more toxic to platelets and leukocytes than particles of lower generations (e.g.,
smaller size) [31-33]. The mechanism of platelet aggregation induced by cationic
PAMAM dendrimers also involved disturbance of membrane integrity [32].
Thrombogenic properties of engineered nanomaterials can be desirable and
benefit therapy of certain pathologies in which normal coagulation is altered, due
to for example blood loss, induced or genetically determined low platelet count, or
missing coagulation factors. For example, 170 nm poly(lactic-co-glycolic acid)-
poly-L-lysine (PLGA-PLL) nanospheres were engineered for the use as artificial
platelets to induce platelet aggregation at the sites of tissue injury. The RGD
(Arginine-Glycine-Aspartic Acid) peptide, which is known for its interaction with
activated platelets but not with inactive platelets, was used as a targeting moiety on
the surface of the particles to effectively induce injury-associated clotting [34].
These nanoparticles had longer shelf-life and stopped bleeding more efficiently
than rFVIla and allogenic platelets [34]. PLGA-nanosheets conjugated with dode-
capeptide HI2(HHLGGAKQAGDYV), a fibrinogen sequence located in y-chain of
fibrinogen, is another example of nanomaterials engineered to promote blood coag-
ulation [35]. Nanoparticle targeting to the injured blood vessel was also achieved
by conjugating GPIb targeting P-selectin and von Willebrand factor [36].
Furthermore, nanoparticles can be used to formulate recombinant coagulation fac-
tors to improve their stability and decrease the immunogenicity. For example,
rFVII was conjugated to human serum albumin (HSA) attached to the surface of
maghemite particles without a loss in the protein activity [37]. Factors VIIa and
VIII were also formulated using PEGylated liposomes (97:3 ratio of 1-palmitoyl-
2-oleoyl phosphatidylcholine (POPC) to 1,2 distearoyl-sn-glycero-3-phosphatidyl-
ethanol-amine-N-[methoxy(polyethylene glycol)-2000]). This reformulation into a
nanoliposomes helped to achieve longer circulation time and reduce the number of
injections needed to maintain therapeutic efficacy of these factors [38—40].
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4.2.3 Anticoagulant Activity

In health, the blood clotting and anticoagulation are balanced to prevent blood loss and
thrombosis, respectively. Healthy anticoagulation is needed to dissolve the blood clot
to avoid thrombosis. However, unbalanced anticoagulation can lead to hemorrhage.
The latter is as bad as thrombosis; therefore, understanding anticoagulant properties of
nanotechnology carriers is as important as the understanding of their thrombogenicity.
Below I will review few examples demonstrating the use of nanoparticles as carriers
to anticoagulant drugs. Liposomes, carbon, and polymer nanoparticles were shown to
be engineered to benefit therapeutic intervention of pathological conditions in which
anticoagulant activity is desirable. Nanoparticles in this type of applications are used
to reduce side effects and increase the efficacy of thrombolytic agents (e.g., urokinase,
streptokinase, tissue-type plasminogen activator (t-PA)) [41—44]. For example, lipo-
somes can increase metabolic stability of thrombolytic agents in blood [42, 45—47].
Streptokinase formulated into liposomes was more efficient in dissolving blood clots
than unformulated enzyme in a rat model of thrombosis [48]. Better efficacy of the
enzyme, in this case, was attributed to the extended circulation time as well as to the
higher accumulation in the clot area due to the higher ability of the liposome-formu-
lated drug to penetrate clots [48]. Other examples of the beneficial application of nano-
materials to prevent blood clotting are reviewed elsewhere [49].

4.2.4 Complement Activation

Activation of the complement system, represented by a group of approximately 30
plasma proteins, results in a release of the potent immunostimulants called anaphyla-
toxins (C3a, C4a, and C5a), which are responsible for the life-threatening anaphy-
laxis reactions. These responses include changes in pulmonary and blood pressure,
affect heart rate, result in edema and other symptoms similar to the immediate type
allergies but occur independently of IgE. To distinguish this complement-mediated
toxicity from allergy a term Complement Activation Related PseudoAllergy
(CARPA) was proposed by Dr. Janos Szebeni [50, 51]. CARPA complicates clinical
translation and use of particular types of nanomaterials including but not limited to
PEGylated liposomes and polymeric nanoparticles. Szebeni et al. reported that
human CARPA could be reliably modeled in vivo using pigs and dogs; the studies by
his groups also suggested that CARPA reactions in rats can be reproduced only with
higher doses of engineered nanomaterials, therefore, advising not to use rats for
in vivo assessment of this toxicity [51]. The use of the human serum and plasma as a
matrix for the complement activation assays are commonly recognized models for
in vitro evaluation of the complement activation by nanoparticles. For example, com-
plement activation by poly(ethylenimine) and poly(ethyleneimine)-graft-
poly(ethylene glycol) block copolymers in human serum in vitro was found to
correlate with the findings of the in vivo study conducted using Yorkshire pigs [50].
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Agroupled by Dr. Lanzademonstrated that complement activation by perfluorocarbon-
based nanoemulsions can also be reliably detected using human serum [52]. In vitro
assays utilizing human serum were successfully used to detect complement activa-
tion by iron oxide nanoparticles [53], lipid nanocapsules [54], and polymeric
nanoparticles [55, 56]. Activation of the complement system by nanomaterials is
determined by the particle size and surface properties. Most interestingly, the density,
length, terminal groups, and conformation of the nanoparticle-surface bound poly-
mers (e.g., PEG) were reported as the key determinants of the complement activation
by the engineered nanomaterials. Case studies and literature examples supporting
this statement have recently been reviewed in excessive detail by Drs. Caroline
Salvador-Morales and Robert Sim (please refer to the following reference [57]).

4.2.5 Protein “Corona’

This terminology refers to the proteins bound to the particle surface after the particle
is exposed to biological matrices such as blood. The consequences of nanoparticle-
protein interaction affect both the particle and the protein. For example, protein
corona can affect nanoparticle size and charge, and may also promote particle aggre-
gation [58, 59]. Likewise, nanoparticle size, surface properties, and curvature deter-
mine the formation of the protein corona and can alter protein conformation,
stability, and function [60-62]. Certain plasma proteins (e.g., lipoproteins Apo B
and ApoE, C3, C4, C5 components of the complement system, immunoglobulins,
and coagulation protein fibrinogen) are commonly found in the protein corona of
various nanomaterials [62]. Protein binding to nanoparticles is similar to that
described for biomaterials and surfaces. It is also generally accepted that interaction
with a surface may change protein conformation and result in activation or inhibi-
tion of the protein activity, the appearance of otherwise masked epitopes and other
structural and functional changes [59, 63, 64]. Protein corona affects particle circu-
lation time, uptake into cells, and clearance rates [64—70]. However, the fact of find-
ing a protein in association with a nanoparticle surface per se cannot be used to
predict the toxicity of nanoparticle [71]. Therefore, estimation of a total protein
binding provides useful information about particle biodistribution, while specialized
hematotoxicity tests are more reliable to estimate nanoparticle hematotoxicity.

4.3 Effects on the Immune Cell Function

Unintended inhibition of the immune cell function may decrease the host resis-
tance to infections and cancer, lead to thymic suppression and myelosuppression.
Therefore, identification of undesirable immunosuppressive properties of engi-
neered nanomaterials is a major component of establishing their safety profile. It
is recognized that nanoparticle physicochemical properties determine their
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interactions with the immune system. Unintended immunosuppression may
weaken host resistance to infections and cancer. For example, imaging Resovist®
composed of iron oxide nanoparticles, when administered to Balb/c mice in a
single i.p. dose 1 h before challenge with model antigen (OVA), lowered the titer
of OVA-specific antibodies. Splenocytes from the animal treated with Resovist
demonstrated significantly lower production of IFN-y and IL-4 than splenocytes
from control animals [72]. Inhalation of Multi-Walled Carbon Nanotubes
(MWCNT) resulted in suppression of antibody production and T-lymphocyte
proliferation in response to the SRBC challenge [73]. Since inhaled MWCNT do
not enter systemic circulation, it was hypothesized that the observed immunosup-
pressive effect did not result from the direct interaction between the carbon nano-
tubes and spleen cells. Through the series of experiments Mitchell LA et al.
demonstrated that inhaled MWCNT induced production of TGFp in alveolar
macrophages. Systemically distributed TGFf induced production of splenic
IL-10 and activation of the cyclooxygenase pathway, which altogether resulted in
suppression of antibody production [74].

Some nanoparticles may affect the antigen presenting capacity of dendritic
cells. For example, poly(vinyl alcohol)-coated superparamagnetic iron oxide
nanoparticles (PVA-SPIONSs) affected antigen processing without inhibiting its
uptake by the dendritic cells [75]. Phagocytic cells are sensitive to nanoparticle
toxicity due to their greater ability to engulf the particles. For example, quantum
dots (QD) at noncytotoxic concentration were not taken up by hepatocytes but
accumulated in macrophages in vitro. Consequently, the functional activity of
macrophages was reduced; the mechanism of the reduction was attributed to the
alteration of normal cytoskeleton function in macrophages [76]. Toxicity of
nanoparticle to hematopoietic progenitors was reported for antimony oxide
(Sb203) and cobalt nanoparticles [77].

Myelosuppression is a common dose-limiting toxicity of cytotoxic oncology
drugs. The main intention of using nanoparticles delivery of cytotoxic drugs is to
decrease the toxicity of the latter due to precise targeting, slow release and decrease
in dose. However, not all nanoparticles can achieve this goal. One has to keep in
mind that nanoparticles per se may be harmless to cells, but may enhance myelo-
suppressive effects of drugs they carry. For example, doxorubicin conjugated to
polyisobutyl (PIBCA) and polyisohexylcyanoacrylate (PIHCA) nanoparticles was
significantly more myelosuppressive than the free drug [78]. Moreover, the sever-
ity of the myelosuppression was carrier dependent in that it was greater in PIHCA
than in PIBCA nanoparticles. This unfortunate effect was due to accumulation/
targeting and retention of the conjugated doxorubicin in bone marrow and spleen.
Passivation of nanoparticle surface with hydrophilic polymers such as PEG is rec-
ognized as a reliable way of increasing “stealthiness” of the particles leading to
lower accumulation in mononuclear phagocytic cells. Intuitively, nanoparticles
increasing myelosuppression of cytotoxic drugs due to increased phagocytic
uptake can be engineered to avoid this type of toxicity.

Primary immune cells may exert different sensitivity to the same type of
nanoparticle. Some nanoparticles are toxic to monocytes but do not affect the
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viability of lymphocytes. For example, the sensitivity of cells to the toxicity of
zinc oxide nanoparticles is greater in monocytes than in Natural Killer (NK) cells,
while NK cells, in turn, are more sensitive to zinc oxide particles than T and B
lymphocytes [79]. This finding is similar to another study, which demonstrated
that zinc oxide nanoparticles at the concentrations leading to low toxicity in
human peripheral blood mononuclear cells were extremely cytotoxic to mono-
cyte-derived dendritic cells [80]. An elevation of zinc ion concentration inside
cells and subsequent mitochondrial dysfunction triggering apoptosis was pro-
posed as the mechanism of cytotoxicity of the zinc oxide nanoparticles [81].
Another metal oxide nanoparticle (e.g., TiO2) was found to be not cytotoxic
in vitro, but inhibited function of various immune cells including macrophages,
T-, B-, and NK cells in vivo, and resulted in greater susceptibility of animals to
melanoma challenge [80, 82].

4.4 Preclinical Characterization

The transition of nanotechnology-based concepts from bench to bedside requires
thorough preclinical characterization that includes assessment of nanoparticle physi-
cochemical properties, efficacy, and safety profiles. Common challenges in the pre-
clinical development of nanoparticle-based products include but not limited to the
low quantity of the nanomaterials, batch-to-batch inconsistency, issues with sterility,
endotoxin contamination, sterilization, and depyrogenation. To assess nanoparticle
safety, and efficacy, both in vitro and in vivo methods are used. While in vivo tests
are preferred during IND- and IDE-enabling studies, some in vitro methods were
found to be useful in supplementing the in vivo data during later stages of the devel-
opment as well as in providing quicker and relatively cheaper selection of the lead
candidate with desirable safety profile during the initial safety assessment. The selec-
tion of appropriate methods, as well as the correlation between in vitro and in vivo
immunotoxicity tests, has been reviewed in more detail earlier (please consider refer-
ences [83-86]). Common pitfalls in preclinical development of nanotechnology-
based products have also been recently described [87]. Below I will review few of
these challenges that are directly relevant to the preclinical evaluation of nanoparti-
cle immunotoxicity.

4.4.1 Sterility and Endotoxin

One-third of nanotechnology-enabled products fail in preclinical stage due to the
endotoxin contamination [87]. Endotoxin, which is a component of the cell wall of
gram-negative bacteria, is a potent immunostimulant. When present in nanoformula-
tions, it may confound the results of efficacy and toxicity studies, lead to erroneous
data and wrong conclusions, and overall complicate the interpretation of preclinical
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studies. Moreover, some nanoparticles are not immunotoxic but may exaggerate the
immunotoxicity of endotoxin. For example, my group has demonstrated that cationic
PAMAM dendrimers do not induce PCA in normal leukocytes, while enhance the
PCA induced in these cells by endotoxin [31]. We also found that the mechanism of
the exaggeration of endotoxin-induced PCA by dendrimers involves inhibition of the
negative regulation and among other potential factors includes inhibition of the PI3K
[88]. Exaggeration of other endotoxin-mediated inflammatory reactions is not unique
to PAMAM dendrimers as other research groups reported these effects with other
types of nanomaterials [89-91]. Since endotoxin contamination of nanomaterials is
a very common translational problem and cationic moieties on nanoparticle surface
are commonly used to perform conjugation of drugs and targeting ligands, exposure
of unreacted amines on the particle surface has to be monitored along with the due
diligence to keep such nanoparticle-based products essentially endotoxin-free. This
care is necessary to avoid undesirable inflammation-mediated toxicities resulting
from endotoxin-triggered reactions exaggerated by the presence of cationic nanoma-
terials. For more details about challenges with endotoxin detection in nanomaterials
the reader is referred to several recent publications [86, 87, 92-96]

4.4.2 Sterilization

Sterility is required for all nanotechnology-based drugs and medical devices to avoid
complications and health risks due to the microbial contamination. The sterility is
achieved through either establishing sterile synthesis method or a terminal sterilization.
Various sterilization methods are available and, among others, include the following
most common procedures: gamma irradiation, filtration, heat/steam-, ethylene oxide-,
and UV-based sterilization. The complex nature of the nanotechnology-based drugs and
devices creates an additional challenge in the preclinical development of these products.
High temperature associated with autoclaving is not damaging to carbon nanotubes and
fullerenes. However, liposomes, emulsions, and other nanoparticles consisting of mate-
rials with low melting points and/or containing biologics (recombinant proteins or anti-
bodies) as targeting moieties or active pharmaceutical ingredients are destroyed by
autoclaving [97]. Ethylene oxide is damaging to polymeric nanomaterials, while
gamma irradiation may affect a particular type of metal colloids [97]. For example,
citrate-stabilized colloidal gold nanoparticles can be sterilized by gamma irradiation
without affecting physicochemical properties of these particles. In contrast, citrate-sta-
bilized silver colloids lose their spherical morphology and become toxic to platelets
after sterilization using gamma irradiation (Fig. 4.2 and reference [98]). Franca et al.
conducted a study to evaluate the effect of different sterilization techniques (UV light,
autoclaving, ethylene oxide, formaldehyde, and hydrogen peroxide gas plasma treat-
ments) on stability and biocompatibility of gold nanoparticles with different surface
functionalities [99]. The main conclusion from this study was that generalization
regarding the applicability of sterilization methods to nanomaterials with identical core
material is impossible due to the differences in composition and properties of surface
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Fig. 4.2 Sterilization stability of nanoparticles. Citrate stabilized silver nanoparticles with a nomi-
nal size of 20 nm were untreated or subjected to sterilization by gamma irradiation or autoclave.
Particle hemocompatibility (a) and size (b) were assessed before and after sterilization. The results
demonstrated that gamma-irradiation affects particle integrity and biocompatibility

moieties [99]. This study also emphasized that each nanotechnology-based product
should be considered on a case-by-case basis. More examples and lessons learned from
sterilization of nanomaterials are available elsewhere [97].

4.5 Regulatory Considerations

Several devices containing nanotechnology components have already been approved
by the US FDA for medical use. They include silver nanoparticle-containing devices
ON-Q SilverSoaker catheter, Actisorb Silver 220 antibacterial binding wound dress-
ing, Modern Medical Antibacterial wound dressing, and ActiCoat Moisture Control
Dressing; products Condyloform II NFC and Universal NanoCeramic dental restor-
ative agent that are based on silica nanoparticles; DePuy ASR modular acetabular cup
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system containing hydroxyapatite, NanoTite dental implant containing titania
nanoparticles, and NanoCheck DAT 5M containing gold nanoparticles [100]. US
FDA does not treat nanotechnology products differently from other drugs and medical
devices [100]. By the 21CFR 314.50 (d), US FDA requires a full description of physi-
cal and chemical characteristics and stability for any drug product and device. Particle
size, crystalline form, surface area, volume, coatings, identity, strength, quality, purity,
potency, bioavailability, manufacturing process and controls, analytical procedures,
efficacy, and safety, including immunological toxicity, are among many parameters
required to be included in IND and IDE applications of products containing nanotech-
nology [100]. The detailed list of the FDA regulations can be found here http://www.
fda.gov/regulatoryinformation/guidances/default.htm. Below I briefly discuss the
regulations pertinent to the immunotoxicity assessment. The requirements and con-
siderations for the planning and designing the immunotoxicity studies are described
in the ICH S8 guidance for small molecular drugs and the ICH S6 for biological thera-
peutics. Nanotechnology-based drugs and devices are considered complex drugs and
combination products, respectively. As such, the immunotoxicity guidances applica-
ble to each element of the combination product or complex drug product are also
applied to the nanotechnology-based products [101]. ICH S8 recommends hemato-
logical and clinical chemistry tests, as well as assessment of immune organs cellular-
ity and weight. Functional tests to assess potential immunosuppression are also
recommended to supplement traditional toxicity evaluation. Important information
derived from these tests includes dose at which nanoparticle immunotoxicity occurs,
the severity of the effect, stability, duration and reversibility of the effect. The ICH S6
guidance supplements considerations described in the ICH S8 by describing the
importance and recommendations for conducting immunogenicity studies. For a more
detailed view of the FDA recommendations for the evaluation of nanoparticle immu-
notoxicity, please refer to the recent publication by Dr. James Weaver et al. [101].

4.6 Conclusions

The body of knowledge of nanoparticle properties determining particle toxicity to the
immune system has grown exponentially over the past decade. Structure-activity rela-
tionship and mechanistic studies uncovered critical parameters underlying nanoparticle
reactivity with the immune cells and influencing immune function. The majority of
such studies concentrated on nanoparticle-based platforms and nanotechnology-
formulated drugs. Nevertheless, this knowledge applies to nanotechnology-based
devices as nanoparticles used for device coating may dissociate from the device and
distribute to blood and other organs where their toxicity will follow the same trends
described for individual types of nanomaterials. Future work will concentrate on
broadening our understanding of immunocompatibility of nanotechnology-based
devices and among other parameters address the effects on the immune system func-
tion, long-term immunotoxicity, and understanding of its mechanisms.
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Chapter 5
Host Response to Synthetic Versus Natural
Biomaterials

Kishor Sarkar, Yingfei Xue, and Shilpa Sant

Abstract Biomaterials have gained tremendous attention in regenerative medicine
and tissue engineering applications due to their ability to enhance functional tissue
regeneration. After implantation of biomaterial-based device or drug carrier, it
comes in contact with surrounding cells and consequently elicits confined and/or
chronic inflammatory responses. The immune responses to biomaterials do not
depend only on the method of implantation such as surgery and injection but also
depend on source of biomaterials and their physicochemical properties such as
molecular weight, chemical composition, mechanical properties and degradation
rate. Therefore, it is necessary to thoroughly understand the biological responses to
the implanted biomaterials. In this chapter, a brief discussion about different natural
and synthetic biomaterials and their inflammatory responses is provided. Different
strategies to minimize the immune response have also been discussed.

Keywords Natural biomaterial ¢ Synthetic biomaterial ¢ Biocompatibility
* Immune response ® Immunomodulation

5.1 Introduction

Over the past several decades, biomaterial-based implants or medical devices have
largely changed the scope of modern medicine [1]. With a range of applications in
tissue engineering, drug delivery, medical devices and biosensors, biomaterials have
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greatly improved the treatment for numerous patients with diseases such as cancer,
diabetes, cardiovascular diseases, and tissue loss. In the USA alone, there are at
least 13 million biomaterial-based implants in clinical setting annually [2].

Despite the encouraging progress achieved in the recent years in areas such as poly-
mer science, cell biology, immunology and biotechnology, biocompatibility of bioma-
terials remains a pressing challenge [3]. All implanted biomaterials initiate host
responses, which may lead to the limited in vivo functionality and longevity, and
thereby adversely affect the intended applications of biomaterial-based implants [4].
On the other hand, host response to biomaterials is necessary and beneficial in remov-
ing cellular debris due to injury and deterring the progression of infection [5]. Indeed,
preventing host response such as the infiltration of macrophages was shown to lead to
more severe tissue damage and decreased tissue regeneration capacity [6]. However, the
initial host response to the injury can also lead to secondary tissue damage. Historically,
biomaterial-based devices were designed to be inert eliciting minimal host response.
However, the definition of biomaterials has further evolved to be “substances to direct,
by control of interactions with components of living systems, the course of any thera-
peutic or diagnostic procedure” [1]. Therefore, biomaterials with the capability to mod-
ulate host response have emerged as a new frontier for biomaterial research [7].

The key concepts, mechanisms, and processes of biomaterial-related host responses
such as acute/chronic inflammation, foreign body reaction (FBR), innate and acquired
immunity are thoroughly discussed in the previous chapters and therefore are not reit-
erated here. The goal of this chapter is to compare and summarize host responses to
natural and synthetic biomaterials and we envision that such discussion will foster the
rational design of next generation biomaterials with enhanced biocompatibility. Based
on their sources, biomaterials can be generally classified into natural materials such as
extracellular matrix (ECM) proteins, polysaccharides, and decellularized tissue matri-
ces; and synthetic materials such as organic and inorganic polymers, metals, nanopar-
ticles, and their derivatives [2, 8]. The scope of this chapter is mainly focused on
natural and synthetic polymers. In general, natural and synthetic biomaterials are
largely different in inducing host reactions following implantation, which involves a
series of events including provisional matrix formation, acute and chronic inflamma-
tion, blood—material interactions, and granulation/fibrous capsule development [9].

This chapter begins with the description and summary of major commonly used
natural and synthetic biomaterials followed by detailed discussion of the inflamma-
tory and immune responses induced by them. Finally, lessons learnt from previous
studies and valuable strategies to improve biomaterials biocompatibility are
presented along with the approaches to endow biomaterials with the capability to
modulate host responses.

5.2 Natural Biomaterials

Nature has provided us with a range of materials with remarkable functional proper-
ties. Naturally derived biomaterials can be classified into proteins, polysaccharides,
and decellularized tissue matrices. Protein and polysaccharide-based biomaterials can
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be processed by two major methods. First, proteins or polysaccharides can be extracted
from living organisms by dissolving in solvents or enzymes and reconstituted into
fibrils. Alternatively, these biomaterials can be prepared by removing other compo-
nents in living organisms by solvents or enzymes [10]. Decellularized tissue matrices
are obtained by removing cells from native tissues/organs. Multiple decellularization
protocols including physical, chemical, and enzymatic approaches have been applied
to enable the effective decellularization process. Overall, one of the greatest advan-
tages of using natural materials is that they are derived from materials already present
inside the living systems [10]. Natural materials do not usually pose the problems of
toxicity potentially faced by a range of synthetic materials. Also, they are bioactive
with specific protein binding sites and other biochemical signals that may assist in a
range of cellular activities including cell attachment, cell-cell communication, and
eventually tissue regeneration [11]. Therefore, the field of biomimicry (e.g., “mimick-
ing nature”) is growing rapidly [12]. However, natural materials may pose problems
of immunogenicity and possible contamination. Another problem faced by natural
biomaterials is their relative instability, which might result in the tendency for mechan-
ical failure or premature decomposition. Indeed, the biodegradation and biomechani-
cal features of natural biomaterials are difficult to control [13].

With regard to host responses to natural biomaterials, although they are considered
to have remarkable biocompatibility, natural biomaterials are also immunogenic [14].
The immunogenicity issue is especially serious in the case of xenogeneic materials,
where antigens such as DNA, a-Gal epitopes (Galal-3Galp1-(3)4GIcNAc-R), and
damage-associated molecular pattern (DAMP) molecules are presented [14].
Moreover, the manufacturing methods involved in the decellularized tissue matrices
also determine host response to them [14, 15]. Incomplete decellularization process
may result in a residual a-Gal epitopes or DNA and may lead to ECM rejection or
acute immune responses [16]. Besides, the host response to biomaterials is also
device-specific, which means that in addition to the source of the biomaterial, the
intended clinical application and the site of implantation may also affect the severity
of the host response. In this section, we give an account for different natural polymers
and their immunogenic responses. We also discuss how the chemical composition,
mechanical properties, surface chemistry and degradation time of different polymers
affect the immune responses as summarized in Table 5.1.

5.2.1 Collagen

Collagen is the most abundant type of protein found in connective tissues [17]. So
far, at least 29 subtypes of collagen have been identified [18]. All of them have the
common triple helical structure with repeated [Gly-X-Y], sequence, where X and Y
are frequently proline and hydroxyproline, respectively [19, 20]. Among these dif-
ferent collagens, type I collagen has been most widely studied. The triple helical
structure of collagen and its fibers are often packed into highly organized fibrillar
structure, which provide tensile strength and structural integrity to various types of
tissues and organs [21]. Collagen is relatively stiffer than other elastic proteins such
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as elastin, but it is an elastic material with a high resilience of nearly 90 %, and is
capable of reversible deformation [22]. Biologically, collagen serves as a natural
substrate for cellular activities, which makes collagen an excellent material for tis-
sue engineering applications. Currently, there have been several FDA (Food and
Drug Administration) approved collagen-containing products that have entered into
the market for treating exuding diabetic ulcers, spinal dural repair, and regeneration
of bone graft substitute [23, 24]. Moreover, collagen has also been explored in car-
diovascular, musculoskeletal, and neuronal tissue engineering [25-28].

In general, the epitopes presented in the telopeptide regions of tropocollagen
molecule are responsible for immune response [29, 30]. The immunogenic response
of collagen depends upon the helical part conformation as well as the amino acid
sequence of the polymerized collagen fibril [31-33]. Collagen is one of the primary
initiators of the coagulation cascade and often used for attracting fibroblasts in vivo
during wound healing [34]. The high thrombogenicity of collagen has led to its
application as hemostatic agent. There are several collagen-based products that
have already entered the market or undergoing clinical trials for surgical sealants
or hemostat application [35]. The in vivo response of collagen was studied by
implanting collagen sponge in rats for up to 8 weeks [36]. Scar tissue was devel-
oped within 1 week after implantation with signs of slight inflammation.
Subsequently, fibrous tissue was observed at two weeks after implantation. At the
same time, the collagen sponge was found to be completely degraded. Four weeks
after implantation, previously observed fibrous layer had thickened to form wave-
like scar tissue. The same scar tissue further matured in the following two weeks.
Eventually, this wave-like scar tissue then began to be resolved after 8 weeks [36].

The mechanical property of collagen significantly decreases during extraction,
scaffold fabrication, and sterilization steps [37-39]. Therefore, extra chemical cross-
linking is necessary to regain the mechanical property and stability of collagen for
tissue engineering application. The incorporation of such external crosslinking agents
may impart cytotoxicity and host immune response to collagen [40—42]. Ye et al. [41]
investigated the inflammatory response of two differently cross-linked dermal sheep
collagen disks (hexamethylenediisocyanate, HDSC or glutaraldehyde cross-linked
collagen, GDSC) in mice. It was observed that GDSC showed higher neutrophil infil-
tration at day 2 and 21 with release of high levels of interferon-gamma (IFN-y), a
cytokine related to pro-inflammatory response whereas HDSC showed little neutro-
phil infiltration at day 2. It was also found that GDSC completely degraded after 28
days but HDSC remained intact. HDSC increased the level of interleukin-13 (IL-13),
anti-inflammatory cytokine. Therefore, it should be noted that the inflammatory
response depends not only on the biomaterial type but also on their compositions.

5.2.2 Gelatin

Gelatin is a mixture of proteins produced from hydrolysis of collagen obtained from
the connective tissues [43]. Structurally, gelatin molecules contain repeating
sequences of glycine—proline/hydroxyproline—proline/hydroxyproline triplets,
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which then form the triple helical structure of gelatin [8]. It has good ability to form
gels because the helical regions in the gelatin protein chains are able to immobilize
water [17]. Gelatin possesses better biocompatibility than its precursor collagen
with lower risk of host rejection or infection [2, 44]. Therefore, gelatin has been
frequently used in biomedical application as wound dressing, adhesive, or absor-
bent pad for surgical use as well as tissue engineering scaffolds [8].

5.2.3 Chitosan

Chitosan is a cationic polysaccharide composed of D-glucosamine and N-acetyl-p-
glucosamine repeating units. It is obtained by alkaline hydrolysis of chitin which is
the second most abundant natural biopolymer derived from exoskeletons of shrimps,
fungal cell wall, and insects [45—48].

In 1970, chitosan was discovered to facilitate the wound healing process and
after that, it has been broadly used in biomedical applications from sutures and
wound dressing material to drug/gene delivery and tissue engineering [47, 49-53].
Vande Vord et al. [54] implanted porous tubular chitosan scaffold in mice intraperi-
toneally. The dramatic infiltration of neutrophils was observed at the implant site
after 1 week indicating chemotactic effect of chitosan on immune cells. Other
groups have also reported similar chemotactic effect of chitosan to neutrophils [55].

The percent of cationic amine groups in chitosan varies with the degree of
deacetylation (DDA) of chitin during alkaline hydrolysis and as a result, the immune
response of chitosan depends on its DDA, molecular weight, ionic charge and solu-
bility. Chitosan exhibited hemostatic effect and complement activation [56].
Previous reports suggest that chitosan has dual immune response, i.e., it shows both
pro- and anti-inflammatory responses. Low molecular weight chitosan (3 kDa) was
found to have more pro-inflammatory response through stimulation of tumor necro-
sis factor alpha (TNF-a), IL-6, and IFN-y secretion compared to that of high molec-
ular weight (50 kDa) chitosan [57]. In another study, Oliveira et al. [58] reported
downregulation of TNF-a and upregulation of anti-inflammatory cytokine levels
(IL-10 and tumor growth factor-betal, TGF-B1) in macrophage cells with high
molecular weight chitosan. However, the same chitosan showed opposite effects in
dendritic cells, i.e., increased secretion of pro-inflammatory cytokines (TNF-a and
IL-1p) and decreased IL-10 secretion, suggesting that the immune response can be
highly dependent on the cell types.

Due to presence of strong hydrogen bonding in chitosan, it is not soluble in water
at physiological pH. It is only soluble in acidic environment as its pKa value is 6.5
[59, 60]. Therefore, solubility of chitosan is another important parameter for mac-
rophage activation. Chen et al. [61] prepared water soluble chitosan through incor-
poration of hydroxypropyl group in its structure and studied its effect on the
macrophages. Water-soluble chitosan decreased the production of pro-inflammatory
cytokines IL-6 and TNF-o when monocyte-derived macrophages were stimulated
with dust mite allergen Dermatophagoides farina. In another study, Bajaj et al.
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reported that zwitterionic chitosan derivative showed increased solubility in wide
pH range [62]. They did not observe any abnormal change in cytokine levels of
unstimulated macrophages in presence of unmodified chitosan and zwitterionic chi-
tosan. However, the cytokine levels (TNF-a and IL-6) were significantly decreased
by zwitterionic chitosan compared to unmodified chitosan in macrophages stimu-
lated by lipopolysaccharide (LPS) [62].

5.2.4 Hyaluronan

Hyaluronan, also called hyaluronic acid (HA), is a linear polysaccharide consisting
of repeating units of D-glucuronic acid and N-acetyl glucosamine. It is found mainly
in ECM of connective and epithelial tissues. Due to its anionic nature and high
structural homology across species, it is almost nontoxic, non-antigenic, and non-
immunogenic [63, 64]. FDA has approved HA for various eye surgeries including
retinal detachment, corneal transplantation and cataract removal [65]. Apart from
these, HA has also been used as lubricant gels for various joint disorders, lip fillers,
wound healing, drug/protein delivery, and tissue engineering applications [66—70].

Due to protein binding capability of HA, it shows inflammatory responses
through binding with cell surface receptors, particularly CD44 and Toll-like recep-
tors (TLR) 2 and 4 of inflammatory cells, although the extent of inflammation
depends on molecular weight of HA [71-73]. It is reported that low molecular
weight HA shows pro-inflammatory response through upregulation of TNF-a and
IL-12p whereas anti-inflammatory response was obtained by high molecular weight
HA which increased IL-10 levels [74]. Kajahn et al. studied the effect of sulfate
functionalization and degree of substitution of HA on macrophage activation.
Sulfated HA-derivative with higher degree of substitution showed anti-inflammatory
effect compared to non-functionalized HA and low substituted HA-derivative [75].

5.2.5 Heparin

Heparin is a naturally occurring linear glycosaminoglycan that consists of repeating
units of D-glucuronic and D-glucosamine (GIcN) linked with 1, 4 linkage. Heparin
possesses highest negative charge among the known biomolecules due to presence
of high contents of sulfonic and carboxylic acid groups in its chemical structure
[76]. Itis generally obtained from porcine mucosal tissues having molecular weights
ranged from 5 to 40 kDa.

Heparin is mainly used as an anticoagulant of blood. It is also used for pain
relief, anti-inflammatory, anticancer, angiogenesis regulation, and inhibitor of com-
plement activation [77]. Heparin and its derivatives mainly show anti-inflammatory
response [78] although it is suggested that it may show either pro- or anti-
inflammatory activity. An anti-inflammatory response (inhibition of TNF-o)
was observed for low molecular weight heparin in a porcine sepsis model [79].
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In another study, heparin showed dose-dependent anti-inflammatory response
(reducing the pro-inflammatory cytokines TNF-a, IL-6, IL-8, and IL-1p) in LPS-
stimulated THP-1 cells and primary monocytes. However, in the presence of LPS
binding protein, heparin showed pro-inflammatory effect [80].

5.2.6 Alginate

Alginate, obtained from brown seaweed, is a naturally occurring anionic polymer
consisting of mannuronic acid and guluronic acid units in an irregular block-wise
pattern. Due to its low toxicity, easy accessibility and good gelation property in pres-
ence of divalent cations such as Ca?*, alginate has been extensively studied and used
for many biomedical applications such as drug/protein delivery, tissue engineering,
cell/micro-organism immobilization as well as food applications [48, 81-86].

Sodium alginate showed pro-inflammatory response in macrophage cells
(RAW?264.7) through nuclear factor-kappaB (NF-kB) pathway and produced IL-1p,
IL-6, IL-12, and TNF-a in time and dose-dependent manner [87]. Thomas et al. [88]
studied the inflammatory response of four different commercialized alginate dress-
ings, Kaltostat® (Convatec), Tegagen HG® (3M Healthcare), Comfeel: Seasorb
filler® (Coloplast), and Sorbsan® (Braun). Among all the dressings, Kaltostat®
showed more pro-inflammatory response through increasing TNF-a cytokine.

The repeating units, mannuronic acid (M) and guluronic acid (G) in alginate
exists in irregular block pattern with varying proportions of MM, GG, and MG
blocks [89]. Iwamoto et al. [90] synthesized different alginate oligomers (saturated
and unsaturated) consisting only M or G and mixed MG repeating units and studied
the effect of alginate structure on inflammatory response in macrophages. The
unsaturated alginate oligomers exhibited pro-inflammatory response (increased
TNF-a level) in RAW?264.7 cells while saturated oligomers produced low TNF-a
level. Among the unsaturated oligomers, G8 (eight repeating units of G) and M7
(seven repeating units of M) showed potent pro-inflammatory response inducing
secretion of TNF-a along with IL-1a, IL-1f, and IL-6.

5.2.7 Silk

Silk is a unique class of structural proteins obtained from silk producing glands of
arthropods such as spiders, silkworms, scorpions, mites, and bees. Silk possesses
bulky repetitive modular hydrophobic domains interrupted by small hydrophilic
groups and having large molecular weight 200-350 kDa or more. The biomedical
use of silk (silkworm silk) began with sutures in wound treatment [91]. Due to its
exceptional biocompatibility, low immunogenicity, antibacterial activity, and con-
trollable biodegradability, it has been widely used in biomedical field [92-96]. Silk
fibers and films have been widely used for tissue engineering scaffold applications
due to its high mechanical loads or tensile forces and slow degradation rate [97].
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Native silk is composed of a core structural protein, fibroin which is surrounded
by a glue-like protein, sericin [98]. It is thought that sericin is responsible for anti-
genicity of silk [99]. Panilaitis et al. [100] observed that whole silk fiber did not
show any inflammatory response in RAW?264.7 cells at short as well as long time
periods. Interestingly, when macrophages were exposed to sericin recoated-fibers in
presence of LPS, sericin synergistically released TNF. Meinel et al. [101] also
observed similar inflammatory response with silk fiber. As the sericin of native silk
is responsible for inflammatory response, when sericin was removed from the native
silk fiber, the sericin-free silk fiber became non-inflammatory in vivo compared to
native silk fiber [102]. However, the mechanical property of native silk fiber signifi-
cantly decreased after removal of sericin because it is the binding component of
silk. In some reports, silk-based scaffold showed some inflammatory responses and
this may be caused due to remnant solvent in the scaffold during pre- or post-pro-
cessing of the scaffold [103, 104].

5.2.8 Decellularized Tissue Matrices

Decellularized tissue matrices represent lipid-free, decellularized protein-based
derivatives and purified protein extracts of previously living tissues or organs
[15]. ECM plays an important role in the mechanical support, signal transduc-
tion, and nutrients/waste transportation. Decellularization is a multistep process
to remove all cell components (which are the major antigens) from tissue/organ
leaving the ECM intact. As a completely natural material, the ECM has been
proposed to be immune-privileged and evade from a series of host reactions to
foreign bodies [105]. However, host privileges such as the minimal FBR and
improved implanted material performance has not been unequivocally demon-
strated [15]. The host response to decellularized ECM-derived biologic materi-
als involves both the innate and acquired immune response. A recent study
examined the level of host response to five commercially available decellular-
ized ECM-derived materials, including GraftJacket™ (human dermis),
Restore™ (porcine small intestine submucosa), CuffPatch™ (porcine small
intestine submucosa), TissueMend™ (fetal bovine skin), and Permacol™ (por-
cine dermis) [106]. It was shown that these five devices had large differences in
terms of the acute and chronic host response and in their downstream tissue
remodeling outcomes, respectively. The CuffPatch™ showed accumulation of
dense collagenous tissue and a persistent FBR. The host response to
TissueMend™ and Permacol™ showed low level of chronic inflammation and
fibrous encapsulation. GraftJacket™, CuffPatch™, and Permacol™ induced the
presence of multinucleated giant cells at implantation site, indicating the ele-
vated FBR. This study showed that decellularized ECM-derived biologic scaf-
folds differ profoundly in inducing host response. Therefore, a more detailed
investigation of the effect of various ECM constituents on the host immune
response and tissue remodeling is needed.
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5.3 Synthetic Biomaterials

In contrast to the natural biomaterials, synthetic biomaterials are easy and inex-
pensive to produce, have high batch-to-batch uniformity, and demonstrate more
predictable and controllable physicochemical, mechanical, and degradation
properties. Besides, synthetic materials also possess excellent processing char-
acteristics, which can ensure their off-the-shelf availability. However, they also
suffer from problems such as their “foreignness” to cells, eliciting inflammatory
reactions, and their noncompliance or inability to integrate with host tissues
[107]. The most popular synthetic biomaterials include polyesters such as poly-
glycolide (PGA), polylactide (PLA), polycaprolactone (PCL), polyurethane
(PU), and polyhydroxybutyrate.

5.3.1 Polyglycolide or Polyglycolic Acid (PGA)

PGA is biodegradable, thermoplastic crystalline polyester with linear aliphatic
structure. It is normally prepared by polycondensation or ring-opening polymer-
ization using glycolic acid. Early successful study on PGA-based suture system
encouraged the development of a wide range of biodegradable polymers as
implants for different medical applications such as sutures and bone internal fixa-
tion device [35]. PGA has a fast degradation rate with acidic degradation products,
which are thought to be responsible for the inflammatory reaction induced by
PGA [108]. Meanwhile, PGA did not induce lymphocyte DNA synthesis.
Therefore, PGA is immunologically inert. However, PGA induced major histo-
compatibility complex locus II antigen and IL-2R activation, showcasing its
inflammatory response [109]. It has been shown that PGA initiates significant host
reaction upon implantation in vivo. When synthetic PGA scaffolds seeded with
somatic lung progenitor cells from mammalian lung tissue were implanted in
immunocompetent mice, a serious cascades of FBR were observed that altered the
integrity of the developing lung tissue [110]. However, there is no consensus on
the immune effect of PGA to date. For example, tubular urethra made from PGA
seeded with autologous muscle cells has been reported to survive for 6 years post-
implantation in patients [111].

The immune response to PGA mainly occurs due to the degradation prod-
ucts through hydrolysis or enzymatic degradation [108]. A local inflammatory
response has been reported after implantation of PGA-based sutures or ortho-
pedic pins. Ceonzo et al. [112] studied the molecular mechanism of inflamma-
tion by PGA in vitro and in vivo. Both PGA and glycolic acid solution
(degradation product of PGA) were injected intraperitoneally in genetically
engineered mice and it was observed that glycolic acid was responsible for
local inflammatory response.
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5.3.2 Polylactic Acid (PLA)

PLA is biodegradable thermoplastic crystalline polyester with aliphatic chain.
Unlike PGA, PLA has slow degradation rate and good strength and stiffness,
which is suitable for load-bearing applications. Early study on PLA stent
implanted in humans indicated its safe profile without inducing thrombosis and
late stenosis for up to 6 months [113]. However, further study on PLA reported
that PLA may induce inflammatory response when implanted in the body due to
their acidic degradation products [114]. Tubular PLA constructs implanted
beneath the skin of mice resulted in longer inflammatory reactions indicated by
presence of epithelioid and giant cells [115]. The effect of phagocytosed PLA
particle on macrophages was investigated in vivo. It was shown that upon phago-
cytosis of PLA particle, macrophage cell damage, cell death, and cell lysis were
observed [116]. Like PGA, these host reactions have strongly limited their clini-
cal applications.

5.3.3 Polycaprolactone (PCL)

PCL is also a biodegradable polyester. PCL has been approved by FDA for medical
applications such as drug delivery devices and sutures. It has also been widely used
as a material of choice for tissue engineered scaffold for a variety of tissues due to
their elastic mechanical properties and slow degradation rate [117-122]. When PCL
was implanted in the nervous system, microglia and astrocytes were found to be
activated for up to 28 days post-implantation. However, 60 days post-implantation,
no scar or FBR was observed around the scaffold [123].

5.3.4 Polyurethane (PU)

PUs share the common polymer backbone structure, which includes an aliphatic or
aromatic units coming from the isocyanate monomers and a more complex moiety
derived from polyether or polyester monomers. PU has been extensively investi-
gated as a material of choice for long term cardiovascular medical devices, such as
cardiac pacemakers and vascular grafts due to their moderate blood compatibility
and mechanical properties [124]. However, they have been shown to elicit increase
in the release of chemokines, cytokines, and growth factors in the in vivo models
[125]. Subcutaneous implantation of lysine diisocyanate-based PUs in rats revealed
that it did not aggravate capsule formation, accumulation of macrophages, or tissue
necrosis [126].
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5.3.5 Polytetrafluoroethylene (PTFE)

PTFE is another class of synthetic polymers consisting of tetrafluoroethylene
repeating units in its chemical structure and commonly known as Teflon. Due to its
inertness (insoluble in all common solvents), high thermal stability, and non-
biodegradability, it has been used extensively in various commercial, industrial, and
biomedical applications including large blood vessel repair material [127]. Apart
from this, PTFE has also been used as a graft material such as in superficial femoral
occlusion and left ventricular assist device. PTFE has been found to elicit mild to
moderate inflammatory response in vivo. After implantation of expanded PTFE
(ePTFE) in unilateral aorto-femoral bypass of dog, chronic inflammatory response
was observed along with the presence of macrophages, myofibroblasts and deposi-
tion of complement C3 after 6 months of implantation [128].

5.4 Important Biomaterial Characteristics in the Host
Response

Today, implanted systems are still facing the problem of host responses such as
adverse blood-material interaction, inflammation, and immune reaction [129].
Minimizing the immune response to biomaterials may be achieved by the choice of
materials that are intrinsically immune-inert [5]. Besides, it has been recognized that
host response to polymers are closely associated with the physicochemical properties
of material, which control the type, amount, conformation, and duration of proteins
that could be adsorbed onto the polymer surface. Polymer chemistry can be actively
utilized to widely tune the functional aspects of biomaterial matrices such as hydro-
philicity, surface pore size, degradation rate, and degradation products. Tuning these
physicochemical properties enable the alteration of protein adsorption, which conse-
quently mediates the interactions with immune cells and their activation [5].
Specifically, the hydrophobicity of materials promotes protein adsorption and
enhances monocyte adhesion because water on the surface of materials can be easily
replaced by a hydrophobic surface of proteins [130]. On the contrary, hydrophilic
polymer surfaces will easily allow water attachment and is not favorable for protein
adsorption. With the reduced protein adsorption, material is shown to have decreased
monocyte/macrophage adhesion and foreign body giant cell (FBGC) formation
in vitro [131]. Hydrophilicity is not the only parameter that decides the extent of the
host response to polymeric materials. As an example, it has been shown that hydro-
philic but charged polymethacrylate can induce complement activation due to the
electrostatic interaction between positively charged complement recognition protein
Clq and negatively charged polymers [132]. When negatively charged polymethac-
rylate binds to blood plasma proteins including complement components or IgGs,
complement activation and leukocyte response can be induced [132]. Biomaterial
scaffolds, on the other hand, have multiple hierarchical structures ranging from
molecular level where cross-linked or individual polymer chain form porous network
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to microscopic level where the topographic features of the scaffold are presented.
The pore size can create steric hindrance between proteins and the material surface.
Materials with smaller pore size present limited surface area for protein binding. One
the contrary, a surface with large pores can allow the binding of both large and small
proteins within the pores at their corresponding protein configuration [129]. The
small pore size was demonstrated to decrease capsule formation in vivo, irrespective
of surface chemistry [133]. Additionally, PCL scaffolds with an aligned fiber topog-
raphy was shown to have significantly reduced capsule formation compared to scaf-
folds with randomly aligned fibers [134]. The effect of the architecture of
micro-structured biomaterials on determining response of macrophages has also
been demonstrated [135]. Tuning surface chemistry by grafting or coating with poly-
mer, proteins, or specific peptide sequences on polymer chains also alter protein
adsorption and the host responses. As an example, poly(N-isopropylacrylamide)
grafted poly(ethylene terephthalate) copolymer reduced protein adsorption and
monocyte adhesion and resulted in reduced inflammatory cytokine levels after
implantation [136]. Osteopontin coatings on a positively charged copolymer of
2-hydroxyethyl methacrylate and 2-aminoethyl methacrylate surfaces have reduced
capsule thickness around the implant [137]. In addition, heparin coatings can be used
to reduce coagulation and complement activation by binding to and activating anti-
thrombin, which then inactivates thrombin and blocks blood clotting process. The
coating with non-fouling polymers such as polyethylene glycol (PEG) can also mini-
mize protein adsorption [138, 139].

5.5 Strategies to Overcome and Modulate the Host
Responses

The immune response, if not controlled properly, has the potential to cause exten-
sive secondary damage. Therefore, different strategies have been applied to reduce
the unwanted host response to the implant. Moreover, many recent approaches have
attempted to modulate the immune response to achieve the more effective regenera-
tion outcome. This section summarizes the major strategies that have emerged over
past few years.

5.5.1 Surface Modification

The host immune response can be reduced by chemical or physical modification of the
material surface. The functional groups presented on the biomaterial surface can inter-
act with protein molecules and consequently activate the immune cells. It is reported
that the hydrophobic biomaterials such as vinylidene fluoride-hexafluoropropylene
copolymer (VFH), poly(styrene—isobutylene—styrene) copolymer (SIBS), and
poly(butylmethacrylate) (PBMA) show more interaction with the monocytes and
result local immune response at the implant site [130]. The monocyte adhesion and
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FBGC formation significantly reduced in case of hydrophilic (phosphorylcholine,
BioLinx, polyacrylamide) and neutral biomaterial surface (sodium salt of polyacrylic
acid) [130, 131]. However, hydrophilic and neutral biomaterials showed more pro-
inflammatory response (release of IL-1f and IL-6) compared to hydrophobic surfaces
although the inflammatory response was time dependent.

Change in surface topography and roughness is another strategy for immuno-
modulation [140, 141]. Higher cell infiltration and reduced fibrous capsule forma-
tion were obtained with aligned PCL nanofiber topography compared to randomly
aligned PCL nanofibers [142]. Chen et al. [135] modulated the macrophage activa-
tion by imprinting parallel gratings (0.25-2 pm line width) on different biopolymers
such as PLA, PCL, and PDMS. It was found that the density of macrophage cell
attachment decreased on 2 pm gratings. In addition to this, larger grating line width
(1 pm) induced more pro-inflammatory response (TNF-a) at 24 h, but the response
decreased at 48 h. In another study, in vitro monocyte/macrophage stimulation was
observed with variation of PTFE scaffold topography (different intra-nodal dis-
tances) [133]. Scaffold with larger intra-nodal distance (4.4 pm) showed 15-fold
higher stimulation compared to nonporous scaffolds.

5.5.2 Surface Coatings

Apart from the surface chemistry or architecture, surface coating on biomaterial
is another approach to mask the immune response of implant device. The immune
response to implant device arises from nonspecific protein adsorption on the sur-
face of implant device and results in leucocyte adhesion, called “biofouling.”
Therefore, surface coating of biomaterial may reduce such “biofouling” and can
adversely affect immune response. Pre-adsorption of less inflammatory proteins
(albumin) on polystyrene and PU surface was used previously due to its simple
and straightforward approach [143, 144]. FBR was also decreased after coating
of osteopontin on positively charged polymer surface [137]. The coating layer
provides an interface between the implant surface and the tissue fluids, enabling
different protein binding and downstream signaling in the immune cells, thereby
possibly minimizing the induced tissue reactions [145]. Due to the lack of stability
of such protein-based coating, non-fouling polymer (that prevents protein adsorp-
tion) coating has become alternative route for immunomodulation. PEG has been
extensively applied as non-fouling polymer [146]. The non-fouling activity of PEG
depends on its chain length or molecular weight, PEG chain density, and confor-
mation [147-149]. Apart from PEG, PAAm, poly(N-isopropyl acrylamide), and
poly(2-hydroxyethyl methacrylate) have also been used to prevent protein adsorp-
tion [150-152]. Hydrogel-type coatings have emerged as an interesting type and
have been applied in a broad range of biomaterial devices [153, 154]. Hydrogel
system can be made of materials from natural sources including ECM proteins
(such as gelatin) [155], polysaccharides (such as alginate, chitosan), and synthetic
polymers (such as poly(acrylamide)) [156].
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5.5.3 Delivery of Bioactive Molecules

Immunomodulation can also be controlled through systemic delivery of anti-
inflammatory cytokines [5]. The flexible polymeric biomaterial structures enable
the anti-inflammatory and immunomodulatory therapy by the incorporation of bio-
active molecules such as cytokines, growth factors, and anti-inflammatory drugs [4,
5]. As soon as the payloads are released, the anti-inflammatory effects fade and
inflammatory response will resume. Therefore, the beneficial effects of the immune
response on regeneration may be retained using localized delivery systems along
with biomaterial, which may not impact the entire immune system and have the
potential to selectively recruit specific immune cells or create a local anti-
inflammatory microenvironment.

Host response at the implant site can be controlled with the use of steroidal and
nonsteroidal anti-inflammatory drugs. Glucocorticoids are potent suppressors of
immune responses and have been used to inhibit the immune response by inhibiting
the formation and secretion of inflammatory cytokines. Glucocorticoid treatment
resulted in reduced inflammatory cells at the injury site by inhibiting inflammatory
mediators, decreasing capillary permeability, and fibroblast proliferation [157].
Meanwhile, the inflammation and immune response were resolved by promoting
anti-inflammatory cytokine secretion and inhibiting cellular (T helper 1, Thl)
immunity in favor of humoral (Th2) immunity [158]. Biomaterial-based drug car-
rier such as microspheres, nanoparticles, hydrogels, microspheres-hydrogel com-
posites have been designed to deliver drugs of interest to the implant site [159-162].
As an example, delivery of dexamethasone using PLGA microsphere-polyvinyl
alcohol (PVA) hydrogel composite at the implantation site resulted in reduced
implant-associated inflammatory reaction as indicated by the initial decreased lev-
els of polymorphonuclear leukocytes and minimal macrophages and lymphocytes
infiltration and fibrous capsule formation in the later stage [163]. However, an unde-
sired effect of using dexamethasone as a therapeutic is its ability to reduce the secre-
tion of vascular endothelial growth factor (VEGF) in the surrounding tissue, which
down regulates angiogenesis and would potentially inhibit wound healing [4]. By
the combination therapy of dexamethasone and VEGF delivery, this problem could
potentially be overcome [159]. Similarly, delivery of nonsteroidal anti-inflammatory
drugs has reduced IL-8 and polymorphonuclear leukocyte levels while not reducing
significantly monocyte chemoattractant protein-1 and monocyte levels [164].
Coating of biomaterial surfaces with nitric oxide (NO)-releasing layer is another
strategy suggested for long-term control of immune responses. Hetrick et al. applied
NO releasing diazeniumdiolate-modified xerogel polymer coating on silicone elas-
tomer implant, which resulted in reduced inflammatory cell recruitment and extent
of inflammatory reaction at the implant site. This effect was sustained even after
exhaustion of the payload release from the NO reservoir [165].

A range of signaling network of growth factors, including epidermal growth fac-
tor (EGF), fibroblast growth factor (FGF), VEGF, transforming growth factor beta
(TGFp), and platelet-derived growth factor (PDGF) control adhesion, migration,
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proliferation, and differentiation of fibroblasts, keratinocytes, and endothelial cells
during injury [166]. Biomaterials coated with or encapsulating these bioactive mol-
ecules are envisioned to have immunomodulatory effect.

Recently, biopolymer-based, microparticles or nanoparticles-based controlled
delivery of immunomodulatory proteins have been studied as novel approaches
[167, 168]. Rusanova et al. [169] encapsulated synthetic thrombin receptor (PAR1)
agonist peptide into biodegradable PLGA microspheres and the controlled release
of PAR1 from microsphere reduced the inflammatory response and resulted wound
healing in ulcer rat model. Nucleic acid delivery has also been shown to effectively
reduce the inflammatory response [170, 171]. Recently, Mirandi et al. reported the
modulation of macrophage response to collagen based scaffold by the controlled
delivery of cytokine IL-4 from PLGA-multistage silicone vector [172]. In the pres-
ence of IL-4, rat bone marrow derived macrophage showed overexpression of anti-
inflammatory and M2 associated genes such as I//0 both in vitro and in vivo.

5.6 Conclusions

In this chapter, we discuss various natural and synthetic biomaterials and how they
affect the host immune responses. The nature of immune response, whether acute or
chronic, depends on various factors such as implantation techniques, biomaterial
source and their composition, molecular weight, surface property, mechanical prop-
erties, and degradation rate. The implanted device first comes in contact with blood
plasma and ECM proteins. The adsorbed ECM proteins on the biomaterial surface
attract the neutrophils and monocytes through cellular response and consequently
result in the inflammatory response by macrophage. The immune response to bioma-
terials can be modulated through inhibition of protein adsorption on biomaterial sur-
face by various techniques such as surface modification, surface coating and delivery
of immune modulating agents. Therefore, the biomaterial-based implants should be
engineered in such a way that the materials result in no or minimum immune response
and unnecessary health risks to provide the best clinical outcomes for the patients.
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Chapter 6

Convergence of Osteoimmunology

and Immunomodulation for the Development
and Assessment of Bone Biomaterials

Zetao Chen, Chengtie Wu, and Yin Xiao

Abstract The traditional biological principle for the development of bone biomaterials
is to directly induce osteogenic differentiation of osteoblastic lineage cells. With
this principle, most of the efforts are spent on optimizing the biomechanical and
physicochemical properties of biomaterials to enhance osteogenic differentiation of
mesenchymal stem cells. Given the vital roles of immune cells in bone dynamics,
we propose a new concept “osteoimmunomodulation” in recognition of the impor-
tance of immune response during biomaterial-mediated osteogenesis. The paradigm
of bone biomaterials design is also suggested to shift to an osteoimmunomodulatory
material, and the possible evaluation strategies for the osteoimmunomodulation
property of bone biomaterials are summarized. It is expected that bone biomaterials
with favorable osteoimmunomodulation properties will be more clinically relevant
to control new bone formation and biomaterial degradation in a controllable and
biologically suitable manner.
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6.1 Introduction

Biomaterial implants are by their very nature exogenous and, therefore, tend to mediate
a foreign body reaction (FBR) that may lead the host body to either reject or isolate the
implants by fibrous encapsulation. FBR is a host immune response towards the
implanted biomaterial(s), which consists of granulation tissue components, the
formation of foreign body giant cells, and in most cases a fibrous encapsulation of the
implants [1]. In an effort to bypass this deleterious host response, the early design
paradigm of biomaterials was to create a biologically “inert” (biocompatible) material,
which had the unintended consequence of not only minimizing reconstructive healing
but also promote FBR [1, 2]. With a more sophisticated understanding of the interac-
tion between host tissues and biomaterials, there is now an appreciation of the immune
response as an essential component of the biomaterials-mediated reconstruction of a
functional tissue. The immune system is modulatory and can be manipulated by modi-
fying the properties of biomaterials. Accordingly, the paradigm on the nature of
biomaterials has shifted from being an “inert” (e.g., biocompatible) material to
“immunomodulatory”’; the focus now being to apply strategies that incorporates, mod-
ulates and even encourages an immune response rather than attempting to suppress it
[2—4]. Beneficial immunomodulation should become a prime target for the develop-
ment of advanced functional biomaterials.

The close relationship between the immune and skeletal systems was first
reported in the 1970s [5, 6]. Immune cells involve actively in bone dynamics under
both physiological and pathological conditions via secretion of a number of regulatory
molecules, including cytokines, signaling molecules, and transcription factors. The
term osteoimmunology was thereby proposed to cover these overlapping scientific
fields of osteology and immunology [7, 8]. Due to the specialized nature of immuno-
biology within the bone environment, the convergence of osteoimmunology and
immunomodulation seems to be necessary, and the modulation of bone immune
response should be categorized as osteoimmunomodulation. Accordingly, the
immunomodulatory property of bone biomaterials should be modified as the “osteo-
immunomodulatory” property [9-11]. Osteoimmunomodulation should become a
new paradigm for the design and assessment of novel advanced bone biomaterials
[9, 12]. By modifying the bio-physiochemical and mechanical properties of bone
biomaterials, it is possible to actively manipulate osteoimmunomodulation to improve
the bone reconstruction outcomes.

6.2 Immune Cells Regulate Bone Dynamics

With the advancement of bone biology, it is now widely accepted that osteoclasto-
genesis and osteogenesis are not simply the work of osteoclastic and osteoblastic
lineage cells, but a cooperation of cells from multiple systems, including skeletal,
immune, circulation systems. The field of osteoimmunology reveals that immune
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Fig. 6.1 Immune cells regulate bone metabolism. Immune cells participate actively in osteoclas-
togenesis and osteogenesis by releasing regulatory factors that act locally within the
microenvironment

cells elicit significant effects on regulating the osteoclastogenesis and osteogenesis
(Fig. 6.1). Physiological bone formation and remodeling process requires well-
functioning immune cells. Abnormal functioning of immune cells could cause bone
diseases such as osteolysis, osteoporosis, osteoarthritis, and rheumatoid arthritis.
For example, Th17 cells, which generates a significant amount of IL-17 and have
been reported to play a crucial role in the pathogenesis of rheumatoid arthritis [13,
14]. It is of great importance to be able to direct the behavior of immune cells such
that they enhance bone reconstruction.

Immune cells regulate osteoclastogenesis by cytokines, such as macrophage-
colony stimulating factor (M-CSF), receptor activator of NF-kB ligand (RANKL),
osteoprotegerin (OPG), interleukin-6 (IL-6), and oncostatin M (OSM). The
RANKL/RANK/OPG system is one vital physiological mechanism in regulating
osteoclastogenesis. RANKL binds to RANK and activates the downstream cascade,
thereby promoting the osteoclast differentiation, whereas osteoprotegerin (OPG), a
decoy receptor derived from osteoblasts, binds to RANKL and disrupts its interac-
tion with RANK, thereby suppressing osteoclastogenesis [15, 16]. RANKL is
expressed not only by osteoblastic cells but also by activated T cells and neutro-
phils, indicating the involvement of these immune cells during osteoclastogenesis
[17, 18]. OPG is mainly sourced from B cells [19, 20]. This implies that B cells are
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one of the main inhibitors of osteoclastogenesis in normal physiology. Inflammatory
cytokines IL-6, IL-23, and OSM are important regulators of osteoclast formation
and function, indicating the overlapping regulatory functions of inflammatory cytokines
on both immune response and bone physiology. IL-6 and IL-23 is known to increase
the expression of RANKL, and utilize the RANKL/RANK/OPG system to elicit
indirect effects on promoting osteoclastogenesis [21-23]. IL-6 is also found to par-
ticipate in the TNF-a and IL-1 induced osteoclast formation [24]. OSM can also
stimulate the production of RANKL by osteoblasts and enhance the formation of
osteoclasts in a dose dependent manner, which may be associated with its synergistic
effects with IL-6 [25, 26]. By contrast, interferon-y (IFN-y) promotes the degrada-
tion of TRAF6, a key intermediate in RANKL/RANK pathway, thereby preventing
massive bone destruction during inflammation [27].

As to their effects on osteogenesis, it is thought that resident macrophages are indis-
pensable for efficient osteoblast mineralization, and the depletion of macrophages
results in the loss of osteoblast-mediating bone formation in vivo [28]. In addition,
many research outcomes have proved the positive roles of inflammatory cytokines on
regulating osteogenesis. A combination of inflammatory cytokines TNF-a, TGF-f,
IFN-y, and IL-17 at physiological concentrations can activate MSCs mediated mineral-
ization as effectively as dexamethasone, a commonly used osteogenic media supple-
ment [29]. TNF-a has been found to increase alkaline phosphatase (ALP) activity and
mineralization by mesenchymal stromal cells (MSCs) in a dose-dependent manner
through activation of the NF-kB signaling pathway [30, 31]. The stimulatory effect of
the conditioned medium from the lipopolysaccharide-activated inflammatory M1 mac-
rophages on ALP activity is attenuated when the conditioned medium is pretreated with
TNF-a neutralizing antibody [29]. Studies in IL-6 knockout mice show that the absence
of IL-6 delays callus maturity, mineralization, and remodeling indicating the essential
role of IL-6 in the early stages of fracture healing [32], whereas knockout of OSM in
early stage leads to the reduced amount of new bone [33].

However, deleterious effects of inflammatory cytokines, especially the pro-
inflammatory, on osteogenesis have also been well reported [34]. TNF-a inhibits
osteogenic differentiation by reducing the release of BMP2 and elevating levels of
canonical Wnt signaling pathway inhibitors dickkopf-1 (DKK-1) and sclerostin
(SOST); it can also improve pro-apoptotic effects on osteoblasts [35-37]. The
upregulated expression of IFN-y and TNF-a by T lymphocytes is regarded to be a
key reason for the failure of MSCs based bone tissue regeneration. Interestingly,
this inhibitory effect on osteogenesis can be eliminated simply by the administra-
tion of the commonly used anti-inflammatory drug aspirin [38]. The underlying
mechanism might be associated with the activation of transcription factor NF-kB in
MSCs, which improves degradation of f-catenin, an important component of an
osteogenic signaling pathway, the canonical Wnt signaling pathway [39]. This
implies that the regulatory effects of inflammatory cytokines on bone dynamics are
dose and time dependent. An adequate concentration and appropriate timing of
these cytokines is of importance to induce new bone formation, which should
become an immunomodulation target for immunomodulatory biomaterials.
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The important role of immune cells in the bone homeostasis reveals the specialty
of immunomodulation within the bone environment. The regulation of immune cell
behaviors from implanted biomaterials will inevitably influence the behavior of
bone cells, thereby changing bone dynamics. It is therefore important to introduce
the framework of osteoimmunology into the concept of immunomodulation for the
development of a new generation of bone biomaterials.

6.3 Definition of the “Osteoimmunomodulation” Property

There are quite a few studies focusing on the bone biomaterials-mediated immune
responses. However, most of the efforts have focussed on whether the implants
mediated foreign body reaction thereby causing excessive inflammation and rejec-
tion or encapsulation by fibrous tissue—a feature known as “biocompatibility.”
Although it is also a concept derived from the interaction between immune reaction
and bone biomaterials, osteoimmunomodulation is different from biocompatibility.
It does not simply describe the host immune reactions towards the implants, but
emphasizes the influences that the local immune microenvironment has on bone
cellsandthesubsequentosteogenesisandosteoclastogenesis. Osteoimmunomodulation
is a specific biological property of bone biomaterials that describes the ability of
biomaterials to modulate the local immune microenvironment, affecting the bone
dynamics, thereby determining the in vivo fate of bone biomaterials in terms of de
novo bone formation or fibrous encapsulation [11] (Fig. 6.2). To be specific, bone
biomaterials with favorable osteoimmunomodulation properties are those that could
elicit significant effects on local immune cells to generate an adequate and appropri-
ate inflammatory response and release biomolecules that can enhance the recruit-
ment and osteogenic differentiation of mesenchymal stromal cells, leading to new
bone regeneration. Proper osteoclastogenesis and osteoclastic activities are also
required, which should be able to accomplish bone functional remodeling and cell-
mediating materials degradation process, while avoiding excessive bone resorption
and destruction. This concept is derived from the convergence of osteoimmunology
and immunomodulation, drawing on recent advances in both fields.

6.4 The Need to Include Immune Cells When Evaluating
Novel Bone Biomaterials

As direct effector cells for osteogenesis, osteoblastic lineage cells are generally used
to assess the in vitro osteogenic capacity of bone biomaterials, a strategy that has
achieved some success in generating novel bone biomaterials. However, inconsisten-
cies between in vitro and in vivo studies are not uncommon, and many potential bone
biomaterials screened by this strategy are subsequently found to underperform in vivo
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environment that is created by the interaction between biomaterials and immune cells, which sub-
sequently affects the bone formation and remodeling

in term of bone regeneration. Based on the knowledge of osteoimmunomodulation,
it is a logical extension that the traditional strategy, which relies only on the response
of osteoblastic lineage cells, is insufficient for evaluating and developing bone bio-
materials and that neglecting the role of immune cells may account for the inconsis-
tent results between the in vitro and in vivo studies [12] (Fig. 6.3).

Immediately following its implantation, the biomaterial will elicit a number of uni-
versal inflammatory responses from the host body. These include blood clot formation,
protein adsorption forming the transient matrix, and acute inflammation (neutrophil
migration, mast cells degranulation, and antigen presenting). The macrophage derived
osteoclasts and foreign body giant cells will commence decomposing the implants,
releasing foreign components into the immediate vicinity and altering the local envi-
ronment. Dendritic cells can ingest potent antigens (such as necrotic cells and tissues,
proteins with conformation changes mediated by the implants) and present them to
humoral immune cells (B-cells), and also release cytokines that alter the immune envi-
ronment to initiate and determine further antigen-specific immune responses. Given
the close relationship between the immune and skeletal systems, it should come as no
surprise that stimulated immune cells can also secrete cytokines that can regulate bone
dynamics. An appropriate immune reaction should release an adequate amount of
osteogenic cytokines to facilitate osteogenesis, whereas an inappropriate immune reac-
tion can lead to a chronic inflammation and the fibrous encapsulation of the implant.
With these considerations in mind, we have documented the important role of immune
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cells in biomaterial-stimulated osteogenesis, and the missing of immune cells in the
in vitro evaluation system led to some inconsistent conclusions compared with the
in vivo outcomes [12]. The traditional approach of only using osteoblastic lineage cells
when evaluating such biomaterials is clearly inadequate, especially in term of the
osteoimmunomodulatory properties of the materials. Immune cells, such as macro-
phages, dendritic cells, and T and B cells, must be included when evaluating in vitro
osteogenesis mediated by bone biomaterials.

Among all the immune cells, macrophages have received the most attention in term
of the interaction between biomaterials and the host response. Macrophages are innate
immune cells and have a key role as effector cells in the material-induced immune
response by initiating and maintaining inflammation; this process closely correlates
with the formation of a fibrous capsule. Macrophages also influence bone physiology
and pathology [28, 40] by acting as precursors to osteoclasts, thus participating directly
in bone remodeling and material degradation. Macrophages have a direct role in osteo-
genesis by the expression and secretion of important regulatory molecules [41], such
as bone morphogenetic protein 2 (BMP2) and transforming growth factor p (TGF-)
[42, 43]. As such, macrophages are indispensable for the efficient osteoblast mineral-
ization and their depletion dampen the osteogenic differentiation of mesenchymal
progenitors [28, 44]. This suggests that macrophages could be the key cell type
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determining the in vivo fate of bone substitute materials. Given this important role in
the bone dynamics, macrophage can be applied as a model immune cell for the in vitro
evaluation of osteogenesis with bone biomaterials [9, 10, 12, 45].

In this novel biomimicking evaluation system, which involves biomaterials/immune
cells/bone cells, the two cells types involved require the application of coculture sys-
tems. Possible coculture systems include: (1) Indirect coculture using conditioned
medium: Immune cells are first cultured with bone biomaterials to generate a materi-
als-mediated immune environment. The conditioned medium will then be applied to
stimulate osteoblastic and osteoclastic cells, to evaluate its influences on bone forming
and remodeling, respectively; (2) Indirect coculture using Transwells: the immune
cells can be cultured in direct contact with the materials and indirect contact with bone
cells in a Transwell insert; (3) Direct coculture: this enables both immune and bone
cells to be in direct contact with the materials at the same time [11].

Conditioned medium has the advantage that it can be frozen down so that the same
batch of medium could be applied for several replicates and makes this model the sim-
plest and most reproducible. However, instead of playing a passive role in the interaction
between biomaterials and immune cells, bone cells elicit significant effects on regulating
the immune response. For example, activated MSCs can induce the alternative macro-
phage phenotype M2 [46], which reduces inflammation and speeds up the healing pro-
cess. They can also express TNF-o stimulated gene/protein 6 and IL-1ra to decrease the
amplifying effects of pro-inflammatory cytokines (IL-1, IL-6, and TNF-a) [47, 48]. This
means that the use of indirect coculture using conditioned medium can only reflect the
in vivo environment to a limited extent since it focusses only on the effects the immune
signaling molecules have on bone cells while ignoring the counteracting effects that
bone cells have on immune cells. Indirect coculture, using transwells or direct coculture,
would better mimic the in vivo environment, from the aspect of mimicking the interac-
tion between bone cells and immune cells. However, direct coculture requires that the
cells used are sourced from one individual patient, especially when using immune cells
that would otherwise attack xenogenic cells. Interpatient variability and limited source
of proper donor tissues makes it hard to establish this system as the standard of in vitro
assessment. Indirect coculture using Transwell may, therefore, be the most suitable eval-
uation system for the evaluation of osteoimmunomodulation [11].

6.5 Development of “Smart” Bone Biomaterials
to Manipulate Osteoimmunomodulation

Osteoimmunomodulation implies a strategy to modify the immune response, thereby
manipulating the bone cells’ reaction. The modulatory effects of biomaterials on the
immune system have been well documented. Biomaterials elicit significant effects on
regulating the immune reaction, which is determined by their bio-physicochemical
and mechanical properties. This follows a strategy to develop bone biomaterials with
favorable bio-physicochemical and mechanical properties that help in modulating a
beneficial immune environment for bone regeneration [11].



6 Convergence of Osteoimmunology and Immunomodulation for the Development... 115

Biological behaviors of immune cells on the surfaces of the bone biomaterials
are largely determined by the surface properties, such as surface wettability [49—
51], surface charge [52, 53], and topography [54, 55]. Generally, hydrophobic mate-
rials tend to improve monocyte adhesion in comparison to hydrophilic materials
resulting in an immune response at the implant site [50, 56]. Positively charged
particles are found to be more likely to cause inflammatory reactions than nega-
tively charged and neutral species [52, 53]. Smooth titanium surface induces inflam-
matory macrophage (M1-like) activation, with increased expression of IL-1{, IL-6,
and TNFa« [51]. However, hydrophilic rough titanium induces M2-like macrophage
activation and elevates the expression of anti-inflammatory cytokines IL-4 and
IL-10 [51]. Micro-structured topography induced macrophages to an activated state
that have both M1 and M2 characteristics [57], and titanium surfaces, modified by
titania nanotube arrays, can reduce in vitro inflammatory response compared to the
raw titanium surface [58]. Modifying surface properties therefore presents as an
effective way of modulating the immune response.

A size and shape-dependent foreign body immune reaction towards implants has
been observed in rodents and nonhuman primates [59], indicating the importance of
size and shape properties of particles in modulating the immune response. Decreased
particle size increases the surface area and improves chemical reactivity, thereby
strengthening the influences on target cells, or can even elicits a different effect
altogether [60, 61]. Bulk gold samples are practically inert, whereas gold nanopar-
ticles have been reported to elicit highly reactive immune responses, including pro-
duction of reactive oxidative species (ROS) [62]. Hydroxyapatite particles with the
smallest size (1-30 pm) stimulate immune cells to produce the greatest amount of
pro-inflammatory cytokines (TNF-a, IL-1p, IL-6) [63]. However, it does not follow
that smaller sized particles necessarily mediate a more severe immune response. An
in vivo study has demonstrated that reducing the size of irregularly shaped hydroxy-
apatite particles can inhibit the inflammatory reaction [64]. Some studies report that
increasing the size of implanted materials led to larger foreign body reactions and
the formation of a thicker layer of fibrocapsule surrounding the implant [65].
Spheres with a diameter of 1.5 mm and above could significantly inhibit foreign
body reactions and fibrosis compared to smaller sized spheres [59]. As for the effect
of particle shapes, circular rods of medical-grade polymers were found to have the
weakest foreign body response, followed by pentagonal and then triangular [66]. A
systematic evaluation of a broad spectrum of particle sizes and shapes within each
category of bone biomaterials is therefore necessary to gain an understanding of
how these parameters affect the inflammatory response.

Porosity and pore size are two important parameters for the fabrication of 3D bone
tissue engineering scaffolds, which are also vital factors in determining the tissue
types growing inside the scaffolds (inflammatory granuloma tissue, vascular tissue, or
bone tissue) [67]. It seems that with an increase in pore size, the activity of the foreign
body reaction decreases [68, 69]. The underlying mechanism may be related to mac-
rophage polarization since there appears to be a correlation between increasing fiber/
pore size and increased expression of the M2 markers, along with decreased expres-
sion of the M1 markers [70]. Small pores will severely hamper the diffusion of nutrients
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and oxygen supplied from blood and interstitial fluid, especially in the core area of
the scaffold, resulting in a local hypoxic environment [71]. Hypoxia enhances local
inflammation, leading to the formation of granuloma. This would completely block
the small pores, creating a barrier between the implant and the surrounding bone cells
that prevents bone tissue ingrowth from taking place [68]. Pores in the size range of
90-120 pm have been found to hamper vascularization and lead to chondrogenesis,
whereas larger sized pores (350 pm) enhance vascularization and osteogenesis [72]. A
better understanding of how porosity and pore size affect immune response is needed
to develop advanced functional scaffolds for bone reconstructions.

Bioactive bone biomaterials normally undergo degradation to different extents
following implantation, either by physicochemical dissolution, cell-medicated dis-
solution, hydrolysis, enzymatic decomposition, or corrosion [73]. Ions released
from biomaterials during degradation can elicit significant effects by altering the
local immune environment. Calcium (Ca) is involved in certain inflammatory sig-
naling pathways, for example the noncanonical Wnt5A/Ca** signaling pathway and
the calcium sensing receptor (CaSR) signaling cascade [74—76]. Si ions may also
regulate immune reaction. It is thought that long-term exposure to components of
silicone gel-filled breast implants may lead to autoimmune or inflammatory dis-
eases, while Si is usually found at higher concentrations in the lesion areas and
patient’s blood [77]. Magnesium (Mg) can suppress pro-inflammatory cytokine pro-
duction by inhibiting toll-like receptor (TLR) pathway [78], while cobalt (Co) has
pro-inflammatory effects via stabilizing hypoxia-inducible factors (HIFs) [79, 80].
Zinc (Zn)-substituted ceramics can elevate the release of anti-inflammatory cyto-
kine IL-10, while reducing the expression of TNF-a and IL-1p, the latter two which
are associated with the regulation of TLR-4 pathway [81, 82]. Strontium (Sr)-
substituted Ca/P materials could inhibit the release of TNFa in human primary
monocytes [83, 84]. It is well known that bioactive ions also elicit significant effects
on regulating osteogenesis and osteoclastogenesis, in addition to their effects on the
immune system, which makes nutrient elements obvious candidates for the devel-
opment of bone biomaterials with multidirectional effects.

Based on these considerations, we have conducted studies in which we combined
nutrient elements to develop novel bone biomaterials with multidirectional effects
on regulating immune response, osteogenesis, and osteoclastogenesis (Fig. 6.4).
Three types of bioactive coating materials were successfully prepared using defined
combinations of nutrient elements (Sr,MgSi,0, Sr,ZnSi,0,, MgSiO;) [10, 85, 86].
All three materials were found to endow the titanium substrate (Ti-6Al-4V) with
favorable osteoimmunomodulation, suppressing inflammation and inhibiting osteo-
clastogenesis (Figs. 6.5, 6.6, and 6.7). Interestingly, we found that Sr,ZnSi,0; and
M¢gSiO; modified immune environment in such a way that it enhanced osteogenesis,
whereas the Sr,MgSi,0; material was only comparable with hydroxyapatite coating
materials in terms of osteogenesis [10, 85, 86]. This implies that the osteoimmuno-
modulatory effects depend on the composition and concentration of the ions and
requires further investigation. The strategy to manipulate osteoimmunomodulation
by controlled release of defined combinations of nutrient elements is, therefore, one
worthy of careful consideration.
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Fig. 6.4 Ideal coating materials for bone substitute biomaterials must have high bonding strength,
functional ion release, and multidirectional effects for regulating immune response, and be capable
of favoring osteogenesis over osteoclastogenesis

Potential strategies for the manipulations are: (1) modifying the surface properties
of materials, including topography (size and roughness), and surface chemistry
(hydrophilicity and electric potential); (2) changing particle size and shape; (3) for
3D structure scaffolds, optimizing their pore size and porosity; (4) incorporating
bioactive nutrient elements; (5) introducing biomolecules such as macrophage
inducers (e.g., [IL-4, LPS) or inflammatory cytokines (e.g., IL-10, TNF-a, IFN-y), to
selectively induce a dominant macrophage phenotype or a phenotype switch pattern;
and (6) coupling with immunomodulatory drugs, e.g., steroidal and nonsteroidal
anti-inflammatory drugs (dexamethasone, aspirin). These strategies should all be
considered when designing biomaterials, since their combination can have synergis-
tic effects. Needless to say, a better understanding of the mechanisms underlying
biomaterials mediated immune response and their effects on osteoclastogenesis and
osteogenesis is essential for developing advanced bone biomaterials with favorable
osteoimmunomodulation properties.

6.6 Conclusions

The convergence of osteoimmunology and immunomodulation offers a novel strat-
egy in the development of new generation bone biomaterials. The paradigm for
developing bone biomaterials has shifted to osteoimmunomodulatory biomaterials,
emphasizing the importance of osteoimmunomodulation. This property is becoming
the essential parameter when evaluating and developing of advanced bone biomateri-
als. The aim should be to develop “smart” materials capable of modulating an immune
environmentinaway thatenhances the new bone formation. Osteoimmunomodulation,
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Fig. 6.5 Multidirectional effects of Sr2MgSi207 (SMS) coating. (a) Enhanced the Ca/P apatite
formation on the SMS coating following immersion in simulated body fluid for 14 days; image
taken by scanning electron microscopy. (d) Suppressing the pro-inflammatory gene expression by
macrophages, cultured on the surface of the SMS coating for 3 days; gene expression was detected
by RT-qPCR and hydroxyapatite (HA) coating used as a control. (¢) Inhibiting gene expression of
osteoclastogenic factors by BMSCs, stimulated by the SMS coating/macrophage conditioned
medium; gene expression was detected by RT-qPCR and HA coating was used as control. (d)
Maintaining comparable amount of mineralization nodules with hydroxyapatite coating; mineral-
ization nodules were formed by BMSCs, stimulated by coating/macrophage conditioned medium;
alizarin red was used to stain the nodules. Adapted with permission from Ref. [85], Copyright 2014
American Chemical Society

as it is defined in this chapter includes not only the modulation of inflammatory
response towards the implants, but the effects the immune microenvironment has on
bone dynamics, regulating the balance of osteogenesis versus osteoclastogenesis.
This balance effectively determines the in vivo fate of bone biomaterials, towards
either de novo bone formation or fibrosis encapsulation. Traditional strategies for the
development of bone biomaterials mainly focused on manipulating osteoblastic lin-
eage cells to the exclusion of immune cells [87-89]. This paradigm failed to reflect
the in vivo condition in which the host immune reaction is activated following the
implantation of a biomaterial. In this chapter we discuss a novel strategy for the
development and evaluation of bone biomaterials that emphasizes osteoimmunomod-
ulation. Future studies should focus on the components of the immune system that,
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Fig. 6.6 Sr2ZnSi207 (SZS) coating induces osteoimmunomodulation that promotes bone forma-
tion. (a) The surface of SZS coatings on the Ti-6Al-4V substrate by SEM. (b) Gene expression of
inflammatory cytokines by macrophages, cultured on the surface of the SZS coating for 7 h; gene
expression was detected by RT-qPCR and HA coating was used as control. (¢) Phagocytosis of the
coating materials. Macrophages were stained by DAPI and phalloidin with FITC for the nuclei and
cytoskeleton respectively. HA Macrophages internalized the HA particles, generating a big “bub-
ble” intracellularly, which was observed in most of the stimulated cells, SZS this feature was rarely
observed in the SZS coating treated macrophages. (d) Western blot analysis of ALP expression by
BMSC:s stimulated by the macrophage/SZS conditioned medium. Alizarin Red staining of miner-
alized nodules by BMSCs treated with the conditioned medium containing osteogenic supple-
ments. Adapted from Ref. [10] with permission from The Royal Society of Chemistry
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when activated by a biomaterials implant, can enhance osteogenesis. Knowledge
such as this will inform the design paradigms for the next generation of advanced
bone biomaterials.
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6.7 Manipulation of osteoimmunomodulation using nutrient elements (magnesium and sili-

con). Titanium substrates were coated with clinoenstatite (MgSiO3), which binds with extremely
high affinity to titanium. The release of functional Mg and Si ions modulates the local osteoim-
mune response and dampens the inflammatory response around the titanium implants, decreased
osteoclastogenesis, thus enhancing osteogenesis. These effects translate into superior osseointe-
gration of the titanium implant in vivo [86]
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Chapter 7
Modulation of Innate Immune Cells to Create
Transplant Tolerance

Yue Zhao, Peixiang Lan, and Xian C. Li

Abstract Graft loss to rejection remains a key impediment to transplant success,
which limits the therapeutic potential of this procedure. Though adaptive immune
cells are critical in rejection, recent studies have demonstrated the importance of
innate immune cells in dictating transplant outcomes (rejection or survival), high-
lighting the necessity in therapeutically targeting innate immune cells in the induc-
tion of tolerance to organ transplants. However, there are many challenges facing
the field, as innate immune system consists of diverse cell types, molecular sensors,
and soluble mediators that are different from those in the adaptive system. Also,
some innate immune cells mediate graft injury, while others promote transplant
survival, making therapeutic targeting of innate immune cells a challenging task. In
this chapter, key elements in the innate immune system, their responses to organ
transplants, as well as the challenges and opportunities in targeting those elements
in favor of transplant survival are reviewed.

Keywords Innate immunity ® Toll-like receptors (TLRs) ¢ Natural killer cells
* Macrophages ¢ Dendritic cells ¢ Complement ¢ Ischemia-reperfusion injury
e Transplant rejection ® Transplant tolerance

7.1 Introduction

The innate immunity is evolutionarily conserved, and it precedes the emergency of
adaptive immunity. From a functional standpoint, innate immunity acts as the first
line of defense, and together with the adaptive immune system, they form an intri-
cate system that protects the hosts from countless invading pathogens. Furthermore,
the innate immune system also plays an important role in immune surveillance and
tissue homeostasis by eliminating cancerous and stressed cells, thus restoring tissue
integrity. These responses are carried out by innate immune cells, which include
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natural killer (NK) cells, dendritic cells (DC), macrophages, monocytes, neutrophils,
mast cells, and eosinophils. As compared to adaptive T and B cells, the innate
immune cells do not have somatically rearranged cell surface receptors that directly
recognize foreign antigens. Instead, they express a variety of pattern recognition
receptors that sense conserved pathogen moieties, danger signals, and damaged cell
products; they also express receptors for complement products, antibodies, as well
as complex activating and inhibitory receptors that allow them to constantly sense
“self” or “missing self” to control their responses. These features allow innate
immune cells to respond to potential pathogens in a timely fashion.

From a transplant standpoint, graft rejection was traditionally believed to be
mediated by the adaptive immune cells. This is based on the observation that tissue
and organ transplants often enjoy long term survival in transplant recipients that are
deficient in T-cells. Recently, the involvement of innate immune cells in the control
of transplant outcomes (rejection or acceptance) has been increasingly appreciated
[1-3]. In fact, transplants provide a perfect environment for the activation of innate
immune cells, as tissue damage is inevitable in transplantation due to ischemia—
reperfusion injury and surgical trauma. Such innate cells influence transplant out-
comes through a variety of mechanisms, which include modification of the T-cell
activation programs. In different transplant settings, innate immune cells are closely
involved in rejecting or protecting allotransplants, depending on the context and
tolerizing protocols used; they also contribute to a wide spectrum of graft injury
through diverse mechanisms. Thus, innate immune cells are important players in the
overall immune responses to organ transplants, and because of that, successful
induction of transplant survival or tolerance requires a detailed understanding of
such cells, so that they can be specifically targeted following transplantation.

7.1.1 Elements of the Innate Immunity

The innate immune system consists of diverse cell types (Fig. 7.1), molecular sensors,
cell surface activating and inhibitory receptors, as well as soluble mediators. The key
elements in the system are discussed below in detail.

7.1.1.1 Innate Molecular Sensors

Innate immune cells respond vigorously to pathogens and damaged tissue products,
and this is mediated by a complex array of molecular sensors initially called pattern
recognition receptors or PRRs. These molecular sensors recognize conserved
pathogen-associated molecular patterns (PAMPs) including proteins, lipids, nucleic
acids, and carbohydrates derived from foreign microorganisms; they also recognize
structures from damaged or stressed autologous cells known as damage-associated
molecular patterns (DAMPs) or alarmins, and examples of these structures include
high-mobility group box chromosomal protein 1 (HMGB1), heat shock proteins,
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Fig. 7.1 Key cellular components in the innate system. The innate system consists of diverse cell
types that form the first line of defense in the immune system. Together with the adaptive immune
cells, they protect the hosts from countless invading pathogens

peptidoglycan, heparin sulfate, glucose regulated protein, fibrinogen, hyaluronic
acid, and nucleotide fragments. Engagement of these innate sensors by corresponding
ligands drives the activation of immune and inflammatory genes, and the products
of them induce immune responses that function to limit invading pathogens or promote
tissue remodeling [4].

There are three major families of innate molecular sensors identified thus far—
Toll-like receptors or TLRs (29), NOD-like receptors (NLRs) [5], and RIG-like
receptors (RLRs) [6] (Fig. 7.2). The TLR family consists of at least 13 members,
and except TLR3, TLR7, TLR8, TLRY, which are intracellular structures anchored
on the endosomal membrane, the rest are cell surface receptors, consisting of an
extracellular domain, a transmembrane domain, and an intracellular domain. The
extracellular domain contains multiple leucine-rich repeat motifs (LRRs) that are
responsible for ligand binding; the intracellular domain transduces activation sig-
nals through either the MyD88-dependent pathway, which activates the NF-kB or
the TRIF-dependent pathway, which stimulates Type I interferons [7]. In contrast to
the membrane-anchored TLRs, NLRs are cytoplasmic proteins, consisting of multiple
functional domains that are involved in ligand binding, oligomerization, and signal
transduction. There are at least 23 members in the NLR family, but NOD1, NOD?2,
NALPI1-3 and Ipaf are the best studied ones so far. NOD1 and NOD2 activate
NF-kB, with subsequent induction of potent inflammatory cytokines, including
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Fig. 7.2 Innate sensors and their signaling pathways. The innate sensors are broadly divided into
three families, which include transmembrane receptors and intracellular ones. They respond to
pathogen products and endogenous ligands from damaged cells with certain degree of specificities.
Collectively, these innate sensors provide an extraordinary early warning system to detect and
respond “danger signals”

IL-1p and IL-18. Furthermore, NALP1-3 and Ipaf form inflammasomes which acti-
vate caspase 1, resulting in processing and production of active IL-1p and IL-18 [5].
RLRs are an interesting family of innate sensors; they are also cytoplasmic proteins
akin to NLRs. Similar to intracellular TLRs (TLR3, TLR7, TLRS8, and TLR9), RLRs
stimulate NF-kB activation and Type I interferon production. However, RLRs rec-
ognize viral nucleic acids in the cytoplasm, whereas intracellular TLRs recognize
viral products in the endosomal compartments [6]. In addition, RLRs are widely
expressed in innate immune cells and rapidly upregulated in response to Type I
interferons. Together, these families of sensor molecules provide an extraordinary
early warning system against pathogens and tissue injuries.

The innate molecular sensors possess multiple interesting features. TLRs, NLRs,
and RLRs respond to pathogens with a certain degree of specificity. TLRs recognize
extracellular and intracellular pathogens, and individual TLRs respond to different
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Fig. 7.3 The principle in activation of innate cells. Steps in activation of innate immune cells
involve “dangers,” which can be intrinsic or extrinsic; these danger signals are picked up by sensor
molecules either on the surface of innate immune cells or inside the cells. The outcome of such
response is the production of activated or armed innate cells to execute effector functions

molecular entities. On the other hand, NLRs sense intracellular bacteria-derived
products, whereas RLRs detect intracellular viral nucleic acids. They also cooperate
with each other as a flexible network to ensure elimination of invading pathogens
while avoiding harmful immunopathology. The enhanced function between of PRRs
could be exemplified by the interplay of NOD1-2 and NALP1-3 in the generation of
active IL-1 and IL-18. After LPS stimulation, NLRC3 expression is diminished,
thus attenuating TLR signaling due to a negative feedback regulation [8]. Stimulation
of these receptors results in the activation of innate immune cells, production of
potent pro-inflammatory cytokines, maturation of DCs, and initiation of adaptive
immunity (Fig. 7.3). Clearly, the innate molecular sensors play a critical role linking
the innate and adaptive responses.

7.1.1.2 Complement

Complement consists of numerous serum proteins (C1 to C9), which are produced
primarily in the liver. But recent studies indicate that other tissues and cells also
produce complement components in situ. In essence, complement requires activation
to exert its functions and complement activation is tightly regulated by both positive
and negative regulators [9].

There are three pathways whereby complement activation is initiated- the classical
pathway, the alternative pathway, and the lectin pathway (Fig. 7.4). The classical
pathway is triggered by antigen-antibody complexes, which activate C1 (made up of
Clq, Clr, and C1s components). A conformational change in C1q leads to cleavage of
Cls, which activates C2 and C4. When C4a and C4b fragments are produced, a sulf-
hydryl group on C4b is targeted for inactivation by factor I. The resultant product C4b
complexes with C2a to form C3-convertase, which cleaves C3 into C3a and C3b. C3b
then binds to the C4b/C2a complex to form C5-convertase. This cleaves C5 into C5a
and C5b, with C5b initiating the formation of membrane-attacking complex (MAC)
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Fig. 7.4 Pathways of complement activation. There are three pathways to trigger complement
activation—the classical pathway, which is initiated by antigen—antibody complexes, the alterna-
tive pathway, and the lectin pathway. All pathways converge on the activation of C3 convertase,
and end with the formation of the membrane attack complex (MAC), which mediates cell lysis by
breaking down cell membrane

consisting of C5b to C9. MAC then mediates lysis of target cells by disrupting cell
membrane. In transplant settings, complement activation can be induced by organ
ischemia during transplantation surgery, as well as by antibody binding graft alloantigens
during acute and chronic rejection [10].

All three pathways converge at the production of C3 convertase, which promotes
the formation of MAC and the generation of soluble complement fragments C3a
and C5a that serve as powerful chemoattractants and opsonins for activation of
other innate immune cells. The classical pathway of complement activation is a
primary effector mechanism in antibody-mediated vascular injury. However, in
other inflammatory responses including ischemia-reperfusion injury, complement
products can additionally function as a “danger signal” and aid in T cell priming by
acting as chemoattractants. Complement activation can be inhibited by multiple
regulatory proteins. Membrane cofactor protein (CD46) and Decay accelerating
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factor (DAF, also known as CD55) are cell surface molecule expressed on endothe-
lial cells, accelerates the decay of C3 convertases, thus preventing the amplification
of complement cascade and formation of the downstream membrane attack complex

[11]. Upon complement deposition, endothelial cells may upregulate CD59, increasing
the resistance of the cells to MAC formation [12]. Also, C4-binding protein is a
soluble regulatory protein that inactivates C4b and thus the classical pathway
convertase [13]. CR1 (CD35) and factor H can also affect the degree of complement
activation [14, 15]. Because of their regulatory properties, such inhibitory proteins
have been targeted in preventing complement-mediated graft injury, including
ischemia—reperfusion injury, which is discussed below.

Besides target cell lysis, chemoattraction, and innate cell activation, complement
has other roles, such as costimulation of T cell activation [16, 17], reduction of
induced-Treg (iTreg) generation [18], and maturation of DCs [19]. T cells and DCs
can produce complement components and also express receptors for C3a and C5a.
Both cell types employ the complement pathway to optimally function. In this setting,
complement produced in situ, rather than systemic complement, is critically involved
[20]. Similarly, graft-derived complement, not systemic ones, has been shown to con-
tribute to graft injury following transplantation [21].

7.1.1.3 Innate Immune Cells
Natural Killer Cells

Natural killer (NK) cells are well represented in the blood, spleen, lymph nodes, and
other lymphoid tissues; they also reside in non-lymphoid sites in large numbers,
especially in the liver and the lungs [22]. NK cells are a major cell type in the innate
immune system and represent the third largest lymphocyte population (5-15 %) in
the blood (besides T cells and B cells). NK cells are present at inflammatory sites
where they interact with other innate and adaptive immune cells.

Mature NK cells exhibit potent cytolytic activities; they readily kill target cells
without prior antigen priming, which contrasts sharply to adaptive T cells. Target cell
killing is mediated primarily by the release of perforin and granzymes, which are
tightly packed inside NK cells as large preformed granules, and target cell recognition
by NK cells triggers rapid degranulation and target cell apoptosis. NK cells also
produce copious amounts cytokines upon stimulation, and such cytokines include both
pro-inflammatory (e.g., [IFN-y, TNF-a) and anti-inflammatory cytokines (e.g., IL-10,
TGF-), thus exerting diverse impacts on the nature of the immune response.

NK cells express a multiplicity of cell surface receptors, and these receptors
collectively control development, education, self tolerance, as well as effector
functions of NK cells [23, 24]. From a functional standpoint, NK receptors are
divided into activating receptors and inhibitory receptors (Fig. 7.5). The activating
receptors include natural cytotoxicity receptors or NCR (NKp46, NKp44, and
NKp30), c-type lectin-like Ly49 receptors in the mouse (e.g., Ly49H, Ly49D) and
Killer Immunoglobulin-like Receptors (KIR) in humans, and NKG2 family recep-
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Fig. 7.5 NK cells express complex activating and inhibitory receptors. The NK receptors can be
divided into activating receptors and inhibitory receptors. The ligands for the inhibitory receptors
are self-MHC class I molecules, and those for the activating receptors include pathogens, some
MHC molecules, and induced surface molecules on stressed or damaged cells. Signals from both
activating and inhibitory receptors collectively control the functional status of NK cells

tors (NKG2C, NKG2D). Certain NK subsets also express CD16 and CD27 that
function as activating receptors. In mice, the inhibitory NK receptors belong to the
Ly49 family (e.g., Ly49C, Ly49G, Ly491), whereas human NK cells express inhibi-
tory receptors of the KIR family, which include KIR2DL1, KIR2DL2, KIR2DL3,
KIR3DLI1, and KIR3DL2. In both humans and mice, NK cells also express the
heterodimeric inhibitory receptor NKG2A-CD94. With few exceptions, most NK
activating receptors lack signaling motifs in their cytoplasmic domains. Instead,
they recruit adaptor molecules DAP10, DAP12, CD3g, or FceRlIy to transduce acti-
vating signals. In contrast, the inhibitory NK receptors directly signal through the
immunoreceptor-based tyrosine inhibitory motifs (ITIM) in their cytoplasmic tails.
As can be envisioned, the ligands for such NK receptors are extremely diverse,
which include pathogens, polymorphic MHC class I molecules or class I-related
molecules, de novo induced molecules on damaged or stressed cells.

The NK inhibitory receptors attracted most attentions initially. As mentioned
above, the ligands for such inhibitory receptors are self MHC class I molecules, and
engagement of NK inhibitory receptors by self MHC class I prevent self destruction
and ensures self tolerance of NK cells. During NK development, those that have
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their inhibitory receptors engaged are selected to undergo further maturation and
become functionally competent killers against nonself targets. This feature is
developmentally acquired and often called “NK education” or “NK licensing” [25].
As most mature NK cells in the periphery express at least one inhibitory receptor,
and therefore they are fully licensed; the more inhibitory receptors individual NK
cells express, the greater the killing activities toward target cells. Those that fail to
express inhibitory receptors are render anergic or incompetent (unlicensed NK
cells). Hence, upon encountering target cells that are missing or downregulated self
MHC class I molecules, NK cells will unleash their potent killing activities. This
also applies to MHC class I mismatched target cells in transplantation (both bone
marrow and solid organ transplants) [26, 27], and NK-mediated killing in this set-
ting is called “missing self recognition™ [28]. However, damaged and stressed cells
often express multiple ligands for NK activating receptors in addition to self MHC
class I, and therefore, are often killed by NK cells, a process also called “induced
self recognition.” It is now widely accepted that integration of signals from both
activating and inhibitory receptors determines NK cells actions. Thus, if multiple
activating receptors are engaged, such activating receptors can override the inhibitory
signals to initiate NK mediated killing of target cells.

In essence, NK cells are controlled by a hierarchy of stimulatory and inhibitory
signals, with predominance of inhibitory signals under physiological conditions.
There is evidence that under conditions of viral infection, NK cells that do not
express inhibitory receptors (unlicensed NK cells) respond much better than those
that express the inhibitory receptors. Also, NK licensing is a dynamic and continuous
process in such a way that mature NK cells can be re-educated [29]. Additionally,
different regulatory mechanisms may operate in the control of cytokine production
by NK cells. The diversity and plasticity of NK cells suggest that their roles in
immune responses are complex.

Monocytes and Macrophages

Monocytes and macrophages are mononuclear phagocytes in the myeloid lineage.
Monocytes are developed from bone marrow myeloid precursor cells, reside in the
blood, and upon inflammatory triggering, they rapidly infiltrate inflammatory sites
where they mature into macrophages [30]. In some organs, macrophages acquire
additional tissue specific features and become integral cellular component of the
organ, such as Kupffer’s cells in the liver and glia cells in the brain. In humans,
monocytes constitute 5—10 % of the peripheral circulating leukocytes in the blood.
Although monocytes and macrophages are closely related, they can be distinguished
by different surface markers. For example, monocytes are CD11b"e" and F4/80-,
they express low levels of MHC class II and CD80, CD86, CD40 costimulatory
molecules. In contrast, macrophages are CD11b"e" and F4/80*, and also have high
levels of surface MHC class II, CD80, CD86, and CD40 molecules. Besides dif-
ferentiating to macrophages at inflammatory sites, monocytes also differentiate into
myeloid DCs in situ in selected models. Additionally, CD14*CD16~ monocytes are
highly efficient at phagocytosis, can produce high levels of inflammatory cytokines,
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whereas CD14°*CD16* monocytes express MHC class I molecules and are highly
efficient at antigen presentation [30]. Furthermore, recent studies using intravital
microscopy to directly examine blood monocytes in vivo revealed additional com-
plexity. For instance, Ly6C GR1" monocytes patrol the vessel walls, and after
extravasation differentiate into Type II macrophages (see below), whereas
Ly6C*GR1* monocytes differentiate into dendritic cell-like cells or generate an
Type I macrophages [31].

Macrophages are a major cellular infiltrate at inflammatory sites with considerable
diversity and plasticity; they primarily function as APCs and inflammatory cells
[32]. Macrophages efficiently phagocytose foreign entities and then present the
antigenic epitopes to T cells to initiate the adaptive immunity; they also produce as
well as respond to a wide array of inflammatory cytokines, which further amplify
their phagocytosis and APC functions. Similar to DCs, macrophages also consist of
multiple phenotypic and functionally different subsets. The cytokine milieu in
which macrophages are stimulated plays a decisive role in the polarization of mac-
rophages. Activation of TLRs and/or Th1 type of immunity often polarizes macro-
phages to M1 cells (also called classically activated macrophages), which are potent
producers of nitric oxide and pro-inflammatory cytokines that mediate acute inflam-
mation and cellular toxicity. On the other hand, presence of IL-4 and IL-13 or acti-
vation of Th2 cells usually skews macrophage to M2 cells or alternatively activated
macrophages that are involved in immune regulation, wound healing, as well as in
tissue repair and regeneration. In fact, M1 and M2 cells most likely represent the
extreme ends of a wide spectrum where multiple other subsets exist, especially
under in vivo settings. However, the M1/M2 paradigm does highlight the dynamic
nature of macrophages and the importance of environmental cues in dictating mac-
rophage functions [33].

Under certain conditions some macrophages can become potent inducers of
Foxp3* Tregs, most likely via the expression of PD-L1, which indirectly contribute
to immune regulation [34, 35], while others contribute to immune regulation and
tolerance by differentiating into myeloid-derived suppressor cells (MDSC), a cell
type with potent immunosuppressive properties [36]. Finally, there is emerging evi-
dence that macrophages can be alloreactive and respond directly to allo [37] or
xenoantigens [38], although the exact molecular basis for such alloreactivity remains
to be defined.

Dendritic Cells

Dendritic cells (DCs) are an important cell type in the innate immune system, repre-
senting ~1 % of total PBMC:s; they are rare compared to other cell types, but they are
widely distributed in the body. DCs are identified morphologically by having long
dendrites projecting from the body of the cells. Dendritic cells are developed from
bone-marrow precursors, and based on anatomic locations, surface markers, and mat-
uration status, they can be divided into various subsets [39, 40]. DCs in the lymphoid
tissues are called lymphoid tissue resident DCs and those in other sites are often
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termed interstitial DCs. Phenotypically, DCs express the {3 integrin CD11c, and in
combination with other surface markers, they can be further divided into myeloid DCs
(CD11c*CD11b*CD205), Iymphoid DCs (CD11c¢*CD11b-CD205%), and plasmacytoid
DCs (CD11c*B220"PDCAY). Thus, DCs, though highly specialized, are extremely
heterogeneous, and different DC subsets perform different functions in vivo. Earlier
studies indicate that various DC subsets reside in different locations in the lymphoid
tissues and exhibit striking difference in their expression of chemokines, chemokine
receptors, and homing receptors. They also secrete different cytokines upon activation,
which subsequently create different cytokine milieu for the differentiation of adaptive
T cells. For example, plasmacytoid DCs produce copious amount of type I interferons
whereas myeloid DCs secret high levels of IL-12 upon activation.

DC:s represent the first line of defense through uptake, process, and present foreign
antigens to adaptive immune cells. However, DCs are very dynamic; their pheno-
types and functions can be profoundly modulated by a variety of mechanisms. They
express an incredibly complex array of Toll-like Receptors (see below) that allow
them to respond to microbial products or endogenous tissue products collectively
called “danger signals”; they are capable of producing and also responding to a pleth-
ora of inflammatory cytokines. These responses often result in further proliferation
and maturation of DCs, as reflected by the heightened expression of MHC molecules
and T cell costimulatory molecules on the cell surface (e.g., CD80, CD86, CD40, and
0X40 ligand). During this process, DCs are often transformed into potent antigen-
presenting cells (APCs) that are highly efficient in the activation of adaptive immune
cells. Thus, depending on the presence or absence of “danger signals,” DCs can
remain in a state of resting cells or become fully activated, and there is evidence that
resting and activated DCs may perform different functions in vivo. While activated
DC:s are potent triggers of immune activation, resting DCs that expresses low levels
of MHC II and low levels of costimulatory molecules, are likely required for immune
tolerance by engaging T cell anergy and supporting regulatory cells [41, 42]. The
recent demonstration that genetic ablation of DCs in naive mice results in widespread
autoimmune diseases suggests that DCs are essential not only for robust immunity
but also for tolerance and immune homeostasis [43]. Thus, DCs provide an essential
link between the innate and adaptive immune systems; they are also well positioned
at the interface between immunity and immune tolerance.

Other Innate Cells

Neutrophils are generated from bone marrow and function as inflammatory cells in
infection. Besides, neutrophils participate in the transplant-mediated ischemia—
reperfusion injury. Upon activation, neutrophils can infiltrate to the damaged tissue
within minutes and further exacerbate tissue damage through release of ROS, pro-
teinases, and cationic peptides [44]. Tissue damage can be further exacerbated
through neutrophils occlusion in capillaries, which prevents reperfusion [45]. In
fact, attenuating neutrophil-mediated tissue damage during reperfusion significantly
postpones T-cell infiltration and improves cardiac allografts survival [46].
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Mast cells are regarded as cells in allergic responses and parasite infection immu-
nity. Increasing evidence suggests that mast cells exhibit diverse phenotypes and
constantly adjust themselves to microenvironment cues; they also interact with adaptive
immune cells in transplantation. In humans, mast cells that express HLA-DR molecules
present peptide antigens to antigen specific CD4* T cells, resulting in CD4* T cell
activation [47]. As a consequence, the interplay between mast cells and CD4* T cells
favors the upregulation of HLA-DR on mast cells in return. Aside from its role as
antigen presenting cells to activate T helper cells, mast cells interact with Treg cells,
highlighting a role for mast cells as regulators of tolerance. It has been documented
that mast cell degranulation lead to a loss of Treg-cell mediated skin allograft toler-
ance, while the presence of Tregs hampers mast cell degranulation [48]. Moreover,
transplant tolerance was restored after transferring mast cells into mast cell-deficient
mice that graft would otherwise be easily rejected [49].

Innate lymphoid cells (ILCs) are lymphocytes lacking rearranged antigen-
specific receptors and lineage markers that define conventional T and B cells. Based
on the key transcription factors and cytokines they secrete, ILCs are divided into
group 1, group 2, and group 3 innate lymphocytes (e.g., ILC1, ILC2 and ILC3).
ILC1 express the transcription factor T-bet and produce type 1 cytokines such as
IFN-y and TNF-a. ILC2, similarly to Th2 cells, depend on GATA-3 and produce
type 2 cytokines like IL-5, IL-13, and amphiregulin. ILC3 are characterized by
RORyt expression and IL-17 and IL-22 secretion. ILCs played an important role in
maintaining immune homeostasis at mucosal surface in the gastrointestinal tract. A
significant number of ILC1 and ILC3 cells are present in human intestinal allografts
and regulate the balance between rejection and tolerance [50]. Similarly, IL-22 pro-
ducing ILC3 cells, which promote tissue repair, tissue homeostasis, and immunity
to extracellular bacteria, can also attenuate GVHD [51].

Natural killer T (NKT) cells are CD1d-restricted cells; they belong to a subset of
T lymphocytes that express an invariant T cell receptor as well as NK cell markers.
NKT cells play an important role in bridging innate immunity and adaptive immunity
[52]. Previous data indicated that NKT cells are required in maintaining transplant
tolerance. In an islet xenograft tolerance model induced by using anti-CD4 mAbs, as
well as a cardiac transplant tolerance model using costimulation blockade therapy,
tolerance to grafts failed to establish when recipient mice were deficient in NKT cells,
but could be restored by adoptive transfer of NKT cells to host mice [53, 54].

7.1.2 Responses of Innate Cells to Transplants

The innate immune cells use different mechanisms to respond to transplants, and
such responses include ischemia—reperfusion injury, acute rejection and chronic
rejection, and eventually transplant tolerance. Overall, innate cells are key contribu-
tors to rejection, but they are also key regulators of transplant tolerance.
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7.1.2.1 Ischemia-Reperfusion Injury

Surgical trauma, graft preservation, ischemia, and reperfusion are integral parts of
organ transplantation, which inevitably results in tissue injury. The imbalance of
metabolic supply and demand during ischemia also creates an intense intragraft
hypoxia and vascular dysfunction, leading to further graft damage. Damaged or
stressed graft constituents first mobilize the innate immune cells via a variety of
pathways that lead to tissue inflammation, production of reactive oxygen species
(ROS) and pro-inflammatory cytokines, APC activation, and ultimately, greater risk
of graft loss. This process involves virtually all innate immune cells, molecular sensors
and pathways.

Graft IRI triggers rapid influx of monocytes, macrophages, neutrophils, NK cells
as well as certain memory T cells into the grafts; IRI also mobilizes graft interstitial
DCs and migration of host DCs. This massive cellular infiltration, probably in
response to potent inflammatory cytokines, chemokines, and complement products,
creates an ideal ground for collaboration, activation, and amplification of cellular
responses. In this context, key processes include (1) stimulation of TLRs by DAMPs
from damaged cells, (2) production of additional inflammatory, cytotoxic cytokines
and ROS by activated innate cells, (3) maturation of APCs capable of inducing adap-
tive responses, and (4) induction of stress markers on otherwise healthy cells, which
are recognized by NK cells and trigger NK-mediated killing. All of these responses
are extensively studied in preclinical models, and certain pathways are becoming
attractive therapeutic targets for further clinical development. For example, dam-
aged cells release a large amount of the nuclear protein HMGB1, which engages
TLR2, TLR4, or RAGE to activate innate immune cells. Thus, mice lacking TLR4,
MyD88, and/or TRIF were protected from IRI [55]. Similarly, in liver IRI and myo-
cardial infarction models, the degree of tissue damage was markedly reduced in
TLR4 deficient mice [56, 57]. At a cellular level, depletion of macrophages with
liposomal clodronate or inhibiting their trafficking to the graft ameliorates tissue
damage. Furthermore, in models of renal IRI, depletion of kidney DCs in CD11c-
DTR reporter mice with diphtheria toxin protected against tubular cell necrosis,
leading to less renal dysfunction [58]. Additionally, NK cells readily kill renal tubu-
lar epithelial cells through recognition of an induced molecule Rae-1 after ischemia—
reperfusion, and NK deficiency or antibody-mediated NK depletion protected
against kidney IR injury [59]. Moreover, inflammatory macrophages played an
important role in IRI injury [60]. On the other hand, alternatively activated
macrophages may contribute to tissue repair after the injury [61]. These findings
provide solid evidence on the importance of innate immune system in graft IRL.

Complement also contributes to ischemia—reperfusion injury, and seminal studies
using cobra venom factor to inhibit complement demonstrated mitigation of IRI
[62]. Other studies have since shown the importance of various complement com-
ponents in IRI [63]. For instance, complement receptor 1, complement receptor-
related gene Y, C1 esterase, C3 [64], CS5 [65], factor B, and decay-accelerating factor
(DAF) [11, 66] have all been implicated in IRI in various animal models. Indeed,
treatment of mice with DAF, which inhibits C3 convertase, prior to reperfusion pro-
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tects them from IR injury [67]. This protective effect was due to the decrease in
complement activation and pro-inflammatory cytokine release. While, serum com-
plement derived from the liver is responsible for antibody-initiated mediated injury,
it appears that the graft-derived complement also contributes to IRI [21, 68]. It has
been shown that transplant recipients with normal serum complement levels show
prolonged graft survival when transplanted with C3 deficient kidneys. Additionally,
transplant of these grafts into syngeneic recipients prevented IR injury [69]. Further
proof of the importance of local complement to tissue injury came from studies
where over-expression of a complement regulatory protein DAF on graft endothe-
lium reduced the extent of IRI following transplantation [70].

7.1.2.2 Acute Transplant Rejection

In most cases, innate immune cells do not directly mediate acute and complete
allograft rejection by themselves. However, they are involved in the control of
adaptive T cell programs, thus indirectly affecting the nature of the rejection
response. This aspect of the innate immune system plays important roles in transplant
outcomes and has being increasingly appreciated.

The transplanted grafts provide an ideal environment for the innate immune
cells. The “danger signals” generated by IRI stimulate the production of potent pro-
inflammatory cytokines, such as IL-1, IL-6, TNF-a, and chemokines (e.g., MIP-1a,
MIP-1pB, MCP-1, IP-10, and Rantes), which mobilize graft interstitial DCs and also
mediate rapid influx of host monocytes, macrophages, neutrophils, host DCs as well
as adaptive T cells and B cells. Apart from danger signals, monocytes can also rec-
ognize allogeneic nonself, inducing Th1 immunity and eventually to graft rejection
[71]. The innate cells infiltrating the grafts produce additional inflammatory cyto-
kines and chemokines upon activation, further amplifying the inflammatory milieu
in the graft. This rich inflammatory milieu drives proliferation and maturation of
APCs, which includes upregulation of MHC class I and class IT molecules on the
cell surface and induction of costimulatory molecules (CD80, CD86, CD40,
OX40L, etc.). Matured APCs effectively engage T cells and B cells to initiate the
rejection response [72]. Thus, innate immune cells have to partner with adaptive T
cells and B cells to mediate acute rejection. In other words, adaptive immune cells
require activated and mature APCs to present alloantigens to trigger their activation.
This interdependence in graft rejection was shown in some preclinical animal
models. In a minor alloantigen mismatched mouse model (male into female skin
transplantation), genetic deficiency for the adaptor molecule MyD88, which pre-
vents TLR signaling, and therefore maturation of APCs, led to indefinite skin graft
survival [73]. In a more stringent setting, deficiency of both MyD88 and TRIF pro-
longed the survival of MHC mismatched allografts [74]. These findings also high-
light the importance of innate sensors in APC maturation and allograft rejection.

During acute rejection, there is reciprocal migration of APCs, especially DCs.
Host DCs can infiltrate the transplanted graft and graft DCs can home to the host’s
draining lymph nodes. The relative importance of these pathways in transplantation
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is a matter of continuing debates, but either pathway can trigger acute rejection.
Although donor DCs and host DCs present alloantigens differently to T cells, the
same mechanisms (e.g., innate sensors, pro-inflammatory cytokines) are involved
in driving their activation and maturation, which allow them to optimally engage T
cells. Some innate immune cells such as macrophages and NK cells, once acquiring
effector functions, contribute significantly to the destruction phase of an acute
rejection response. Macrophages have long been identified in allograft biopsies of
human kidney transplants and in animal models; they may account for 40—60 % of
infiltrating leukocytes [75] as detected by immunohistochemical staining for CD68,
an intracellular lysozyme-associated glycoprotein used most commonly to detect
human macrophages. There are also observations that macrophage infiltration is
also seen with acute vascular rejection with endothelialitis or intimal arteritis [76].
As viewed from animal models of acute rejection where macrophage depletion or
antagonism [77-79] was explored, it is clear that these cells are critical components
of the acute response against the allograft. This is also supported by clinical studies.
In T-cell depleted patients (with alemtuzumab), renal transplant recipients still
experience acute graft rejection, which is often associated with massive infiltration
of monocytes [80]. Recent data indicated that infiltrated macrophage during acute
rejection exhibits a pro-inflammatory phenotype [81]. Similarly, eosinophil-driven
acute rejection has been observed in intestinal transplantation using alemtuzumab
or thymoglobulin [82]. Along the same line, NK cells also contribute to acute rejec-
tion. For example, in CD28KO mice, antibody-mediated blockade of NKG2D, an
NK-cell activating receptor, significantly prolongs cardiac graft survival [83], sug-
gesting that NK cells facilitate rejection [84]. Additionally, if NK cells are activated
by IL-15, they themselves are capable of mediating acute rejection in the absence
of T or B lymphocytes [85]. Moreover, NK cells constantly interact with other cells.
NK cells can augment mature DC function through the production of TNF-a or
eliminating immature DCs through cytolytic activities [84]. NK cells can also pro-
mote Thl cell differentiation through secreting IFN-y or killing Tregs to boost
adaptive immunity [86].

Among the innate molecules, complement has a unique role in allograft rejection.
In transplant models where complement activation is induced, graft destruction is
incredibly fast; can be within hours, and always irreversible. Graft rejection in this
setting often involves vascular endothelial damage, blood coagulation, and activa-
tion innate cells without the participation of adaptive T cells. The best example is
humoral rejection or acute antibody-mediated rejection (AMR) triggered by anti-
donor alloantibodies [87]. The anti-donor antibodies (mostly against donor HLA
molecules, ABO antigens, and endothelial antigens) form immune complexes with
donor antigens in the grafts, activate complement cascade via the classical pathway.
This process is robust, initiated by the activation of C1 and resulted in formation of
MAC (C5b-C9 complex), generation of chemoattractants C3a and C5a, and conse-
quently massive cell death, intragraft inflammation, and extensive blood coagula-
tion in the grafts. Activation of complement can further amplify the humoral immune
response to foreign antigens, creating a positive feedforward loop [88]. In addition,
recent studies indicate that T cells and APCs themselves produce complement com-



140 Y. Zhao et al.

ponents, and also express receptors for selected complement elements (e.g., recep-
tors for C3a and C5a). Thus, they can employ the locally produced complement to
optimally function, through effects on maturation of APCs and costimulation of T
cell activation upon alloantigen stimulation [68, 89]. Furthermore, the engagement
of C3aR and C5aR on APCs induces the release of innate cytokines (IL-12, IL-23)
and upregulates costimulatory molecules, again amplifying the T effector response
[17, 20]. This provides another example on how innate molecules enhance adaptive
immune response in the transplant settings. The role of complement in alloreactive
T-cell immunity and IR injury explains, at least in part, the fact that murine kidney
allografts deficient in C3 exhibit long-term survival [21], whereas those deficient in
DAF have worse outcomes [90].

7.1.2.3 Chronic Transplant Rejection

One outstanding feature is that chronic allograft rejection mainly affects the graft
vasculature [91, 92]. Morphologically, chronic rejection is characterized by concen-
tric neointimal proliferation and eventual occlusion of blood vessels, and this lesion
affects vessels of all sizes in the graft. Also, extensive graft interstitial fibrosis is
frequently accompanied with vasculature changes. These features are unique to
transplants, and therefore also called transplant vasculopathy. In contrast to acute
rejection, chronic rejection takes much longer to develop and often requires years
following transplantation in patients. This has become a major cause of graft loss
impeding long-term transplant success in the clinic. The exact mechanisms of
chronic rejection remain elusive, but the current belief is that chronic rejection is
perhaps a manifestation of graft injury and remodeling over a long period of time in
which both immune and nonimmune pathways are critically involved. Importantly,
current studies suggest the importance of innate immune mechanisms in the patho-
genesis of chronic transplant rejection.

There are distinct features in chronic rejection. In contrast to acute rejection,
innate immune cells, mostly monocytes and macrophages, dominate the cellular
infiltrates in the lesions, and alloantibodies and complement depositions are also
frequently detected. Furthermore, molecular profiling studies often demonstrate
ongoing tissue inflammation in chronic lesions, as shown by the heightened expres-
sion of multiple inflammatory cytokines. Thus, it is conceivable that tissue damages
driven by innate cells, pathways, and innate molecular sensors may contribute
significantly to the development of transplant vasculopathy.

It has been shown that TLR signals are strongly associated with the development
of atherosclerosis, which is a hallmark of chronic allograft vasculopathy [93, 94].
Recently, TLR2, TLR4 and the adaptor proteins MyD88 and TRIF have all been
found to be key mediators of chronic rejection in a fully mismatched mouse kidney
transplant model [95]. Additionally, in heart transplant patients with evidence of
allograft endothelial dysfunction, TLR4 expression and secretion of IL-12 and TNF,
which are downstream targets of TLR signaling, were found to be at higher levels
than in heart recipients without endothelial dysfunction [96], suggesting the involve-
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ment of innate sensors in cellular activation. At a cellular level, macrophages infil-
trate heart allografts and contribute to transplant vasculopathy in an animal model
of chronic rejection [97]. In this model, partial depletion of macrophages using
carrageenan reduced the severity of chronic vasculopathy. This was independent of
phagocytosis, as treatment with gadolinium, which inhibits phagocytosis, had no
effect on the severity of the disease. In another study, targeting macrophage func-
tion using an adenoviral strategy ameliorated the histological features of allograft
dysfunction in a rat model of interstitial fibrosis and tubular atrophy (IF/TA) [98].
Mechanistically, monocytes/macrophages, by infiltrating the damaged allograft
parenchyma under the influence of chemoattractants, secrete growth factors and
pro-fibrotic cytokines such TGF-p and IL-13 [99]. They can also directly differentiate
into fibrocytes [100], thus promoting synthesis of extracellular matrix proteins, and
stimulating transition of tubular epithelial cells into fibroblasts [99]. In human
transplant recipients, presence of macrophages in early biopsy specimens is predic-
tive of IF/TA development [101, 102]. Among macrophage subsets, many reports
highlight the role of M2 cells in chronic graft loss. A strong association between the
degree of M2 phenotype and fibrosis in chronic kidney rejection patients has been
reported [103]. For instance, Kaul et al. reported that macrophages with M2 features
infiltrated the graft during chronic rejection [81]. Additionally, upregulation of
CD163* M2 macrophages by steroids and CNI correlated with increased pro-fibrotic
cytokines and accelerating rejection [104].

The presence of circulating alloantibodies against HLA, MICA, autoantigens,
and endothelial antigens increases the risk of long-term graft loss [105, 106]. The
effector response initiated by alloantibodies in graft damage involves primarily
innate pathways. Of central importance is the activation of complement. Indeed, in
kidney transplantation in humans, the glomerulopathy and arteriopathy seen in
chronic rejection are closely associated with C4d deposition in the graft, supporting
a role of complement activation in chronic graft injury [87]. In animal models, C6
deficiency, which affects the formation of the terminal membrane attack complex of
the complement cascade, reduces the severity and onset of graft arteriosclerosis
[107]. Recent data also demonstrate the importance of locally derived complement
(rather than systemic complement) in chronic kidney graft injury. For example, C3
deficient kidney transplants are resistant to adriamycin-induced tubular damage
when transplanted into wild type recipients [108]. In C3a receptor deficient mice,
adriamycin induced less kidney injury with lower expression of interstitial type 1
collagen and a-smooth muscle actin. Injury by graft-derived complement is also
thought to impact long-term graft outcome in humans.

There are circumstances where alloantibody-induced chronic allograft rejection
can still arise independent of complement, and a recent study identified NK cells as
key effector cells in driving chronic graft damage [109]. In a mouse model of heart
transplantation in which graft recipients are deficient for T cells and B cells (e.g.,
Rag-deficient mice), infusion of donor alloantibodies into transplant recipients
induced prominent allograft vasculopathy. Similar findings were observed using
either non-complement fixing alloantibodies or recipient mice deficient in comple-
ment activation. This suggests that antibody-mediated transplant vasculopathy can
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still occur via a complement-independent pathway. In fact, there are observations in
the clinic that some kidney transplant patients develop arteriopathy or glomerulopathy
in the absence of C4d deposition is the grafts [110], again supporting a complement
independent mechanism of chronic rejection. Interestingly, NK cells are identified as
key mediators in transplant vasculopathy independent of complement, as depletion of
NK cells or deficiency of NK cells in transplant recipients completely prevented the
incidence of chronic rejection induced by donor alloantibodies [109]. Another
observation is that in a cohort of MHC compatible kidney transplant patients, KIR
mismatches between donors and recipients, which generates alloreactive NK cells, are
associated with the worst graft outcomes, thus indirectly suggesting a role for NK
cells in clinical chronic graft loss [111]. Together, these findings call the attention on
innate immune cells and mechanisms in chronic allograft rejection [112].

7.1.2.4 Transplant Tolerance

Transplant tolerance is defined as a state in which cytopathic responses to the graft
are absent, while those to pathogens are well preserved. Importantly, this tolerant
state should be stably maintained without broad immunosuppression. For decades,
innate immune cells are thought to be effector cells, and therefore, associated with
rejection. Recent studies have revealed that such cells can also be required for trans-
plant tolerance [1].

A key requirement in transplant tolerance is the promotion of effector T cell
apoptosis, followed by expansion of regulatory cells [113]. Innate immune cells can
have significant impacts on both arms of the tolerant induction process. For exam-
ple, DCs are required not only for robust immunity but also for tolerance, as in vivo
deletion of CD1lc* DCs in naive mice breaks down tolerance and induces wide-
spread autoimmunity [43]. This revelation led to the characterization and applica-
tion of “tolerogenic DCs” in tolerance induction. In fact, DCs contribute to tolerance
in several different ways. Mature DCs can drive apoptotic deletion of cytopathic
effector T cells following a proliferation burst; subsets of DCs also mediate the
induction of Foxp3* Tregs or homeostasis of natural Tregs. Additionally, DCs, par-
ticularly CD8* DCs, are very efficient at phagocytosis of apoptotic cells, owing to
their expression of DEC205, Clec9A, CD36, Tim-1, and Tim-4 [114-116], and
clearance of apoptotic cells is a critical process for maintaining tolerance [117].
Also, phagocytosis of allogeneic apoptotic cells inhibits DC maturation, which
down-modulates their allostimulatory function, whilst promoting Treg cells [118].
Immature DCs induce T-cell anergy due to the engagement of TCR on T cells with-
out delivering costimulatory signals [119]. In addition, therapeutic manipulation of
DCs has also been exploited in transplantation. It has been reported that adoptive
transfer of “tolerogenic dendritic cells” can prolong allograft survival and induce
donor-specific transplant tolerance in small animal models [120]. Thus, “tolero-
genic DCs” as a cell therapy continues to hold promise in transplant tolerance.

Other innate cell types exhibit similar features in tolerance induction. In certain
settings, monocyte/macrophage can exert potent anti-inflammatory and immuno-
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suppressive effects that help maintain peripheral tolerance. For example, the alter-
natively activated M2 macrophages or regulatory macrophages (Mregs) are capable
of secreting anti-inflammatory cytokines, such as IL-10 and TGF-p that are involved
in tapering immune responses and resolution of graft inflammation [99]. In fact,
some studies demonstrate that adoptive transfer of Mregs can ameliorate the induc-
tion of experimental autoimmune encephalitis (a model of multiple sclerosis), and
prevent autoimmune colitis by inducing and expanding Foxp3* Tregs [35].
Additionally, adoptive transfer of donor-derived Mregs in a cohort of human kidney
transplant recipients allowed for significant reduction in the use of immunosuppressive
drugs [121]. A recent study suggests that a subpopulation of macrophages induced
by IL-34 is crucial in maintaining transplant tolerance, as depletion of the subset
breaks down tolerance leading to graft rejection [122]. Moreover, DC-SIGN* mac-
rophages inhibit CD8* T cell proliferation and expand CD4*FoxP3* Treg, thus
favoring transplant tolerance [123]. Similarly, NK cells also employ different mech-
anisms to promote transplant tolerance. NK cells, guided by “missing self recognition,”
can eliminate graft-derived allogeneic DCs, thus reducing T cell priming by the
direct pathway of antigen presentation [27]. Killing of donor cells by NK cells
favors the indirect antigen presentation, which is implicated in tolerance induction.
Also, some NK cells exhibit regulatory function through IL-10 dependent mecha-
nisms and contribute to tolerance by tipping the balance towards regulation [124].
Moreover, NK cells can interact with monocytes/macrophages and induce tolerance
in a NKG2D dependent manner [125].

The striking dichotomy of innate immune cells in transplant settings (rejection
versus tolerance) is most likely context dependent, representing opposite outcomes
of the immune response to allotransplants. In mice rendered tolerant by costimula-
tory blockade, administration of various TLR ligands induces allograft rejection
[126] by favoring Th1 differentiation and inhibiting Treg function [127]. In contrast,
blocking TLR signaling (e.g., MyD88 deficiency) promotes tolerance induction that
otherwise difficult to achieved [73, 128]. Along this line, NK cells can be tolero-
genic, and further NK maturation by IL-15 mediates rejection; M1 macrophages are
pro-inflammatory and M2 macrophages are immunosuppressive. Additionally, TLR
signaling mediates maturation of DCs and monocytes in rejection. As Tregs also
express certain TLRs, TLR stimulation can increase the suppressive properties of
Tregs, which facilitate tolerance. This context-dependent function of innate
pathways and context-dependent regulation of innate immune cells constitute a
major challenge in manipulating the immune responses to allotransplants.

7.1.3 Future Considerations

Innate immune cells are complex and incompletely understood, especially in the
context of transplant tolerance. Only recently do we realize the critical roles of
innate immune cells in affecting transplant outcomes. Innate immune cells are
involved in early allograft response, becoming activated following graft ischemia
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injury, and affect the entire spectrum of allograft responses, ranging from acute
rejection to the induction of tolerance. Importantly, depending on the models, con-
text, and tolerizing therapies, the same cell types can either promote rejection or
facilitate tolerance induction. Thus, targeting innate immune cells for transplant
tolerance is unlikely to be straightforward. Additionally, the dynamic interactions
between innate and adaptive immunity provide further challenges in the creation of
donor specific tolerance. It is likely that a combinatorial approach will be required
to target both the effector mechanisms of innate cells and their involvement in acti-
vation of the adaptive immunity to further improved transplant outcomes.

As current immunosuppression drugs primarily target adaptive immune cells,
development of new approaches targeting innate cells is warranted in transplant
models. Therapeutic approaches to suppress the innate arm of the immune system
should be directed toward: (1) inhibiting tissue injury by pro-inflammatory cytokines
during ischemia-reperfusion; (2) preventing APC activation by targeting TLR sig-
naling; (3) inhibiting complement activation; and (4) blocking innate effector mech-
anisms and influx of innate cells to the transplants. Since graft injury begins as early
as during donor brain death and organ harvesting, strategies targeting early activa-
tion of innate immunity should ideally begin in the donor, continuing during organ
procurement, and further in the recipients well after reperfusion. As described
above, the innate system continues to exert its effects on adaptive alloimmune
responses throughout the life of the graft. Thus, additional strategies must also be
employed to limit their long-term functions in a donor specific fashion.

A significant challenge is that the complex interactions amongst diverse subsets
of innate immune cells in vivo in transplant settings are poorly understood. Also, we
have a limited understanding of how such interactions affect the effector and the
regulatory programs of alloreactive T cells. This complexity presents both chal-
lenges and opportunities in transplant tolerance. There are several areas that deserve
immediate attention, which include mechanisms that regulate various aspects of
innate immune responses to allografts, how innate immune cells interact with each
other and then interact with T effector cells or vice versa; the impact of innate
immunity on induction and stability of immune regulatory cells. These are impor-
tant but less studied areas, but the potential impact on developing better tolerizing
strategies and new diagnostic and prognostic biomarkers will be significant.
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Chapter 8
Inflammatory Cytokine Response to Titanium
Surface Chemistry and Topography

Stephen M. Hamlet and Saso Ivanovski

Abstract Titanium continues to be one of the most widely utilized biomaterials for
use in prosthetic devices to provide anchorage into bone. In particular, titanium
implants have found widespread usage in dentistry for the purpose of anchoring
dental prostheses providing a superior solution over conventional prostheses for the
replacement of lost teeth. A major part of this success stems from its strength and
favorable weight, but most importantly its outstanding biocompatibility. Research
continues however on processes that can be applied to enhance and improve the
clinical utility of titanium. Of the many strategies employed, surface modification to
manipulate surface chemistry and topography has proven to be most effective.
Recent evidence suggests that part of the success of these titanium surface modifica-
tions may be due to a subsequent modulation of the immune response to decrease
inflammation and ensure a timely switch to a more reparative microenvironment.
Micro-rough sandblasted and acid etched titanium has been widely used as a model
of choice for assessing the effect of topographical surface modification on a variety
of bone healing related biological mechanisms. Our group has used this surface and
its modifications as a model to study the in vivo and in vitro effects of surface topo-
graphical modification on the cellular and molecular mechanisms associated with
osseointegration, including the influence on inflammation.
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8.1 Introduction

Titanium is one of the few materials naturally suited to the requirements for implantation
into the human body. The combination of a high strength to weight ratio and excellent
biocompatibility has resulted in titanium being widely utilized as a biomaterial in the
manufacture of medical devices to be anchored into bone. Indeed more than 1000
tonnes of titanium devices are implanted into patients worldwide every year.

Titanium is suitable for both temporary and long-term applications. For example
long-term arthritic hip and knee joint replacements use prostheses that have a tita-
nium femoral stem and head that locates into a low friction polyethylene socket.
Similarly, both short- and long-term internal and external bone-fracture fixation
devices such as pins, bone-plates, screws, intra-medullary nails and external fix-
ators, pacemaker cases and defibrillators, intra-vascular stents, orthotic calipers, and
artificial limbs are all further major applications for titanium prostheses due to this
material’s light weight, toughness, and corrosion resistance.

In particular, titanium devices have also found widespread usage in oral, maxil-
lofacial and craniofacial surgery to anchor prostheses required to replace facial fea-
tures lost through trauma or disease, thus restoring both function and aesthetics.
Even more widely utilized are dental titanium implants, which support prosthesis
that replace lost teeth and restore masticatory function.

Dental implants utilize the unique biocompatibility properties of titanium, which
facilitates the apposition of bone directly onto the metal surface without fibrous tis-
sue formation at the interface, in a phenomenon known as “osseointegration.”
Following adequate time for osseointegration following surgical implant placement,
the dental restorative superstructure can then be attached onto the implant to give an
effective tooth replacement. As such, dental implants provide a superior solution
over conventional prostheses for the replacement of lost teeth in terms of both func-
tion and long-term predictability [1]. However, with increased clinical usage and
greater acceptance and popularity of implants, there are now greater demands
placed on implant systems from both clinicians and patients alike. In particular,
there is an increasing demand for implant placement in sites where the quality of
bone is less than ideal, such as those encountered in the posterior maxilla or in
patients with systemic conditions like osteoporosis and diabetes, where the amount
of mineralized tissue is reduced and or bone wound healing is compromised.

This has led to numerous attempts to enhance clinical outcomes by improving
the rate and extent of bone-to-implant integration and although significant advance-
ments in the fields of tooth replacement and bone tissue engineering have been
made, it has been reported that new devices often demonstrate a worse clinical out-
come for patients when compared to older available devices. Clearly an incomplete
understanding of the interactions between titanium and the biological processes
involved in bone repair has hampered these new clinical innovations.

In this regard it is now appreciated that more than 30 distinct cell type popula-
tions may reside in the bone marrow microenvironment adjacent to the implant.
These include hematopoietic lineage cells, mesenchymal lineage cells, blood vessels,
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and neural tissue. Each of these cell populations, alone or in combination has the
capacity to influence bone growth and regeneration following implant insertion.
Notwithstanding these various important cell-biomaterial interactions, it should be
appreciated that implantation of any foreign object into the body will first induce an
immuno-inflammatory response by the host. In general, following implantation,
biomaterials are immediately coated with proteins such as fibronectin, vitronectin,
and albumin that are adsorbed onto the biomaterial surface. This activates the coag-
ulation cascade and complement systems leading to thrombus formation and the
activation of other cell populations such as neutrophils and polymorphonuclear leu-
kocytes. Activated platelets subsequently release chemoattractants that direct the
migration of monocytes to the implant where these cells differentiate into macro-
phages. At the wound site, macrophages bind to the biomaterial surface via integrin-
mediated interactions with the adsorbed surface proteins.

If the foreign material cannot be phagocytosed and removed, the inflammatory
response persists until the material becomes encapsulated in a dense layer of
fibrotic connective tissue that shields it from the immune system and isolates it
from the surrounding tissues. Developed as a protective mechanism to limit expo-
sure to toxic or allergenic materials, chronic fibrous encapsulation however also
compromises the efficiency of the implant and can lead to implant failure [2]. The
immune response therefore is a key factor that may ultimately determine the in vivo
fate of bone biomaterials [3, 4].

While macrophages are an essential component of innate immunity and play a
central role in inflammation and host defense, these cells fulfill other homeostatic
functions beyond defense including tissue remodeling and orchestration of meta-
bolic functions [5]. Creating a local environment that favors bone regeneration and
osseointegration by manipulating the immune response, i.e., “immunomodulation”
is therefore a sound strategy for potential bone tissue engineering applications.
Indeed, an analysis of the transcriptional mechanisms involved during the early
stages of successful osseointegration of dental implants in the human show that
inflammation and osteogenesis are inversely related, with the resolution of the early
inflammatory response correlating with the ascendency of the bone formation pro-
cess [6]. Moreover, modulation of cellular phenotype, including that of macro-
phages, by implanted biomaterials has been recognized to play a critical role in
wound healing and tissue regeneration [7-9].

Since the seminal review by Anderson [2] on the “Inflammatory Response to
Implants” and subsequently expanded upon by Brown and Badylak [10], the idea
that biomaterial composition can influence the subsequent macrophage response by
the host has highlighted the need to consider the surface structure, both topographical
and chemical, of the implant in order to ensure successful integration. Other surface
properties such as particle size, porosity, and ions that can be released from the bio-
material are all biomaterial-specific factors able to influence the immune response.
Hydrophobic materials for example have been shown to enhance monocyte adhesion
[11] whereas hydrophilic or neutral surfaces inhibit macrophage adhesion but
enhance the release of pro-inflammatory cytokines and chemokines [12]. Similarly
large pore size enhances angiogenesis while inhibiting inflammation [13].
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8.2 Implant Surface Modification to Enhance
Osseointegration: Influence of Micro-Roughness, Nano-
Roughness and Hydrophilicity

Topographical modification of the titanium surface has been well established to
have a major positive effect on the rate and degree of osseointegration [14]. Surface
roughness at the microscale level (Ra~1-2 pm) has been demonstrated to upregu-
late osteogenic gene expression in bone healing sites and osteoblasts [15, 16].
Indeed the use of microscale modified implant surfaces has been credited with being
one of the key factors in increasing the clinical success rate of implants, especially
in areas of compromised bone quality such as the posterior maxilla [17]. Animal
studies using micro-rough surfaces have shown a higher level of organization in the
wound as early as 4 days following implantation, leading to greater bone to implant
contact 1 week post-insertion [18]. Topographical modulation of cellular pheno-
typic characteristics, as demonstrated by enhanced osteoblast differentiation, growth
factor and cytokine production in vitro [19], increased bone-to-implant contact
in vivo [20] and improved clinical rates of wound healing [21] has also been dem-
onstrated in cells intimately involved in osteogenesis and the bone/tissue wound
healing processes.

The clinically utilized micro-rough (Ra 1-2 pm) sand-blasted acid etched tita-
nium (SLA®, Straumann, Basel, Switzerland) titanium surface has been widely
studied as a model of choice for assessing the effect of topographical surface modi-
fication on a variety of bone healing related biological mechanisms. Therefore, our
group has used this surface and its modifications as a model to study the in vivo and
in vitro effects of surface topographical modification on the cellular and molecular
mechanisms associated with osseointegration, including the influence on inflamma-
tion, which is the focus of this book chapter.

More recently, the original SLA surface has been modified to produce a micro-
rough surface with reduced surface contamination, nanoscale topography, and
increased surface energy, thus increasing wettability (Fig. 8.1). This modified SLA
surface, named SLActive by the manufacturer (Straumann AG, Basel, Switzerland),
has been demonstrated in vivo to promote enhanced bone apposition during the
early stages of osseointegration compared to the SLA surface [22] resulting in supe-
rior osseointegration as measured by higher levels of bone to implant contact [23,
24] and higher torque values [25].

At the cellular level, both in vitro and in vivo studies have also shown that the
SLActive surface increased osteoblast differentiation [26], increased growth factor
production [27, 28] and increased osteogenic gene expression of bone-associated
genes such as BMP2, alkaline phosphatase, osteocalcin, type-I-collagen,
osteoprotegerin, SPP1, and RUNX?2 [29-33]. These results suggest that the superior
clinical performance of modified implants with a hydrophilic surface may be the
result of differences induced in gene expression ultimately leading to cellular
phenotypes with superior reparative characteristics.
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Fig. 8.1 (a) SEM micrograph of a micro-rough titanium surface. (b) SEM micrograph of micro-
rough titanium surface with added nanoscale topographical features. (¢) Hydrophobic micro-rough
titanium surface and (d) Hydrophilic effect of increased surface energy. (e, f) Macrophages cul-
tured on micro-rough and hydrophilic nano-rough titanium surfaces respectively

As the surface roughness of bone is around 32 nm, this allows similarly
nano-structured biomaterials to be able to recapitulate the micro-architecture of the
bone surface [34]. This combined with the demonstration that nanoscale surface
structures can stimulate human MSCs to produce bone minerals in vitro in the
absence of osteogenic supplements has generated considerable interest in the appli-
cations of nano-materials in bone tissue engineering [35]. Titanium nanostructures
on the micro-rough surface, such as those identified on the SLactive surface
(Fig. 8.1b), not only provide a higher surface-to-volume ratio but also have been
shown to stimulate behavioral changes in both cells and tissues, such as enhanced
osteoblast adhesion and functionality [36], marked osteoinduction and osteogenesis
of adherent mesenchymal stem cells [37], increased bone—implant contact [38, 39],
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increased removal torque values of dental implants [40] and enhanced osteoconduction
and bone-bonding [41]. Our in vivo human studies showed that compared with the
parent SLA surface, a hydrophilic, nanostructured micro-rough surface exerted an
influence not only on osteogenic- and angiogenic-related but also on inflammation-
related gene expression as early as 7 days post-implantation [42], which resulted in
histologically quantifiable improvement in osseointegration at 2 weeks [24]. These
findings suggest that key biological events leading to the superior histomorphomet-
ric characteristics and clinical performance of modified implant surfaces occur early
in the wound healing process at the tissue—implant interface.

The precise mechanism of the superior performance of the hydrophilic micro-
rough surface is not known, but we have shown in vitro that it can exert an immuno-
modulatory effect on macrophage phenotype [43,44]. Activation of pro-inflammatory
cytokine gene expression by rough surface topography was reversed by chemical
modification, i.e., by increasing the hydrophilicity of the micro-rough surface. In
particular, the relative expression of three pro-inflammatory cytokines; TNF-a,
IL-1a, IL-1p, and the chemokine CCL-2 all were shown to be significantly down-
regulated in murine macrophage cells following culture on the hydrophilic surface.
Similarly in human macrophages, a rough surface topography elicited a significant
pro-inflammatory response (upregulation of TNF-a, IL-1p, CCL-1, 2, 3, 4, 18, 19,
and 20, CXCL-1, 5, 8, and 12, CCR7, LTB, and LTB4R gene expression) that was
countered by a hydrophilic surface with downregulation of TNF-a, IL-1a and f,
CCL-1, 3, 19, and 20, CXCL-1 and 8, and IL-1R1. Decreased levels of the corre-
sponding protein secretion confirmed the cytokine gene expression changes [43].

Combined with the findings that inflammation associated whole genome expres-
sion is modulated in vivo by the nano-rough hydrophilic SLActive surface [42], it can
be postulated that the modulation of the inflammatory response indeed plays a major
role in the enhanced osseointegration reported with the surface modified surfaces.

8.3 Titanium and Macrophage Polarization

Although medical devices have advanced significantly in both their complexity and
ultimately functionality, the host response to the biomaterial itself is still a major
factor that influences the integration and ultimately the longevity of these devices.
Surgical implantation of medical devices into the body stimulates a series of molec-
ular and cellular events that can lead to encapsulation and isolation of the implant
from the surrounding tissue. This series of events known as the “foreign body reac-
tion” can limit the device’s overall biocompatibility and function. The foreign body
reaction generally proceeds with inflammatory cell infiltration and activation at the
implant site, and ends with the formation of a fibrous capsule around the implant.
Although better known for their role in inflammatory disorders, macrophages are
the major infiltrating cell population and key determinants of the overall response to
the foreign material in injured tissue, whereby they act to remove damaged cells,
induce inflammation and protective scar formation, support cell proliferation through
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the release of key growth factors and play a key role in angiogenesis. The host
response to implanted biomaterials however is not simply a function of the presence
and number of host inflammatory cells, but also the temporal and spatial phenotype
of the responding cells. Macrophages are a highly plastic, heterogeneous cell popula-
tion, exhibiting a spectrum of cell-surface markers and functions [45] linked to the
type of receptor interaction on the macrophage and the presence of cytokines [46].
Following their arrival at sites of inflammation, macrophages derived from monocyte
precursors become activated in response to signals present in the tissue and increase
the production of cytokines, chemokines, and other molecules that contribute to the
local inflammatory response. The phenotypes of the macrophages present are broadly
defined by these functional properties and patterns of gene expression and are gener-
ally referred to as having either an M1 or an M2 phenotype [47, 48] mimicking the
Th1-Th2 nomenclature described for T helper cells [49]. The M1 phenotype is char-
acterized by the expression of high levels of pro-inflammatory cytokines, high pro-
duction of reactive nitrogen and oxygen intermediates, promotion of a Th1 response,
and strong microbicidal and tumoricidal activity. In contrast, M2 macrophages, char-
acterized by low levels of pro-inflammatory cytokines and high expression of anti-
inflammatory cytokines, play a major role in promoting cell growth and regeneration.
M2 macrophages have been further subclassified (M2a, b, and c), based on the type
of stimulation and the subsequent expression of surface molecules and cytokines
which reflect functional and molecular specialization [48]. Successful implant inte-
gration therefore relies on a balance of classically activated (M1) macrophages to
clear the wound site coupled with anti-inflammatory (M2) activated macrophages to
promote wound healing and regeneration.

Cell markers alone however do not fully define the many subpopulations of mac-
rophages [50]. The microenvironment of implanted biomaterials plays a significant
role in determining the phenotype and activity of the various macrophage popula-
tions present in a regenerating wound site [51]. For example, implantation of solid
biomaterials such as polycaprolactone and silicone generally lead to a typical for-
eign body reaction with chronic inflammatory fibrotic encapsulation. However,
when these same biomaterials are fabricated with a porous structure, their implanta-
tion induces vascularized tissue—biomaterial integration rather than encapsulation
[52]. Many other studies have also shown similar modulating effects of the micro-
or macro-structure of biomaterials upon macrophage polarization along a reparative
M2 phenotype [53, 54]. Moreover micro- and nano-structured titanium surface
topographies have recently also been shown to modulate the inflammatory response
of macrophages both in vitro [55, 56] and in vivo [57].

This is further illustrated by a recent transcriptome analysis of human macrophages
following activation with a variety of chemical cues [58]. When macrophages were
activated with known M1 or M2 chemical cues or M1- or M2-related chemical sig-
nals, they displayed biochemical behavior consistent with the M1-M2 polarization
model. However activation with other chemical cues such as free fatty acids, high
density lipoprotein or molecules associated with chronic inflammation, resulted in
seven other distinct macrophage phenotypes, i.e., a multi-axis spectrum designated
Cl1, C3, C4, C5, C7, C8, and C9. Clearly, the classical macrophage phenotypes M1
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Fig. 8.2 Illustration demonstrating the classical M1 and M2 macrophage phenotypes at the ends
of a possible spectrum of intervening macrophage phenotypes elicited following exposure to sur-
face modified titanium substrates

and M2 therefore represent at best the ends of a possible spectrum of macrophage
phenotypes from inflammatory to reparative (Fig. 8.2), each with distinct transcrip-
tional profiles [45] able to modulate further downstream events at the tissue—implant
surface. As such, biomaterial mediated modulation of macrophage phenotype has sig-
nificant implications for improving outcomes in regenerative medicine by providing a
basis for subsequent macrophage-centered diagnostic and therapeutic strategies.

While the control of macrophage phenotype with its beneficial effects upon tis-
sue remodeling can be driven by biomaterial morphology, the precise mechanisms
that mediate these responses still remain largely unknown. A network of signaling
molecules, transcription factors, epigenetic mechanisms, and posttranscriptional
regulators underlie the different forms of macrophage activation. Canonical IRF/
STAT signaling pathways are activated by IFNs and TLR signaling to skew macro-
phage function toward the M1 phenotype (via STAT1) or by IL-4 and IL-13 to skew
toward the M2 phenotype (via STAT6) [59]. Further regulation of STAT-mediated
macrophage activation can be by members of the suppressor of cytokine signaling
(SOCS) family. IL-4 and IFNYy, the latter in concert with TLR stimulation, upregu-
late SOCS1 and SOCS3, which in turn inhibit the action of STAT1 and STATS3,
respectively [60, 61].

This functional skewing of mononuclear phagocytes occurs in vivo under both
physiological and pathological conditions (e.g., chronic inflammation and tissue
repair). However, in selected clinical conditions, the coexistence of cells in different
activation states and unique or mixed phenotypes is often observed [62] and is a
reflection of the presence of complex tissue-derived signals that result in the dynamic
situations that are observed in vivo.
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8.4 Macrophage Response to Titanium Surface Modification

The biocompatibility of titanium and titanium alloys is based in part on the sponta-
neously formed dense oxide surface layer. This 2—6 nm thick natural oxide layer is
thermodynamically stable, chemically inert, and has a low solubility in body fluids.
However, it has been shown that macrophages are able to liberate metal ions from
solid surfaces within minutes by the membrane-bound dissolucytosis both in vitro
as well as in vivo [63, 64]. Liberated metal ions may then spread from the dissolu-
tion membrane into the intercellular space between cells in the vicinity of an implant
where they may be taken up and thus influence the secretion of pro-inflammatory
cytokines [65].

This effect may be compounded with the use of titanium alloys, and in this con-
text it is noteworthy that pure titanium is often alloyed with aluminum and vana-
dium (Ti6Al4V) [66] to improve its mechanical properties. However, further surface
modification procedures such as sand-blasting and acid etching are likely to remove
passive layers from the surface of the metal, exposing the less stable elements
underneath. Subsequent studies have suggested potential adverse effects including
stimulation of an inflammatory response and reduction in osteoblast differentiation
[66, 67] as a result of vanadium and aluminum leaching from the Ti6Al4V surfaces
after modification procedures.

More recently titanium has also been alloyed with zirconium (Zr) to increase
implant strength similar to that seen with Ti6Al4V alloy, but without the known
detrimental effects on cell function. When murine macrophages were subsequently
cultured on pure titanium and titanium-zirconium alloy surfaces with a range of
surface topographies and chemistries, i.e., hydrophobic micro-rough titanium
(Ti-SLA) and titanium-zirconium alloy (TiZr-SLA), and hydrophilic nano-rough
titanium (Ti-modSLA and TiZr-modSLA) to assess their effect on macrophage acti-
vation and cytokine production, macrophages on high energy (hydrophilic) surfaces
had higher levels of anti-inflammatory gene expression that was characteristic of M2
activation and released more anti-inflammatory cytokines compared to the macro-
phages cultured on low energy (hydrophobic) surfaces. This effect was further
enhanced on the alloy TiZr surfaces [68]. We have also shown a nanoscale-modified
surface manufactured from the Ti6Al4V alloy was able to downregulate pro-inflam-
matory cytokine gene expression compared to the same topographical surface manu-
factured from commercially pure titanium, with no demonstrable effect on
macrophage attachment or proliferation [44]. The potential effects of alloying ele-
ments however are still unclear, as other studies have also demonstrated differential
cytokine expression in response to chemical composition. For example compared to
CoCrMo metal alloy, Ti6Al4V alloy was shown to reduce TNFa secretion but
increase IL-6 secretion in both murine RAW 264.7 and J774A.1 macrophages [69].

Whilst a majority of studies have demonstrated that titanium surface roughness
does indeed influence and or modulate macrophage behavior, no clear consensus
has been reached as yet on the actual effect that this physical cue has on macrophage
phenotype (Table 8.1). For example, moderate secretion of pro-inflammatory cyto-
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Table 8.1 Although the results of some studies shown here demonstrate a variability in the specifics
of the cytokine response (as measured by changes in gene and/or protein secretion), in general, a micro-
rough surface topography enhances the adhesion of macrophages and the secretion of inflammatory
cytokines. In contrast, titanium surfaces with nanoscale topographical features and/or increased surface
energy (hydrophilicity) induces macrophage polarization toward an anti-inflammatory phenotype

Reference| Titanium modification used Macrophage response

[71] (a) Polished, (b) sand blasted, (c)| Rough surfaces (acid etched and SLA) 1
acid etched, (d) SLA unstimulated M® (J774A.1) proinflammatory

cytokines (TNF-alpha). Unstimulated
macrophages on the SLA surface |chemokines
(MCP-1, MIP-1)

[84] (a) Smooth, (b) grit-blasted/acid | IL-1beta Ton grit-blasted/acid rough surfaces
rough surfaces during the first 48 h.

IL-6 | on the grit-blasted/acid rough surfaces.
J774A.1)

[44] Nanoscale CaP | M® pro-inflammatory gene expression and

protein secretion (RAW264.7)

[85] Micro-rough+hydrophilic IMonocyte and M® attachment

[55] SLA and modSLA 1Murine M® pro-inflammatory response to

micro-rough surface
|Murine M® pro-inflammatory response to nano/
hydrophilic surface

[86] SLA/Sr | Osteoclast expression in vivo (rabbit femur)

[43] SLA and modSLA tHuman M® pro-inflammatory response to

micro-rough surface
|Human M® pro-inflammatory response to nano/
hydrophilic surface

[87] Submicron and nanometer 17 NOX on submicron treated surface
titanium deposition | Pro-inflammatory cytokines by nanometer

treatment

[76] Micro- and nano-grooved Cell elongation in grooves 1 anti-inflammatory

phenotype of murine bone marrow derived
macrophages

[68] SLA and modSLA 1 Murine pro-inflammatory cytokines by
Zr-SLA and Zr-modSLA micro-rough SLA and Zr-SLA

1 Murine M2 gene expression by modSLA and
Zr-modSLA

[88] Nanotopography + bioactive ions| T M2 macrophage phenotype (J774A.1)

[73] Hydrophobic and hydrophilic Smooth Ti induced inflammatory macrophage
smooth, micro-rough and (M1-like) activation, Hydrophilic rough titanium
nano- and micro-rough Ti. induced macrophage activation similar to the

anti-inflammatory M2-like state.
Key:
M® macrophage

1 increased, | decreased

SLA sand blasted micro-rough surface
modSLA sand blasted hydrophilic nano-rough surface

SLA/Sr sand blasted micro-rough surface containing strontium
Zr-SLA & Zr-modSLA Zirconium alloy SLA and modSLA surfaces
NOX Nitric oxide

CaP Calcium phosphate direct deposition

RAW 264.7 and J774A.1 murine monocytic cell lines
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kines and reduced production of nitric oxide by macrophages cultured on nano-
structured titanium surfaces when compared to macrophages cultured on a flat
titanium surface [70] is in contrast to the significant increase (an effect that was
further magnified when macrophages were stimulated with LPS) in pro-inflammatory
chemokines and cytokines (TNFa, IL-1f, IL-6, MCP-1, MIP-1) that were secreted
by macrophages cultured on micro-rough titanium surfaces which were also com-
pared with macrophages cultured on a flat polished titanium surface [71]. As
described earlier in our own studies using murine [55] and human macrophages
[43], culture on a micro-rough surface stimulates pro-inflammatory cytokine gene
expression that can be subsequently modulated (downregulated) by culturing the
macrophages on a similar topographical surface but with increased surface energy
(hydrophilicity). However, again in contrast, Barth et al. [72] showed that murine
macrophages cultured on a micro-rough surface exhibited a dominant M2-like
behavior with reduced secretion of the Ml-related cytokine interferon gamma-
induced protein 10 and upregulated secretion of the M2-related cytokines MCP-1
and MIP-1a when compared with macrophages cultured on a polished substrate.

In an attempt to determine which aspect(s) of titanium implant surfaces may be
responsible for macrophage phenotype modulation, Hotchkiss et al. varied the sur-
face roughness and wettability of titanium independently of each other and then
assessed the effect of each property on macrophage activation and cytokine produc-
tion. Macrophages were cultured on six titanium surfaces: hydrophobic and hydro-
philic smooth titanium; hydrophobic and hydrophilic micro-rough titanium, and
hydrophobic and hydrophilic nano-and micro-rough titanium. Increased surface
wettability was shown to have a stronger immunomodulatory effect than increases
in roughness with high surface wettability materials producing an anti-inflammatory
microenvironment [73].

8.5 Topography-Induced Changes in Macrophage Function

While the chemistry of biomaterials dictates the behavior of infiltrating immune
cells by altering cell adhesive interactions, recent evidence suggests that a biomate-
rial’s geometry, or size and shape, may in fact dominate the overall response [57, 74,
75]. Extending this concept to titanium surface topography, surfaces that contain
variable size and shape microscale features appear to enhance the adhesion of mac-
rophages and their secretion of inflammatory cytokines when compared to macro-
phages on smooth surfaces although this response has been suggested to be
dependent upon the actual degree of roughness [57]. The mechanism underlying
topography-induced changes in macrophage function however are still not well
understood although studies using precisely engineered micro-fabricated substrates
have helped to elucidate the effects of topography on macrophage behavior and the
host response. Titanium surfaces containing micro- and nano-patterned grooves
have been shown to promote cell elongation and regulate the macrophage polariza-
tion state [76]. Surface grooves did not affect inflammatory activation but drove
macrophages toward an anti-inflammatory, pro-healing phenotype [77].
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It is likely that multiple cell surface mechanoreceptors may ultimately define the
response of the macrophage to its mechanical environment when interacting with
titanium surfaces. Integrins are candidate mechanoreceptors that couple the cell to
the external environment by spanning the plasma membrane and forming attachments
with the ECM. The binding of extracellular ligands to integrins may initiate intra-
cellular signaling events, while modification of intracellular domains also regulates
the binding affinity of extracellular attachments [78]. Similarly, focal adhesions are
macromolecular protein complexes that create a connection between the cytoskel-
eton and the ECM and mediate regulatory effects of adhesion on cell behavior [79].
Focal adhesions through their connections to the F-actin cytoskeleton not only
transmit force throughout the cell, but also stimulate a plethora of signaling path-
ways. While macrophages do not form extensive focal adhesions, a study of the
actin cytoskeleton of pro-healing or micro-patterned macrophages showed an
increase in actin filaments and cytoskeletal organization [77].

Macrophages have been shown to exhibit different shapes in vivo whereby pro-
healing macrophages appeared more elongated and were often found within fibrous
tissue architectures [80]. In contrast, we have shown that macrophages adherent to
titanium surfaces (Fig. 8.1 e, f) both in vitro and in vivo appear to be more rounded
in shape with many more pseudopodia-like extensions from the cell body when
attached to rough surfaces [43]. Studies focusing on nuclear shape and structure
have revealed strong correlations between shape change and changes in cellular
phenotype. Indeed as cells differentiate, changes in cell phenotype have been cor-
related with the upregulation of A-type lamin [81] allowing the transmission of
forces across the cytoskeleton to the nucleus, and changes in nuclear shape and
stiffness [82]. Furthermore, nano-topography stimulated changes in nuclear organi-
zation have also been linked to spatially regulated phenotypic gene expression [83].
Taken together, these studies suggest that micro- and nano-patterned topographies
may modulate macrophage behavior in vitro and the host response in vivo via mech-
anisms involving changes in cell shape and adhesion.

8.6 Conclusions

Titanium continues to be one of the most widely utilized biomaterials for use in pros-
thetic devices. A major part of this success stems from its strength and favorable (light)
weight but most importantly its outstanding biocompatibility. Notwithstanding these
attributes, research continues on possible processes and techniques that could be
applied to enhance and improve the clinical utility of titanium. Of the many strategies
employed, surface modification to manipulate the degree of surface roughness and
topography has been proven to be most effective. Whilst originally designed to mimic
the native bone microenvironment to stimulate the osteogenic activity of osteoblasts
and their mesenchymal precursors, recent evidence suggests part of the success of
surface modification may be due to a modulation of the immune response to decrease
inflammation and ensure a timely switch to a more reparative microenvironment.
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As described in this chapter, a micro-rough surface topography generally
enhances the adhesion of macrophages and their secretion of inflammatory cyto-
kines including amongst others, IL-1p, IL-6, and nitric oxide when compared to
macrophages on smooth surfaces. However further modification to achieve titanium
surfaces with nanoscale topographical features, increased surface energy (hydrophi-
licity) and a reduction in surface contamination, induces macrophage polarization
toward a pro-healing (M2) phenotype. The ability therefore to control the ratio of
M1 and M2 macrophages at the host—biomaterial interface is potentially a powerful
new tool in regenerative medicine that will allow new bone formation and osseoin-
tegration without the prolonged immune response that leads to foreign body giant
cell formation, fibrotic encapsulation, and implant failure.
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Chapter 9
The Biomechanical Environment
and Impact on Tissue Fibrosis

Wayne Carver, Amanda M. Esch, Vennece Fowlkes, and Edie C. Goldsmith

Abstract The implantation of materials into the body elicits a foreign body response
(FBR) that includes formation of a fibrous capsule around the implanted material. The
formation of the fibrous capsule has many similarities to fibrotic responses to other
insults or stressors. A number of biochemical factors are known to promote a fibrotic
response including growth factors, cytokines, and hormones. Much less is known
regarding the role of biomechanical forces in tissue fibrosis. The biomechanical envi-
ronment plays a fundamental role in embryonic development, tissue maintenance, and
pathogenesis. Mechanical forces play particularly important roles in the regulation of
connective tissues including not only bone and cartilage but also the interstitial tissues
of most organs. In vivo studies have correlated changes in mechanical load to modula-
tion of the extracellular matrix and have indicated that increased mechanical force
contributes to the enhanced expression and deposition of extracellular matrix compo-
nents or fibrosis. A variety of in vitro models have been utilized to evaluate the effects
of mechanical force on extracellular matrix-producing cells. In general, application of
mechanical stretch, fluid flow, and compression results in enhanced expression and
deposition of extracellular matrix components. More recent studies have indicated
that tissue rigidity also provides profibrotic signals to cells. This is particularly rele-
vant to implants as the implanted material generally alters the local biomechanical
environment, which may promote fibrosis or the formation of the fibrous capsule. The

W. Carver
Department of Cell Biology and Anatomy, University of South Carolina, School of Medicine,
Columbia, SC, USA

A.M. Esch
Department of Molecular and Medical Genetics, Oregon Health & Science University, School
of Medicine, Portland, OR, USA

V. Fowlkes
Department of Mathematics and Science, Hagerstown Community College,
Hagerstown, MD, USA

E.C. Goldsmith (P)

Department of Cell Biology and Anatomy, University of South Carolina, School of Medicine,
6439 Garners Ferry Road, Building 1, Room B19, Columbia, SC, USA

e-mail: Edie.Goldsmith@uscmed.sc.edu

© Springer International Publishing Switzerland 2017 169
B. Corradetti (ed.), The Immune Response to Implanted Materials and Devices,
DOI 10.1007/978-3-319-45433-7_9


mailto:Edie.Goldsmith@uscmed.sc.edu

170 W. Carver et al.

mechanisms whereby cells detect mechanical signals and transduce them into bio-
chemical responses have received considerable attention. Cell surface receptors for
extracellular matrix components and intracellular signaling pathways are instrumental
in the mechanotransduction process. Understanding the effects of the biomechanical
environment and the mechanisms, whereby mechanical forces are transduced into
biochemical and molecular signals in the cell, will provide important insight into tis-
sue fibrosis and fibrous capsule formation.

Keywords Extracellular matrix ® Mechanotransduction ¢ Profibrotic signals ¢
Biomechanical environment ® Fibrosis ¢ Fibrous capsule formation

9.1 Introduction

All cells in multicellular organisms are exposed to mechanical forces to some
degree. As such, physical forces play important roles in embryonic development,
tissue homeostasis, and pathogenesis. The concept that mechanical forces drive
embryonic development has been around for more than a century. Classical experi-
ments have illustrated essential roles for mechanical forces in morphogenetic move-
ments, cell shape changes, differentiation, and apoptosis associated with
embryogenesis [1-4]. The effects of mechanical forces on mature cells and tissues
have begun to receive more attention, as models have been developed to systemati-
cally analyze these effects. Many of the early studies in these regards were focused
on cells and tissues that are influenced by obvious mechanical force including the
cardiovascular and musculoskeletal systems. Early investigations in the mechanobi-
ology field relied on relatively simple and imprecise systems. For instance, studies
have utilized a hanging-drop culture system to examine the effects of tensile forces
on connective tissue cells [5]. As interest grew in the mechanobiology field, innova-
tive systems were developed to apply diverse types of forces that were more pre-
cisely quantifiable on cells and tissues [6].

The mechanobiology field began to move forward rapidly as in vitro model sys-
tems were developed to more quantitatively dissect the effects of mechanical forces
on cellular processes. Various systems were engineered to apply uniaxial or multi-
axial distension or stretch to cells grown on deformable substrata. These systems
date back several decades to studies conducted on smooth muscle cells that were
cultured on deformable elastin matrices [7, 8]. Among other responses, these stud-
ies illustrated a role for mechanical force in the growth and maintenance of muscu-
loskeletal and cardiovascular cells [9, 10]. It has become increasingly clear that
many aspects of cell behavior can be modulated by mechanical force including cell
proliferation, differentiation, migration, gene expression, and even survival. The
realization that most cells respond to mechanical stimuli has resulted in enhanced
interest in the contribution of these forces to pathogenesis including tissue fibrosis
and in the mechanisms whereby cells detect and respond to these forces.
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9.2 Tissue Fibrosis

Fibrosis or accumulation of excessive extracellular matrix (ECM) components is a
consequence of many stresses or pathological stimuli. The ECM is a dynamic net-
work composed primarily of fibrillar collagens, noncollagenous glycoproteins, pro-
teoglycans, and other components. The ECM plays many roles in tissues including
functioning as a three-dimensional scaffold essential for the development and main-
tenance of organ structure. Alterations in ECM composition, organization, or accu-
mulation can deleteriously impact embryonic development and organ homeostasis
in adults. For instance, developmental deficits in collagen production result in vas-
cular weakness and aneurysms [11]. On the other extreme, excessive accumulation
of ECM components or fibrosis results in dysfunction of many organs. Fibrosis is
associated with a number of disease conditions including hypertension, diabetes,
myocardial infarction, and some immune conditions. Fibrosis can also be a conse-
quence of exposure to many toxins and abuse of drugs like alcohol. Accumulation
of excessive ECM components alters tissue biomechanical properties, which can
compromise organ function and often contributes to organ failure.

A key step in the progression of fibrosis is thought to be the activation of ECM-
producing cells into a myofibroblast or myofibroblast-like phenotype. This is char-
acterized by enhanced contractile activity, formation of stress fibers, and expression
of a-smooth muscle actin. Myofibroblasts are responsible for alterations in connec-
tive tissues including increased synthesis of ECM components. In addition, these
cells produce cytokines and growth factors that promote the fibrotic response in an
autocrine/paracrine manner. Myofibroblasts are derived from a variety of cells in
response to tissue damage and stress including quiescent fibroblasts, blood-derived
fibrocytes, mesenchymal stem cells, stellate cells of the liver and others [12, 13].
Regardless of their origin, myofibroblasts likely arise as an acute and beneficial
response to repair damaged tissue. Continued myofibroblast contraction and pro-
duction of ECM components becomes deleterious and in many cases yields to stiff
fibrotic tissue that obstructs and negatively impacts organ function [14].

9.3 Implants and Fibrous Capsules

The implantation of biomaterials and medical devices into the body results in a
series of events collectively recognized as the “foreign body reaction.” This
response can limit the functionality and biocompatibility of the implanted materi-
als. The details of this response are more thoroughly described in other chapters of
this book; however, briefly, the response includes the activation of multiple inflam-
matory and immune cell types including neutrophils, macrophages, and lympho-
cytes. Several of these cell types secrete growth factors and cytokines that promote
fibrosis and serve as fibroblast chemoattractants [15]. Activated fibroblasts produce
adense fibrous capsule around the implanted material. This capsule consists largely
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of type I and III collagens; however, other ECM constituents including fibronectin
and tenascin may also be components of the fibrous capsule. The fibrous capsule
isolates the implanted material from the surrounding tissue and can often contract
(constrictive fibrosis), which may impact implant structure and function. The pro-
cess of fibrous capsule formation appears to be very similar to fibrosis in other tis-
sues resulting from chronic inflammatory states. There is speculation that the
implantation of biomaterials and medical devices alters local biomechanical prop-
erties of tissues and creates mechanical stress that contributes to the fibrotic
response [16].

9.4 Biomechanical Forces and Tissue Fibrosis

The expression of ECM components is clearly regulated by diverse biochemical
factors including growth factors, cytokines, and hormones [17]. As the importance
of mechanical forces in developmental and pathological processes was realized, the
impact of such forces on ECM production and organization began to receive atten-
tion. This has coincided with the development of novel in vitro systems that can be
used to directly evaluate the effects of diverse types of mechanical forces on ECM-
producing cells. Cells can be exposed to a variety of mechanical forces in the body
including mechanical stretch (tension), compression, shear stress, and others.
Studies by Leung et al. [7] were among the first to illustrate that cyclic mechanical
loading promotes the production of ECM components by vascular smooth muscle
cells. Since that time, a large body of literature has developed evaluating the effects
of mechanical forces on ECM-producing cells and the mechanisms of these effects.
Below we review the effects of several types of mechanical forces on production of
ECM and activation of ECM-producing cells.

9.5 Effects of Tissue Mechanical Properties on Fibrosis

Two-dimensional in vitro systems have been invaluable in elucidating the effects of
mechanical forces on cells and the mechanisms of mechanotransduction; however,
cells function within a three-dimensional environment whose mechanical properties
may change during development [18] or various pathological conditions including
fibrosis [19, 20], cancer [21-26], and atherosclerosis [27]. Alterations in tissue bio-
mechanical properties and stiffness are a common feature of fibrosis due to the
accumulation of ECM components and their crosslinking [28, 29]. For instance,
pathological scars are stiffer relative to unwounded normal skin and typically con-
sist of thicker collagen bundles [30]. Alterations in the tissue mechanical properties
can deleteriously impact cell and organ function [31]. Component cells sense and
respond to ECM rigidity, which can regulate cell growth [32], shape [33], migration
[34], and differentiation [35]. Stiffening of the ECM was once viewed as an



9 The Biomechanical Environment and Impact on Tissue Fibrosis 173

endpoint to fibrosis; however, with refined techniques for measuring mechanical
properties of tissue it is now clear that tissue compliance is altered early in the
fibrotic process [36]. Because of the response of cells to tissue biomechanical prop-
erties, ECM stiffness can have a self-perpetuating response on fibrosis.

The effects of the biomechanical properties of the microenvironment on the
expression of ECM components have been examined in a number of systems and
cell types. Initial studies by Mauch and colleagues compared the expression of
ECM components between cells cultured on tissue culture plastic, a rigid substra-
tum, and three-dimensional collagen gels, a more flexible substratum [37]. These
studies illustrated that collagen expression is markedly decreased in fibroblasts cul-
tured in three-dimensional collagen scaffolds compared to cells grown on more
rigid tissue culture plastic. Collagenase activity is enhanced by culture in three-
dimensional scaffolds promoting a collagenolytic phenotype in the less rigid envi-
ronment of the collagen gels [37]. A number of studies have subsequently supported
the concept that increased matrix rigidity or stiffness promotes a fibrotic response.
Culture of human colon fibroblasts on matrices that mimic the mechanical proper-
ties of the normal colon or the pathologically stiff colon of Crohn’s disease patients
demonstrated enhanced expression of ECM components and increased proliferation
of fibroblasts on the stiffer matrix [38]. Generation of polyacrylamide scaffolds
with stiffness gradients that span the range of normal and fibrotic lung tissue (0.1-
50 kPa) has been utilized to evaluate the response of lung fibroblasts to alterations
in tissue biomechanical properties [39]. In this system, proliferation of lung fibro-
blasts and expression of collagens were induced by increased scaffold stiffness. In
contrast, the expression of prostaglandin, which is an endogenous anti-fibrotic fac-
tor, was inversely related to matrix rigidity. These studies and others indicate that
the biomechanical properties of the microenvironment can direct the expression of
ECM components and ECM-modifying enzymes with stiffer tissue properties con-
tributing to enhanced ECM production or fibrosis. This could be an underlying
property that promotes fibrous capsule formation around implants, which tend to
have more rigid mechanical properties than the surrounding tissue.

Studies using three-dimensional ECM scaffolds illustrated that ECM compliance
is also inversely related to the transformation of cells into a myofibroblast pheno-
type [40—43]. Culture of cells on plastic coated with thin films of collagen (minimal
compliance and maximal generation of intracellular tension) resulted in the highest
levels of a-smooth muscle actin expression. Culture of cells in free-floating colla-
gen gels (maximal compliance and least generation of intracellular tension) yielded
the lowest relative level of a-smooth muscle actin expression. Similar results have
been obtained in experiments examining matrix rigidity and differentiation of bron-
chial fibroblasts to a myofibroblast phenotype [44]. Culture of bronchial fibroblasts
on polydimethylsiloxane substrates of variable stiffness (1-50 kPa) was performed
to evaluate the effects of matrix mechanical properties on myofibroblast formation.
Increased scaffold stiffness promoted myofibroblast formation and increased
a-smooth muscle actin and interstitial collagen expression. The conversion of
hepatic stellate cells to a myofibroblast phenotype is a critical step in liver fibrosis
and is part of the pathway to cirrhosis in chronic liver disease. Culture of hepatic
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stellate cells on tissue culture plastic and in high levels of serum results in their
spontaneous conversion to a myofibroblast phenotype [45]. Culture of hepatic stel-
late cells on Matrigel, a relatively soft basement membrane-like matrix, retains the
quiescent nature of these cells [46]. Furthermore, culture of differentiated hepatic
myofibroblasts on Matrigel results in loss of myofibroblast characteristics [47]. The
mechanisms of the dedifferentiation of these cells are not well understood, but these
data illustrate that the myofibroblast phenotype may not be permanent. Similar
studies with heart valve interstitial cells and a novel photodegradable crosslinker-
polyethylene glycol scaffold in which exposure to ultraviolet light can modulate the
mechanical properties of the substratum have illustrated that increased elastic mod-
ulus of the scaffold yields an enhanced proportion of myofibroblasts [48].
Interestingly, and of potential therapeutic significance, the proportion of myofibro-
blasts in the scaffolds diminished when the elastic modulus was decreased. In con-
trast to the above studies, culturing fibroblasts for prolonged periods on matrices of
different mechanical properties suggest the conversion to a myofibroblast pheno-
type is a more “permanent” condition [49]. Understanding the plasticity of the myo-
fibroblast phenotype is critical to development of novel therapeutic approaches to
fibrosis. The above studies suggest that alterations in the ECM biomechanical prop-
erties may be an important therapeutic target that is able to modulate myofibroblast
formation and fibrosis.

In addition to observed changes in cellular response based on the mechanical
properties of the ECM, cellular response may be impacted by age as well. Work
comparing the remodeling behavior of adult and neonatal cardiac fibroblasts
revealed that while the ability of these cell populations to deform monolayer colla-
gen substrates was nearly identical, neonatal fibroblasts were significantly better at
deforming free-floating, three-dimensional collagen gels compared to adult fibro-
blasts [50]. This observed difference in contractile ability was paralleled by
increased expression of a-smooth muscle actin in neonatal fibroblasts compared to
adult fibroblasts, suggesting a larger degree of fibroblast to myofibroblast transfor-
mation in the neonatal cells. Neonatal fibroblasts in three-dimensional gels also
exhibited greater expression of Bl integrin, known to be involved in collagen gel
contraction, compared to their adult counterparts. Age-dependent gel contraction is
not unique to collagen matrices. As shown in Fig. 9.1, neonatal cardiac fibroblasts
embedded in three-dimensional fibrin gels exhibit enhanced contractile capacity
compared to adult fibroblasts. The role of cellular age in response to mechanical
environment may have significant clinical implications when considering fibrotic
response to implantable materials.

Tissue biomechanical properties also affect cell survival. It has long been known
that interactions with the ECM are necessary for survival of nontransformed cells.
However, the effects of the mechanical properties of the ECM on cell survival are
only recently being addressed. Using polyacrylamide gels of varying rigidity coated
with type I collagen, Wang and colleagues illustrated that proliferation of NIH 3T3
cells is enhanced on stiffer scaffolds [51]. These studies also illustrated that apopto-
sis of NIH 3T3 cells was increased by almost twofold on less rigid collagen-coated
polyacrylamide gels. A similar increase in apoptosis was seen in cells from the rat
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Fig. 9.1 Fibroblast-mediated contraction of free-floating fibrin gels is age dependent. Fibrin gels
were seeded with equal numbers of either neonatal or adult cardiac fibroblasts and imaged at the
time intervals shown. While both cell types significantly contracted fibrin gels over the study
period compared to the initial gel length (#adult; *neonatal), neonatal fibroblasts exhibited a
greater capacity for contraction compared to adult fibroblasts (&). Statistical significance (p <0.05)
was determined using ANOVA and Tukey post-hoc test

annulus fibrosis when cultured on softer polyacrylamide scaffolds [52]. These stud-
ies suggest that decreasing local matrix stiffness will result in apoptosis, potentially
of matrix-producing myofibroblasts or other cells.

9.6 Effects of Mechanical Stretch/Tension on Tissue Fibrosis

A number of early studies utilized cells cultured on deformable membranes to
examine the cellular effects of mechanical stretch. These studies illustrated that
mechanical stretch of isolated cells mimics many of the responses that had been
characterized to increased load in vivo. For instance, mechanical stretch of skeletal
myotubes results in reorientation of the cells and a hypertrophic response that
includes increased general protein synthesis and enhanced accumulation of contrac-
tile proteins [53, 54].

Alterations in mechanical forces in vivo, such as increased cardiovascular load,
have been known for some time to impact synthesis and deposition of the ECM.
Increased mechanical load as seen during aortic stenosis and during hypertension
promotes ventricular hypertrophy and fibrosis in the heart [55, 56]. In general, phys-
ical stretch of ECM-producing cells (largely fibroblasts and smooth muscle cells)
results in increased production of ECM components or a pro-fibrotic response [57—
60]. However, it has become increasingly clear that variations exist in the response
of seemingly identical cells to mechanical and biochemical stimuli. Along these
lines, recent studies have illustrated that dermal fibroblasts from different regions of
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the body have distinct responses to mechanical stretch [61]. It is likely that the
in vivo physiological and pathological environments influence the response of cells,
including fibroblasts, to mechanical forces.

To more accurately mimic the in vivo environment, investigators have turned to
stretching cells in model systems that recapitulate the three-dimensional structure of
tissues [62—64]. Using such a system, Tokuyama and colleagues have illustrated
that mechanical stretch stimulates accumulation of basement membrane compo-
nents including laminin and collagens in human skin equivalents [65]. Most studies
examining the effects of mechanical force on ECM-producing cells have focused on
simple, consistent stretching patterns; however, cells in the body are exposed to
variable patterns of mechanical force. Intriguing studies by Imsirovic and col-
leagues have illustrated that greater variability in mechanical force elicits an
enhanced response on ECM production by cells cultured in three-dimensional
Gelfoam constructs [66]. These studies suggest that cells may detect not just
mechanical forces, but are responsive to alterations in the magnitude, periodicity,
and directionality of these forces as well. In this paradigm, cells in different tissues
may have specific mechanical set points. Exposure to greater or lesser mechanical
force may elicit a response.

9.7 Shear Stress and Fibrosis

Fluid movement across solid surfaces generates shear stresses, which have been
shown to significantly impact cell behavior and gene expression [67—69]. The
effects of shear stress generated by fluid flow have been well studied in endothelial
cells and are essential for maintaining the integrity of vascular endothelium. This is
due in part to the transmission of mechanical signals via PECAM-1 on the surface
of endothelial cells. In contrast, shear stresses can also have deleterious effects on
cells including the endothelium, depending in part on the amplitude of the stress and
the cellular microenvironment.

Developmentally, fluid flow appears to be important in promoting normal devel-
opment of many cells and tissues. Obstruction of blood flow in the embryonic heart
alters heart morphogenesis including heart looping and valve formation [70, 71].
Studies carried out with valve primordia and in vitro bioreactors have illustrated a
role for fluid flow in not only valve development but also ECM expression and
deposition within the valve [72]. These studies utilized a ramping protocol to simu-
late physiological and pathological flow conditions. Over 7 days, ramping the flow
to pathological levels resulted in enhanced expression of ECM components includ-
ing collagen type I, periostin, and tenascin C. Alterations in ECM expression cor-
related with activation of RhoA and incubation of valve primordia with the RhoA
inhibitor Y-27632 attenuated the effects of fluid flow on collagen I and tenascin C
expression. The cellular mechanisms of these effects, e.g., which cells of the valve
primordia are responding to alterations in flow, are not clear. Exposure of endothe-
lial cells to flow-induced shear stresses results in expression and secretion of
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cytokines and growth factors [73, 74], which may modulate ECM production by
valve fibroblasts. Alternatively, alterations in fluid flow may promote the conver-
sion of endothelial cells into a mesenchymal or myofibroblast phenotype, which
then participate in ECM production.

Under particular conditions, endothelial cells can acquire a fibro-proliferative
phenotype through an endothelial (or epithelial)-to-mesenchyme transition. This
transition is characterized by the loss of cell-to-cell contacts and reduction in endo-
thelial markers such as VE-cadherin and PECAM. Concurrently, there is an increase
in mesenchymal or myofibroblast-like markers including a-smooth muscle actin
and calponin. Such a transition may be an important component of normal develop-
ment [75], but may also contribute to disease processes including fibrosis of the
heart, kidney, and other organs [76, 77]. Studies in vivo and in vitro have been car-
ried out to elucidate the differences between “protective” or healthy fluid flow and
patterns of flow that contribute to pathological situations such as fibrosis. Studies in
animal models and correlative studies in human patients have clearly illustrated that
areas of “disturbed flow,” for instance at vascular branch points, are more suscepti-
ble to damage including neointima formation and transition of endothelial cells into
a myofibroblast phenotype. Recent in vitro studies illustrated that laminar or uni-
form flow is protective against the transformation of endothelial cells into a myofi-
broblast phenotype [78] and that this is dependent upon the prolonged activation of
the Erk5 signaling pathway by laminar flow. This is consistent with studies illustrat-
ing that uniform shear stress “strengthens” the epithelial phenotype of kidney tubule
cells [79]. This includes increased tight junction formation between neighboring
cells, decreased migratory capacity, and resistance to TGF-p-induced epithelial-to-
mesenchymal transformation.

9.8 Mechanical Forces and Inflammation

The promotion of fibrosis by mechanical forces may be due to the direct effect of
these forces on ECM-producing cells as discussed above; however, the fibrotic pro-
cess may also be impacted by inflammation. Fewer studies have been performed to
analyze the potential effects of mechanical forces on the inflammatory response.
This could be particularly relevant to implant success as the foreign body response
includes infiltration of immune/inflammatory cells and enhanced production of
inflammatory cytokines. Activation of fibroblasts or myofibroblast formation not
only results in enhanced ECM production, but also increased secretion of growth
factors and hormones. Exposure of fibroblasts to centrifugal force (67.1 g/cm? for
1 h) results in elevated levels of inflammatory/oxidative stress markers including
prostaglandin E2, nitric oxide, interleukin-1la, and interleukin-1p [80]. Promotion
of inflammation by alterations in the biomechanical environment could be very
important clinically. Studies have illustrated that orthodontic forces can be impor-
tant in either the progression or resolution of clinical problems in the oral cavity.
Chronic inflammation in the oral cavity can result in destruction of the periodontal
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ligament and alveolar bone. Recent studies have illustrated that orthodontic force
results in increased production of interleukin-1p and tumor necrosis factor-o and
subsequent breakdown of alveolar bone [81]. Using isolated periodontal fibroblasts
in an in vitro system, Jacobs and colleagues illustrated that different levels of static
tensile strain elicit diverse inflammatory responses [82]. Exposure to 10 % static
strain results in an inflammatory response including the increased expression of
interleukin-6, cyclooxygenase-2 (COX-2), and prostaglandin E2. In contrast, expo-
sure to 1% static strain yields decreased interleukin-6 expression, suggesting that
moderate mechanical force may be anti-inflammatory.

Mechanical ventilation generates biomechanical forces that exacerbate lung
inflammation [83, 84]. In vitro studies with lung epithelial cells have demonstrated
that cyclic stretch or cyclic oscillatory pressure results in activation of NF-kB and
elevated expression of inflammatory cytokines including interleukin-6, interleukin-
8, and tumor necrosis factor-a [42]. These studies also illustrated that cyclic
mechanical forces promote expression of miRNA-146a. This miRNA has been
shown to play important modulatory roles in inflammation and innate immunity
[85]. Molecular perturbation experiments illustrated that the functional role of
miRNA-146a in the inflammatory response to cyclic mechanical force by lung cells
involves modulation of components of the toll-like receptor-signaling pathway [86].

Little is currently known regarding the response of “classical” inflammatory/
immune cells to mechanical forces. Mast cells are traditionally described for their
role in hypersensitivity reactions; however, recent studies have made it clear that
these cells have broader functions including modulation of tissue remodeling and
fibrosis [87-89]. Mast cells are typically activated by allergen binding to
Immunoglobulin E antibodies and activation of high affinity FceR1 receptors. This
results in rapid release of biochemical mediators via degranulation. More recently,
other mechanisms of mast cell activation have been described including diverse
biochemical factors (bacterial toxins, endothelin-1, and others) and physical forces
including osmotic pressure, shear stress, and mechanical stretch. Recent studies
have illustrated that cyclic stretch promotes mast cell degranulation and increased
interleukin-4 expression [90, 91]. Perturbation-studies illustrated that this response
involves cell surface receptors of the integrin family, a common mechanism of
transduction of mechanical forces to cells as discussed in the next section.

9.9 Transduction of Mechanical Signals

Studies utilizing in vitro systems have provided fundamental information regarding
the molecular mechanisms whereby cells detect and respond to mechanical forces.
During the past two decades, extensive progress has been made in understanding
“mechanotransduction” or the mechanisms whereby physical stimuli are converted
into chemical or molecular signals by cells [92, 93]. Despite the fact that the types
of mechanical forces cells experience are variable, the molecular mechanisms
whereby this information is transduced appear to have similarities. Alterations in
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the three-dimensional conformation of mechanosensitive proteins or adhesion
structures are often fundamental to this process. Studies utilizing diverse in vitro
systems were essential in implicating cell surface integrins as central components of
cell adhesion complexes and fundamental to mechanotransduction [94]. Integrins
are heterodimers composed of an o and a f§ chain that serve as the primary family of
receptors for ECM components [95, 96]. There are over 20 different o/ heterodi-
mer combinations and specific o/f heterodimers serve as receptors for particular
ECM ligand(s). The response of cells to mechanical force varies depending upon
the ECM substratum suggesting a role for specific integrin heterodimers [94, 97].
Utilizing function-blocking antibodies to specific integrins (o4 and oS5 chains) or
arginine-glycine-aspartic acid (RGD) peptides to prevent integrin-ECM interac-
tions, MacKenna and colleagues [94] were among the first to show roles for specific
integrins in the response of fibroblasts to mechanical force.

These early studies set the stage for extensive research focused on the mecha-
nisms whereby cells detect mechanical changes in the microenvironment and trans-
duce these into biochemical and molecular alterations in the cytoplasm and nucleus.
The cell-ECM linkage involving integrins and a myriad of associated proteins is a
critical component of this process. It has become increasingly clear that integrin-
based adhesions are dynamic and complex structures that transmit information from
the ECM to the cell and vice versa [98]. Integrins, which lack intrinsic enzyme
activity, provide a physical linkage from the ECM to the actin cytoskeleton and to a
wide array of signaling proteins. In fact, integrin complexes can contain over a hun-
dred different proteins, many of which bind in a force-dependent manner [99, 100].
The characterization of the ECM-integrin-cytoskeletal linkage has contributed to
the concept of tensegrity in which signals can be transmitted from the ECM to the
cytoplasm and nucleus via these physical connections [101, 102]. Several proteins
can simultaneously bind integrins and actin and are thus thought to participate in
mechanotrasduction via the physical ECM-integrin-cytoskeleton linkage including
vinculin, talin, and o-actinin [103, 104].

A number of signaling molecules also associate directly or indirectly with the
integrin cytoplasmic domain including focal adhesion kinase (FAK). FAK was ini-
tially identified as a Src kinase substrate [24, 105]. As integrins do not have intrin-
sic enzyme activity, FAK is a critical mediator of integrin-induced signaling events.
The activation of FAK is initiated by autophosphorylation of tyrosine at position
397 and can be induced by clustering of integrins [106]. In turn, FAK can activate
integrins, which strengthens cell adhesions with the ECM [107]. Activated FAK
can act independently or as part of a Src-containing complex to phosphorylate
other signaling proteins or act as a scaffold in the recruitment of additional proteins
to cell adhesions.

Exposure of cells to mechanical force results in activation of numerous intracel-
lular signaling pathways including protein kinases such as protein kinase C, c-Jun
N-terminal kinases (JNK), extracellular signal-regulated kinases (ERK), and oth-
ers [108]. Activation of these pathways ultimately leads to activation of transcrip-
tion factors and cell activities that comprise the response of a given cell to
mechanical events.
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While there appear to commonalities in signaling pathways induced by various
types of mechanical forces, in vitro studies illustrate that cells respond differently to
diverse types of mechanical perturbations. The type of mechanical force can modu-
late differentiation of connective tissue cells. The ratio between tensile and com-
pression type forces can promote either differentiation into cartilage or bone [109].
Exposing vascular endothelial cells to cyclic stretch results in differences in growth
factor expression and branch formation compared to constant stretch [110].
Application of steady mechanical force on aortas results in more pronounced FAK
activation compared to pulsatile stretch [111]. These studies suggest that while gen-
eralities may be developed regarding the response of cells to mechanical force, the
details of this response likely vary depending on the type of force and in a cell- or
tissue-specific manner.

9.10 Integration of Mechanical and Biochemical Signals

Cells are continually exposed to changes in their microenvironment or niche includ-
ing alterations in mechanical forces and the biochemical milieu. Tissue develop-
ment, homeostasis, and regeneration require the integration of and appropriate
response to these diverse signals. The integration of signals derived from mechanical
forces, biochemical factors, cell-cell interactions, and other aspects of the microen-
vironment are being intensely studied as artificial modulation of these may provide
a means to direct stem cell differentiation and enhance tissue regeneration [112].

In regards to the fibrotic response, in vitro mechanical stretch of heart fibroblasts
in the absence of serum or growth factors had little effect on the expression of col-
lagen a1 (I) mRNA [58]. However, mechanical stretch in the presence of fetal bovine
serum substantially increased collagen mRNA expression and protein synthesis,
illustrating that biochemical factors contained in serum are needed for the response
to mechanical stretch. In these studies, mechanical stretch also had a synergistic
effect with transforming growth factor-p1 (TGF-p1) and insulin-like growth factor-
1 (IGF-1) on collagen production. Similar results have been described between
mechanical stretch and platelet-derived growth factor (PDGF) in arterial fibroblasts
[113]. We have carried out studies in our labs to evaluate the combined effects of
mechanical stretch and IGF-1 on the activation of signal transduction pathways. In
these experiments, heart fibroblasts were treated with IGF-1 alone (50 ng/ml),
mechanical stretch alone (10 % constant equibiaxial stretch), or combined IGF-1
and mechanical stretch. The activation of signal transduction pathways was assayed
by immunoblotting. Immunoblotting for phosphorylated extracellular signal-related
kinases (ERK 1/2), also known as classical mitogen-activated protein kinases
(MAPKS), illustrated this pathway to be activated by both IGF-1 and mechanical
stretch alone (Fig. 9.2). Combined treatment with IGF-1 and mechanical stretch
resulted in enhanced ERK 1/2 phosphorylation compared to either treatment alone.
Similar experiments were carried out to evaluate the activation of Akt, which is an
important signaling pathway activated by IGF-1. In contrast to ERK 1/2 activity,
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Fig. 9.2 (a—c) Cardiac fibroblasts were exposed to no treatment (C), IGF-1 (I), mechanical stretch
(S), or IGF-1 and mechanical stretch combined (I+S) for 15 min. Immunoblots of cell lysates were
performed with antisera specific for phosphorylated ERK 1/2, phosphorylated Akt, or total Akt (as
a loading control). Note that IGF-1 or mechanical stretch alone both activate ERK 1/2 and activa-
tion is enhanced even further by combined treatment. Activation of Akt is only seen when IGF-1
is present and mechanical stretch has no apparent effect on this pathway. (d) Graphic representa-
tion of phosphorylated ERK 1/2 to total ERK 1/2 ratio. In these experiments, fibroblasts were
pretreated with echistatin (E), which competes with extracellular ligands for binding to the avp3
integrin. Treatment with echistatin reduced activation of ERK 1/2 by IGF-1 and mechanical stretch
alone, as well as combined IGF-1 and mechanical stretch treatment

Akt was phosphorylated by treatment with IGF-1 and not mechanical stretch alone.
Treatment with both IGF-1 and mechanical stretch did not result in enhanced Akt
activity compared to IGF-1 alone. Further experiments were carried out to investi-
gate the role of the avf33 integrins in the response to mechanical stretch and IGF-1.
Fibroblasts were pretreated with echistatin, which competitively inhibits binding of
the avP3 integrin to extracellular ligand. Pretreatment with echistatin resulted in
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decreased ERK 1/2 activation by IGF-1 and by mechanical stretch (Fig. 9.2d).
These experiments suggest that cell surface integrins provide a point of convergence
between growth factor and mechanical signaling pathways. Identifying the underly-
ing mechanisms whereby mechanical signals are transduced in cells may present
new therapeutic targets for modification of the fibrotic response.

Myofibroblast formation is also regulated by the combined effects of mechanical
and biochemical signaling. Mechanical tension and TGF-$1 are both critical to the
formation of myofibroblasts [31, 114]. TGF-f1 is able to induce myofibroblast for-
mation in cells grown in three-dimensional collagen gels that are mechanically
restrained but not in collagen gels that are “relaxed” by free-floating in culture
medium [40, 115]. Similarly, TGF-f1 promotes myofibroblast formation in cells
cultured on two-dimensional substrata with stiffness that mimics that seen in fibrotic
or granulation tissues but not on substrata that mimics the mechanical properties of
normal dermis [116]. On the other hand, mechanical force is unable to induce myo-
fibroblast formation in the absence of active TGF-p1 [40]. TGF-P1 is released by
cells as a latent precursor that is stored as part of a complex within the ECM. Studies
have illustrated that mechanical forces including generation of tension by cells can
activate latent TGF-B1 and promote myofibroblast formation and that this is medi-
ated by integrins of the av family [114, 117, 118]. The precise molecular mecha-
nisms of this process are currently under investigation; however, this presents the
possibility that av integrins or other proteins involved in this process could become
therapeutic targets for modulation of myofibroblast activation.

9.11 Conclusions

It has become increasingly clear that most cells in the vertebrate body are exposed
to varying degrees to mechanical forces. These forces impact embryonic develop-
ment, homeostasis, and pathological conditions including fibrosis. The effects of
the mechanical environment on implant success are particularly relevant as altera-
tions in tissue properties by implants are thought to, at least in part, drive fibrous
capsule formation. Historically, most of the studies that focused on mechanical
force as a pro-fibrotic stimulus utilized two-dimensional stretch or compression
models with isolated matrix-producing cells. These studies have provided substan-
tial knowledge regarding the responses of cells to mechanical force and the underly-
ing mechanisms of this response. However, these systems do not adequately mimic
the in vivo three-dimensional environment. This has led development of three-
dimensional models to evaluate the effects of mechanical forces in a more in vivo-
like environment. The realization that the biomechanical properties of the
microenvironment can promote fibrosis and other responses has led to renewed
interest in the effects of mechanical forces on cell and tissue behavior.

While extensive knowledge has been gained regarding the effects of the mechan-
ical environment on cells and tissues, many questions remain regarding the molecu-
lar mechanisms of these effects. Identification of novel mechano-responsive proteins



9 The Biomechanical Environment and Impact on Tissue Fibrosis 183

will provide new therapeutic targets to modulate the deleterious effects of the bio-
mechanical environment. As it is becomingly increasing clear that tissue stiffness
may precede fibrosis or at least contribute to ongoing fibrosis, identifying methods
to modulate the mechanical properties of the microenvironment may also yield
novel therapeutic approaches.
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Chapter 10
Advancing Islet Transplantation:
From Donor to Engraftment

Omaima M. Sabek

Abstract Over the past few decades, tremendous efforts have been made to estab-
lish pancreatic islet transplantation as a standard therapy for the treatment of diabe-
tes. Nevertheless, long-term efficacy has been limited to a marginal number of
patients. Outcomes have been restricted, in part, by challenges associated with the
transplant site, poor vascularization, and disruption of the native islet architecture
during the isolation process. This chapter reviews possible solutions for the chal-
lenges encountered in the islet transplantation field, which include islet source limi-
tation, suboptimal engraftment of islets, and lack of oxygen and blood supply for
transplanted islets.

Keywords Human islet transplant ¢ Metabolic function * Engraftment ¢ Diabetes
* Pancreatic islet

10.1 Introduction

Islet cell transplantation holds great promise for treating patients with type 1 diabe-
tes mellitus (TIDM), and for preventing unstable metabolic state commonly
referred to as brittle diabetes in patients that undergo pancreatic resection. Despite
advances in monitoring and therapeutics, acute and chronic complications [1-3]
remain a major source of morbidity and mortality in diabetic patients. Islet trans-
plant is a relatively noninvasive procedure and an attractive alternative to pancreas
transplantation for restoring endogenous insulin secretion. Studies have shown that
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Table 10.1 Factors influencing islet transplant outcome

Islet cell
Pancreas Islet cell viability and
Donor factors procurement processing function assay Clinical transplant
Autotransplant * Procurement |* Isolation In vitro assay Recipient
Pancreatitis technique technique e Static e BMI
patients * Warm * Enzyme incubation e Insulin
¢ Extent of the ischemia e Reagents ¢ DNA content requirement
disease e Cold e Purification |¢ O, ¢ Diabetes
e Size of the ischemia e Culture consumption microvascular
pancreas * Preservation e ATP response complications
¢ Metabolic e Apoptosis o Life style
function e Cell content | Site of implantation
Allotransplant (0,3,9) e Liver
o Age e Insulin * Muscle
¢ Gender extraction Monitoring
* BMI In vivo assay function
¢ Pancreas e Animal e Metabolic
morphology (fat diabetic and function
and fibrosis) nondiabetic ¢ Recurrence of
o Islet models autoimmunity
morphology * Rejection
¢ Metabolic * Efficacy of
function immunotherapy
¢ Cause of death * Tolerance
* ICU

even partial graft function after islet transplantation is remarkably effective in
protecting against severe hypoglycemic events, and reduced progression of diabetic
nephropathy and retinopathy compared with the progression with intensive medical
therapy [4-7]. Published data suggest that long-term insulin independence
(>5 years) can be achieved in 45-50 % of recipients given T cell-depleting induc-
tion immunotherapy, matching insulin independence rates of solitary pancreas
transplantation [8]. The success of recent clinical trials for allogeneic islet trans-
plantation as well as the increasing centers that perform autotransplantation is
showing that the beta-cell replacement therapy for the treatment of patients with
diabetes after total pancreatectomy is promising. It needs only to be improved and
made more widely available to the millions of desperate patients who search for
alternatives to a life of insulin injections, hypoglycemia and the risks of end-organ
damage. Steady progress has been achieved in recent years in different areas in the
pancreatic islet transplantation process including islet cell processing [9], preserva-
tion [10], engraftment [11-16] and immune therapies that justify optimism. To
implement this therapeutic approach to larger cohorts of patients that would benefit
from the restoration of beta-cell function requires multiple interventions and the
standardization of the different stages of islet transplant process. This chapter pres-
ents a review of the possible areas of intervention and the ongoing research toward
this important goal (Table 10.1, Fig. 10.1).
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Fig. 10.1 Islet cell transplant process from donor to recipient

10.2 Donor Factors

Islet transplantation now faces significant challenges related to donor supply for clini-
cal grade islets [17]. Despite evidence that the procedure can cease the demand for
exogenous insulin therapy for ~3 years, and demonstrate functionality by the sustained
presence of c-peptide synthesis for at least double that time frame, only ~750 patients
received this treatment between 2004 and 2014 worldwide [18], with a dramatic
decrease after 2009. Reasons for the limited transplant include a lack of available
(cadaveric) islet cells. Current underuse of deceased donor pancreata still represents an
area for intervention, a major problem in the islet field is the selectivity exercised in
accepting cadaveric pancreas for islet isolation. Enlarging the donor pool is severely
limited, mainly because of the poor function and high incidence of primary non-func-
tion of islets from less than ideal donors. Protocol modifications to improve the rate of
islet function have included using the double layer method for pancreatic preservation
[19] and the introduction of short-term culture [20-23]. Still, even with strict donor
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selection, the majority of patients require repeated transplants and there are no reliable
methods that can predict which islet grafts are likely to function. We believe that to
achieve successful islet transplantation, islet non-function and poor function have to be
eliminated by identification, pre-transplant, of islets destined for post-transplant
failure.

It is noteworthy that while clinical islet transplantation has been achieved from
a non-heart beating cadaver donor [24], demonstrating the possibility of utilizing
marginal organs for transplantation, ideal donor do not allows produce an ade-
quate number of viable and function islet. Published data identifying donor vari-
ables vary from one center to another, which can be the result of donor demographic,
management, pancreas procurement, preservation, and isolation technique [25-
29]. As it is important for each center to identify the effect of donor and isolation
variables within their center, the emphasis should be placed on donor management
and evaluating potential therapies within the context of clinical trials. An aggres-
sive management of severely ill patients and deceased donors has shown a positive
effect of the quality of organ recovery as well as the quality of islets recovered
[30]. Moreover, identifying the morphological, histopathological, and gene
expression characteristics of the donor pancreas as predictor for the outcome of
human islet in vivo function will help broadening donor selection criteria that
include “marginal” organs such as those obtained from elderly donors and dona-
tion after cardiac death [28, 31-35]. The extensive definition of donor selection
criteria will not only improve the success rate of human islet cell processing but
eventually will overcome potential competition with whole pancreas transplant
programs. For instance, the use of pancreas from high body mass index (BMI)
donors is generally associated with better islet yields [26, 28, 32, 36—40], but they
are commonly considered “not optimal” for whole pancreas. However, the relation
between donor BMI and islet function is still controversial [28, 32]. While
Matsumoto et al. [41] using an in vivo nude mouse transplant bioassay showed
that human islet function was the same between two BMI groups (with group 1
being BMI is of 30 or more and group 2, BMI of less than 30), Benhamou et al.
[42] showed that a lower donor BMI correlated with a better islet recovery and
viability. A possible explanation by Larsson et al. [43-45] were they showed that
obese subjects with impaired glucose tolerance have altered glucose modulation of
islet function, yet insulin sensitivity is not different than in equally obese subjects
with normal glucose tolerance. Their data suggest that the donor glucose tolerance
level is an important factor in correlating BMI and islet function. Moreover,
inflammation provokes significant abnormalities in host metabolism that result
from the systemic release of cytokines. We, and others, have reported on the
expression of pro-inflammatory genes and the increase of hypoxia and oxidative
stress genes in donor pancreatic as well as isolated islets [32, 34]. Hypoxia has
multiple detrimental effects on pancreatic tissues [46]. In the intact pancreas,
chronic hypoxia [47] results in histologic changes in the pancreas including vas-
cular congestion, edema of pancreatic lobules, and nesidioblastosis of the islets
[48]. Oxygen consumption in pancreatic beta-cells is linked to the transduction
mechanisms that mediate glucose-stimulated insulin secretion [49]. Hypoxia has
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been reported to induce hypoxia-induced factor 1 (HIF-1) and lead to development
of islet apoptosis [50].

Recent reports indicate that interventions aimed at increasing oxygen tension
result in improved outcome of islet transplantation by stabilizing post transplant
mass [51-53]. Our preliminary data points to increased expression of hypoxia-
induced genes in nonfunctional islet. These data are the first demonstration of a
difference in the gene profile associated with cultured islet graft failure [54]. The
overexpression of hypoxia and pro-inflammatory genes may result in reduced insu-
lin secretion and lead to islet destruction post-transplantation. Increases in inflam-
mation, such as activation of monocytes and increased levels of inflammatory
markers, e.g., C-reactive protein, plasminogen activator inhibitor-1, and other cyto-
kines, were reported in insulin-resistant states without diabetes. Hence, it is impor-
tant to assess the metabolic function of the donor, but the inability to perform
detailed metabolic evaluations on the cadaver donor is a major problem. However,
performing a serious of histological and genetic tests on resected pancreas of auto-
transplant recipients, and correlating the results with their metabolic function pre-
pancreatic resection and post-islet transplantation would be beneficial in establishing
a model which can be used to predict a posteriori the donor metabolic function in
the allotransplant situations when donor data is not available. Studies aimed at
Morphological and Gene expression study of donor pancreas can be very instru-
mental in predicting in vivo function in optimal and nonoptimal donor selection.
Data from our laboratory shows that overexpression of pro-inflammatory such as
interleukin-1, toll-like receptor 4, T-cell activation NFKB-like proteinl, as well as
genes that are associated with insulin resistance such as SOCS-1 and 6 and NFAT,
calcineurin-dependent 1 and 2 may result in reduced insulin secretion and lead to
islet destruction post-transplantation [34, 54]. Moreover, morphological character-
istics of human donor pancreata such as dedifferentiation of beta-cell, the content of
acinar and interstitial adipose cells, islet hyperplasia, and islet hypertrophy per
defined area were found to be associated with reduced in vivo function [55, 56].
Interestingly, that observed histological difference were not related to demographic
characteristics such as donor age, weight, BMI, cause of death, history of alcohol
use and donor medications [34].

Morphological and gene expression studies of pancreas obtained from patients
awaiting autotransplant or brain dead donors may shed more light on the mechanis-
tic injury of the islet and can be very instrumental in predicting in vivo function in
optimal and nonoptimal donor selection before islet isolation.

10.3 Metabolic Factors

The phenomenon of beta-cell function progressively declining in patients with type
2 diabetes [57-59] has also been observed in those with pre-diabetes [60, 61]. Cross-
sectional and prospective clinic studies confirm that deterioration in beta-cell function
that precedes hyperglycemia [62]. It is estimated that beta-cell function has declined
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50 % before hyperglycemia occurs [63]. Several mechanisms have been put forward for
the study of beta-cell function decline and the topic has been reviewed in some detail
[64, 65]. Concurrent progressive beta-cell failure and insulin resistance are involved in
most cases. The pathophysiology includes both metabolic and inflammatory mediators.
Hyperglycemia, lipid deposition, high levels of fatty acids, pro-inflammatory cytokines,
leptin, and islet-cell amyloid has been implicated. Insulin resistance in the tissues is an
early feature of type II diabetes, and the beta-cell mass produces increased amounts of
insulin in an attempt to overcome the resistance. This can result in beta-cell exhaustion
and subsequent failure [56, 57]. In more than half of the cases, exogenous insulin injec-
tions are necessary. White et al. has shown that in recently diagnosed patients with
diabetes, there is evidence of beta-cell dedifferentiation and its subsequent reprogram-
ming to alpha-cell, underlying beta-cell failure [56].

In our center, patients awaiting pancreatic resection and islet autotransplanta-
tion (IAT) undergo a metabolic evaluation to identify insulin resistance and beta-
cell functional abnormalities. The metabolic factors adversely affecting beta-cell
function stem from glucotoxicity and lipotoxicity and both may be pertinent when
considering IAT. Testing to look for evidence of either includes baseline chemis-
tries, hemoglobin Alc, and lipid studies. We then look for insulin resistance and
beta-cell functional abnormalities. Once identified, we can take advantage of the
pre-surgical period to address the pathophysiology. Testing, for example, for rela-
tive insulin resistance and beta-cell dysfunction can be determined from fasting
concentrations of insulin and glucose. Beta-cell stress can be assessed by calculat-
ing the ratio of proinsulin to immunoreactive insulin (PI/IRI). An increased ratio
indicates altered processing of proinsulin; it correlates with beta-cell dysfunction
[66, 67]. Increased insulin biosynthesis furthermore results in endoplasmic reticu-
lum (ER) stress, a finding associated with the development of diabetes [68]. The
resultant secretory defects lead to transient and chronic hyperglycemia, which in
turn might culminate in either reversible beta-cell exhaustion or potentially irre-
versible cellular dysfunction [50]. When hyperglycemia is pronounced or persis-
tent, pro-apoptotic signals appear [69] for which ER stress appears as signal [70].
Chronic hyperglycemia can lead to increased cytosolic Ca?*, which can also be
pro-apoptotic [71]. In particular, glucotoxicity results in the generation of reactive
oxygen (ROS) and nitrogen species that in turn activates pre-apoptotic and inflam-
matory pathways leading to irreversible damage [72]. Lipotoxicity also contributes
to beta-cell dysfunction. Saturated fatty acids, such a palmitate, are toxic to the
beta cell [73]. They too can induce apoptosis and impair beta-cell function through
the ceramide-mitochondrial apoptotic pathway [74]. The “malonyl-CoA/Long
chain AcylCoa” hypothesis has been proposed as a basis for lipotoxic effects on the
cell implicates the relationship between glucotoxicity and lipotoxicity as a mecha-
nism of cell damage [75, 76].

Investigators and practitioners must therefore consider the status of beta-cell func-
tion in these patients who serve as their own donors. Since donor for islet autotrans-
plantation (IAT) is predetermined, autotransplantation protocols allow for donor
assessments that are not possible in cadaveric donors programs and afford the oppor-
tunity to prospectively track islet function. Several of the donor factors shown to be
critical with regard to cadaveric transplants are now not applicable [77, 78]. The
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assessment can address not only the extent to which metabolic and inflammatory pro-
cesses have damaged the donor’s beta-cells but also the sensitivity to insulin’s action.
These factors as noted above can influence the successful outcome of autotransplanted
islets. In particular, the presence or absence of metabolic syndrome components such
as central obesity, hypertension, combined dyslipidemia, and glucose abnormalities
and family history of diabetes are associated with enhanced risk. These clinical fea-
tures are associated with insulin resistance, some degree of beta-cell dysfunction and
systemic inflammation. Some of these can be quantified and addressed prior to the IAT
procedure. Techniques developed to assess an individual’s diabetes risk apply to IAT
candidates. Simple clinical tools are therefore available [79]. Their use however in
IAT protocols has not been validated, and as such these metabolic tests that estimate
beta-cell function and insulin resistance might play an important but undefined roll in
the decision for IAT.

Several such tests and indices are available. The measurement of fasting glucose
(FG), insulin, C-peptide, and proinsulin can be quite informative [66, 67, 80]. The
results can be used to calculate indices of insulin resistance, beta-cell function and
reserve. Elevated FG identifies impaired fasting glucose tolerance (IFG), defined as
FG between >100 mg/dL (5.56 mmol/L) and < 126 mg/dL (7.0 mmol/L), and dia-
betes when the glucose is >126 mg/dL (7.0 mmol/L) or higher. The FG and insulin
results can then be used to calculate the HOMA-IR, a measure of insulin resistance,
and beta-cell function index, a measure of beta-cell reserve, indices [81].
Additionally, assuming the subject is not taking insulin, the proinsulin to insulin
ratio (PI/IRI) provides a measure of beta-cell stress. The relative simplicity lies in
the fact that these findings are based on results obtained from a baseline fasting
blood sample. More detailed dynamic tests are also available.

The standard 75 g 2-h oral glucose tolerance test (OGTT) when completed to
insulin levels can confirm and expands the information obtained from the fasting
sample alone. The OGTT can be used to assess insulin release and sensitivity [82].
Insulin sensitivity indices have been compared favorably with more cumbersome
euglycemic insulin clamp test technique [83]. Moreover, the rapid intravenous
injection of glucose tolerance test (IVGTT) using 20 g and the intravenous arginine
stimulation test (AST) using arginine 5 g each followed by frequent blood sampling
allows for determination of measures of insulin secretory capacity (the acute insulin
release in response to glucose AIR,,,. and arginine AIR,,,) and glucose disposal. The
glucose disappearance constant (K,) is obtained from measurements made during
the IVGTT. K, is a measure of how rapidly the glucose returns toward baseline. In
subjects with insulin resistance, glucose intolerance, and diabetes the K, level is
reduced [84].

Assessment of the metabolic function pre-pancreatic resection and post-islet
transplantation would be beneficial not only in establishing a model which can be
used to predict a posteriori the donor metabolic function in the allotransplant but
also to explain the variability of the autotransplant outcome. Islet autotransplanta-
tion (IAT) is a unique mode for examining islet function in human due to the absence
of immune rejection. The status of autotransplant describes wide variation of results
of the procedure that has been done in a single center [85, 86], where some patients
achieve insulin independent receiving less than 1000 IE/kg and remains insulin
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independence for 4 years while another receiving 20,385 IEQ/kg did not achieve
insulin independence

10.4 Pancreas Procurement and Preservation

Success of human pancreatic islet isolation depends largely on the techniques used
during pancreas procurement with careful excision of the gland before the liver, and
on the maintenance of a low core pancreas temperature by adequate surface cooling
of the pancreas. Pancreatic preservation in a double layer of oxygenated perfluoro-
carbons and University of Wisconsin (UW) solution has been shown to provide
higher oxygen availability and reduce cold ischemic damage to the gland [19, 38,
87-91]. Hence, it has a positive impact on the yield and post-transplant function
even from marginal donors with extended cold ischemia and after cardiac death [19,
38, 88-96] by protecting islets from apoptosis through the mitochondrial pathway.

Studies by Edmonton and others [36, 97, 98], showed that combining 2-layer
storage with trypsin inhibition using Pefabloc allows prolongation of the interval
between recovery and isolation and improves yield, and in vitro function in mar-
ginal pancreata. Standardizing the pancreas procurement technique for pancreatic
islet transplantation has resulted in a 67 % islet isolation success rate, despite the use
of a remote islet isolation center [99].

10.5 Islet Cell Processing

10.5.1 Islet Isolation

The overall cost of islets transplantation is slightly higher than of pancreas trans-
plantation with the cell isolation process being critical to the overall cost of islet
transplantation [100]. An optimization of islet isolation process would permit an
increased number of successfully transplant islet from one donor pancreas to achieve
insulin independence, therefore represents a major step toward cost reduction,
hence securing reimbursement for this procedure from health insurance providers
and national health systems. The average number of islets in a pancreas is estimated
between 300,000 to 1.5 million; however, only 30-50 % of islets are being recov-
ered from pancreata [78], with an average of 65 % of the human islet preparations
being viable [101, 102]. Over the last three decades since the introduction of the
automated method by Ricordi [103], there has been a steady improvement in the
processing of human pancreata for isolating islet cell. The efficiency of this process
highly depends on the quality of the organ, the protocols used for isolation and
purification, and the experience of the center. The process of islet isolation from the
pancreas essentially involves dissociation of islets from the exocrine pancreas by
enzymatic digestion combined with mechanical agitation followed by purification
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on density gradients [104, 105]. Pancreatic islet cells have a unique capillary net-
work and high blood perfusion, which is necessary for a high delivery of oxygen
and nutrients to the islets cells and for optimizing the dispersal of the secreted hor-
mones to their target organs [106]. During pancreatic islet isolations, islet vascula-
ture disrupts and degenerates leading to loss of islet integrity and viability [107].
The ability to digest the extracellular matrix within the islet-exocrine interface,
without inflicting significant damage on the pancreatic islet cells is the key to suc-
cessful islet transplantation. The finding by Edmonton group that using the low-
pressure perfusion instead the injection method presents an advantage improves
islet yield, yet using the perfusion technique still allows the collagenase to penetrate
the islet interior [108]. The presence of the collagenase in the islet interior may
result in more digestion of the internal structure framework of the islet and that can
lead to lower islet yield and/or islet dysfunction. Further research to determine the
optimal methods of collagenase delivery that can digest pancreatic tissue to free
viable intact islet without the disruption of islet vasculature and structure is needed.

Availability of improved enzyme blend with reduce the lot-to-lot variability of
enzyme effectiveness is another major step in standardizing islet cell process. A
review of the recent literature shows that Liberase HI is the most widely used com-
mercially available enzyme for clinical islet isolation. However, this enzyme blend
still exhibits significant lot-to-lot and even intra-lot variability [109-111]. Moreover,
recent studies have shown that Liberase is no more effective than crude collagenase
and induces functional damage to human islets. A newly developed Liberase
Collagenase Blend (Roche Applied Science) contains only class I and class II col-
lagenase [112], and Collagenase NB1 (Serva Electrophoresis GmbH, Heidelberg,
Germany) in conjunction with separate Neutral Protease NB (Serva Electrophoresis
GmbH) has been developed and used for clinical islet isolation [110]. In our center,
we examined the effect of using different enzymes combined with different isola-
tion methods (mechanical or hand shaking) on human islet recovery, purity, and
in vivo function. Our data demonstrate a number of points: first, when using the
same isolation method whether it is mechanical or hand shaking; there is no signifi-
cant difference between Liberase, Serva, and Collagenase P in islet yield or purity.
Second, the total yield (islet equivalent) and the integrity of the islet is significantly
higher using the hand shaking method thereby resulting in better viability and
in vivo function. These results indicate the importance of considering different
aspects of the isolation when a new enzyme is developed and tested by different
centers.

10.5.2 Islet Purification

Another important aspect of islet cell processing and standardization is islet purifica-
tion. Islet purification is another important step in extracting the islet from the
digested pancreatic tissue. Human islet purification is a process that based on density
gradient centrifugation using COBE 2991 [104, 105, 113]. Islet purification has
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proven particularly difficult because both the density and the diameter of acinar tis-
sue, and of the islets, changes from one preparation to another [114, 115]. Islets nor-
mally vary in diameter from 15 to 500 pm and, in addition, the diameter of islets and
acinar tissue is critically dependent upon the collagenase digestion stage of the isola-
tion process. Moreover, the density of the acinar tissue varies as a result of cellular
swelling and edema, size of the aggregates formed [116]. Acinar cell swelling can be
provoked by a number of insults, including mechanical trauma [117] and hypother-
mia, and cell membrane permeability as a result of collagenase digestion [118]. The
challenge is to produce solutions that will minimize acinar tissue swelling without
compromising islet yield and viability. One approach is washing the pancreatic digest
and storing in UW solution at 4 °C for 1 h prior to density gradient centrifugation
[113]. Implementation of an additional purification step for low purity fractions after
standard purification has also been shown to increase the efficiency of the process
and the recovery of more islets.

10.5.3 Islet Culture

Culturing human islets offers a window of opportunity for potential interventions
aiming at preserving islet mass and at conferring cytoprotection to the graft. Islet
culture prior to transplantation can be considered in order to allow sufficient time for
extensive viability and functionality testing of islets, screening human islet prepara-
tions for additional pathogens and, achieve therapeutic levels of immunosuppressive
drugs in the recipients, and transportation of islets to distant centers [100, 119].
Optimization of culture protocols for human islets with improved oxygen availability
and customized media formulations to prevent oxidative stress while providing proper
nutrients and extracellular matrices may allow for improved quality of islet cell prod-
ucts for transplantation, and reduce immunogenicity [120-122]. Our laboratory has
been interested in the potential development of islet repositories that would allow
pooling of cultured islets and their maintenance for relatively long periods. To achieve
this, we have worked extensively on methods that could allow prolonged in vitro
culture of viable islets [20]. We have shown that recovery of viable islets approaches
85 % of the original number at 1 month and between 65 and 75 % at 2 months of
culture.

Importantly, we have demonstrated that the function of cultured islets following
transplantation into nonimmune NOD-SCID mice was significantly improved fol-
lowing 1-month culture [21]. In fact, C-peptide production was doubled that which
was seen in mice transplanted with the same amount of fresh islets. Recently, our
laboratory has extended the culture time to 2 and 6 months in an attempt to test the
robustness of the culture technique. We demonstrated that 6 month cultured islets in
our Memphis Serum Free Media (MSFM) not only function well following trans-
plantation into the mice but also cure streptozotocin-induced diabetes, which is the
ultimate test for establishing functional viability [23].
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In an attempt to characterize the morphological changes seen in islets maintained
in culture, we performed a series of evaluations on our cultured islets. Our data indi-
cates that the degree islet apoptosis immediately following isolation and during the
culture period correlates with subsequent islet yield [122]. Thus, apoptosis appears to
be a major reason why islet mass is lost on culture, islet apoptosis can be caused by a
long list offending stimuli including hypoxia following isolation and during cultures,
disruption of the islet matrix [123], and by cytokines and endotoxin produced during
the isolation procedure and carried through to the culture media [124]. In addition to
apoptosis, central necrosis of pancreatic islets has been described and may contribute
to islet death on culture. The degree of necrosis is determined by the density of the
islet culture, the amount of islet clumping, the diameter of the islets, and the degree
of apoptosis induced during pre-culture islet processing and during the culture itself.
Loss of necrotic matter during prolonged culture may act as delayed purification
yielding a higher percentage of functional islets for transplantation. In essence, the
culture may act as a “biological screen” allowing removal of marginally viable, apop-
totic or necrotic islets that not only affect performance of the islet preparation, but
may also be harmful to the implantation and engraftment process by inducing inflam-
matory responses to the islet infusion. Cell death may be a beneficial effect of culture,
however, since contaminating exocrine cells and dendritic type cells are seen to
decline in number during the period of islet culture, particularly the first 10 days. To
demonstrate this, we carried out staining experiments that demonstrated almost com-
plete disappearance of CD45+ve cells by day 10 and 80 % reduction in amylase posi-
tive cells and in the first 2 weeks of culture.

Our culture results are unique in the literature because of the serum free media
we use and the duration of time, we have maintained islets. The mechanism by
which islet culture results in improved function is not yet understood. Work by
Lacy and Scharp described decreased immunogenicity of islets following short-
term (~7 day) culture related to the elimination of passenger leukocytes [121, 125].
Although the NOD-scid mouse does not mount a specific immune response to the
human islet graft because of its lack of T and B-lymphocytes, the mouse has an
intact macrophage/monocyte system that is capable of mounting nonspecific cyto-
kine based responses. The increased purification of the islets by prolonged culture
may decrease the occurrence of these inflammatory responses by reducing the
number of passenger leukocytes or other cells that can stimulate a macrophage
response. In fact, some of our preliminary data demonstrate almost complete disap-
pearance of CD45 positive cells. We have also analyzed different human islet prep-
aration for gene expression over 2 weeks of culture in MSFM. The data demonstrate
a down regulation of genes related to inflammation and exocrine cells while genes
levels related to insulin production were not changed [122]. The morphological
changes that islets undergo following prolonged cultures have been variable
depending on the medium, in which the cultures are grown and the technique of
culture. The work of Schmied et al. demonstrated morphological “trans-differenti-
ation” of human islets to exocrine type elements [126, 127]. In that report Schmied
demonstrated the ability to maintain human islet tissue in culture for up to 12
months, but the culture technique used resulted in loss of all endocrine function
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after 60 days in culture [126, 128]. Their culture technique utilized bovine serum,
growth factors and supplements. Our media is serum free and contains only insulin
as a growth factor. Insulin may help preserve the islet tissue by reducing metabolic
demand through negative feedback inhibition of insulin secretion and preventing
metabolic burnout. Unlike Schmied et al., we do not attempt to purify our culture
by hand picking islets or placing the culture on a rocker. It is possible that acinar
tissue contaminants produce factors that contribute to the stability of the islet’s
structure, therefore helping preserve their functionality. In addition our islets are
cultured in suspension rather than allowing the islets to attach to the bottom of the
plate. Earlier literature indicated that free floating long term cultures had improved
insulin biosynthesis and maintained insulin response to glucose stimulation when
grown in serum supplemented media [129]. We believe that maintaining islets in
suspension is important in maintaining the islets’ three-dimensional structure. This
is supported by the fact that when allowed to attach to the bottom of a culture plate
islets quickly loss their rounded structural orientation [130]. The structural change
is then followed by eventual loss of the islet’s endocrine function [130]. Insight into
this phenomenon is offered by the work of Yuan et al. Using human islet tissue
embedded in type 1 collagen matrix, the group observed trans-differentiation of the
endocrine tissue to duct-like tissue after only 96 h in culture [130].

Recently, there has been interest in the integrin—matrix interactions [131, 132] and
the interrelationship of islets driven. Novel approaches to islet cultures aimed at main-
taining the three-dimensional structure of islets and the islet interface. One of these
approaches included culturing the islets under microgravity conditions using rotating
bioreactor culture equipment. Under these microgravity conditions, islet culture
appeared to loose dendritic cells to increase in size and to develop multiple nutritional
channels with improvements of over functional characteristics [133]. In addition,
other techniques such as short term culture in fibrin clots [134] or the addition of vari-
ous hormones [135] and or growth factors [136—141] all have resulted in either trans-
differentiation of the islets or in their improved functionality and survival.

In summary, we described the maintenance of human islets for extended periods
on serum-free culture and their ability to function and cure diabetes after this pro-
longed culture. Our data indicates that significant loss of mass occurs beyond the
first 30 days of culture and suggests that despite its success in maintaining func-
tional islets the culture technique can still be substantially improved.

10.5.4 Islet Cell Viability and Functional Assay

A major impediment to the optimization of islet isolation process and the increased
number of clinical transplant is the lack of methods that adequately assess the quality
of islets. Pancreatic islets harvested for autotransplants or allotransplants are suscep-
tible to multiple insults that occur because of chronic or acute inflammation, donor
brain death, organ procurement and preservation, isolation, and transplantation. The
isolation procedure and disruption of the integrin-related islet extracellular matrix
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connection leads to islet apoptosis [123]. After the isolation insult, islets are exposed
to additional post-transplant stresses that compromise function. These include
hypoxia before secondary revascularization, exposure to blood and pro-inflammatory
cytokines, hyperglycemia, immune rejection, and diabetogenic effects of immuno-
suppressive drugs [142]. The outcome is both early and late loss of functional islet
mass, which is the major constraint in achieving an optimal glycemic state.

Assessment of human islet preparations prior to transplantation is a fundamental
step to characterize the quality of the final cell product for clinical use. Besides
exclusion of adventitious potential (e.g., endotoxin, mycoplasma, and bacterial con-
tamination), it is required to characterize islet cell viability and potency. The limita-
tion of the methods used for product release in recent years has been well recognized,
and has led to the quest for more sensitive tests predictive of clinical islet outcome.

Standard tests of islet quality in clinical studies include cell composition, total
cellular insulin, DNA and the extent of insulin secretion in vitro in response to secre-
tagogues; due to the lack of success of insulin secretion to provide meaningful qual-
ity criteria, the latter three parameters have not proved to accurately predict in vivo
islet function. Other quality assessment parameters have been proposed such as
membrane integrity, conversion of proinsulin, adenylate cyclase activity, metabolic
activity and nitrite release, ATP, and nuclear magnetic resonance, but none have been
successfully transferred into the clinic. To date the use of animal models still present
the most accurate methods to predict in vivo human islet function [143-145].

In our laboratory, we have extensively characterized a NOD-scid mouse as a
model that allows the evaluation of in vivo function of islets prior to human trans-
plantation [21, 146, 147]. The NOD-scid mouse contains a homozygous, spontane-
ous mutation (Prkdscid) which produces an immunodeficiency characterized by an
absence of functional T and B cells, and defective NK cell function. This eliminates
specific immune-mediated rejection from the in vivo model and allows us to inves-
tigate other causes of graft failure (e.g., those related to isolation, enzymes, donor
factors, etc.), which may otherwise be overlooked in the context of immune
responses. Although induction of diabetes by chemotherapeutics is difficult in the
NOD-scid model because of the inability of this mouse to repair DNA breaks, we
were able to titrate different doses of streptozotocin (STZ) and achieve a model with
85% induction of diabetes (blood glucose>300 mg/dl in two consecutive
measurements), and low animal mortality of 10 % [145]. Low mortality allowed us
to maintain these mice for 4-6 weeks or until islet isolation [145]. Different prepa-
rations of pancreatic islets were tested for in vivo function in our diabetic NOD-scid
mice. Most animals were cured (blood glucose <200 mg/dl in two consecutive mea-
surements) of diabetes when viable and functioning islets were used, although some
preparations produced higher rates of animal cure than others. The overall cure rate
was 85 %. Cured mice reverted to the diabetic state when the kidney containing the
islet graft was surgically removed. These data confirm that we have a successful
diabetic NOD-scid model. However, use of STZ has found to concentrates in the
liver and kidney, with as much as 20 % of the drug metabolized and/or excreted by
the kidney. In addition, intraperitoneal STZ administration has been associated with
increased incidence of kidney, lung, and uterine tumors in mice. Another drawback
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to the use of diabetic model is the ability to maintain normal insulin levels by insulin
injection to avoid glucose toxicity effect the islet post transplantation. As part of our
characterization of the NOD-scid mouse model, we compared the use of nondia-
betic NOD-scid mouse model to its diabetic counterpart in terms of predicting islet
viability [145]. Transplantation of 2000 human islet equivalents was performed in
both models using the same technique. Islet function was determined in the diabetic
mice by return to normoglycemia (blood glucose < 200 mg/dl in two consecutive
measurements) and measurement of fasting human C-peptide on days 7 and 14
post-transplant. For nondiabetic NOD-scid mice, function was tested 1 week after
transplantation and following an overnight fast and intraperitoneal glucose chal-
lenge (2 g/kg of body weight). Thirty minutes after glucose injection, blood samples
for human plasma insulin and C-peptide levels were drawn. The 30-min time point
was determined because of a series of complete 2-h intraperitoneal glucose chal-
lenge tests that demonstrated a peak in glucose, insulin, and C-peptide in the NOD-
scid mouse at that time. The glucose stimulation test was repeated on day 14 and 30
post-transplant. Human insulin levels were determined by an ELISA assay (Alpco
Diagnostics, Windham, NH) that has minimal cross-reactivity to mouse insulin
(<1.0%). Human C-peptide levels were determined by radioimmunoassay
(Diagnostic Products Corporation, Los Angeles, CA) with <1.0 % cross-reactivity
to mouse C-peptide. Since assay cross-reactivity with murine insulin and C-peptide
can be of concern in experiments employing a nondiabetic mouse model, we con-
tinually validate these assays in our laboratory. The human insulin ELISA and
C-peptide radioimmunoassay have been tested in over 2000 NOD-scid mice prior to
islet transplantation. Background levels of 1.62+1.21 pU/ml and 0.35 to +£0.32 ng/
ml for human insulin and C-peptide, respectively, is measured in the NOD-scid
mice. Values >2 standard deviations above background levels for each assay (insu-
lin levels and C-peptide of 5.0 pU/ml and >1.5 ng/ml, respectively) are thus used as
cutoff for determination of islet function. Transplanting 23 different islet prepara-
tions in both diabetic and nondiabetic models showed 100 % concordance between
the two models in terms of testing for islet function [145]. We had used the nondia-
betic NOD-scid model to evaluate the in vivo function of over 200 human islet
preparations [23, 34, 143, 145, 147-150]. This model is now being used by other
centers to validate new in vitro assay such as oxygen consumption measurement
[147] as well as the efficacy of different gene transfection experiments to improve
human islet model [149-151]. Moreover, the nondiabetic mouse model has been
used to predict clinical islet transplant outcome and to correlate with [143, 145].

10.5.5 Islet Vascularization After Transplant

Patients require the equivalent islet mass from between 2 and 4 donors, as the majority
of islets die in the first days after transplant [152]. Most of this cell death results from
an instant blood mediated immune reaction (IBMIR) [153], and some research has
focussed on mitigating the factors responsible for this process, such as modulating
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platelet-monocyte interactions [154] or by blocking complement activation [155].
However, the remaining islet death is due to the loss of blood supply, causing hypoxia,
ischemia—reperfusion injury [156], and amyloid deposition as time progresses. Islet
vascularization is a critical determinant of cell survival in the long term [157]. While
most of the large blood vessels are sheared off during isolation, smaller capillaries
remain. The revascularization process starts within 2 days of transplant, and is mostly
complete within 2 weeks [158]. The new blood vessels were surprisingly shown to be
derived from both host and donor endothelial cells [158], demonstrating chimerism.
While highly vascularized islets ostensibly demonstrate higher functional capacity,
these same islets are also highly susceptible to various cell stressors that access the islet
via the vasculature, and in fact cause preferential death early after transplant [159]. It
may be stated that islet transplant success could be tied to site-dependent factors. While
the liver is the predominant site for transplantation currently, there is evidence that the
pancreas itself, or even muscle, is preferred for their improved metabolic profile [160],
and the liver has been shown to be poorer for revascularization post-transplant than the
pancreas [161]. Some moderate success has been shown by culturing islets prior to
transplant in materials previously shown to improve vascularization, such as vascular
endothelial growth factor (VEGF) via endothelial progenitor cells (EPCs) [162], or
human umbilical vein endothelial cells (HUVECsS) [163], neural crest cells [164, 165],
or polymerized hemoglobin [162]. Furthermore, human VEGF gene delivery has been
effective [149, 150, 166]. Coculture approaches have been used in upstream applica-
tions, specifically by the addition of bone-marrow derived mesenchymal stem cells
(MSCs) which promote angiogenesis [167—171]. Some of this success can be attrib-
uted to the use of small islets over larger ones, which allow enhanced vascularization
and nutrient exchange [172, 173]. Means to physically separate the islets from the host
defenses, such as cassettes, pouches, or other encapsulation implant devices [174—177]
have also gained favor for their ability to mitigate cell death. Other materials have been
used to protect the transplanted islets, such as alginate-based ECM coatings [176—178].
It is important when designing implanting materials or devices to focus on the engraft-
ment, which includes vascularization and immune response.
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Chapter 11

Targeted Modulation of Macrophage
Functionality by Nanotheranostics

in Inflammatory Liver Disease and Cancer

Matthias Bartneck and Frank Tacke

Abstract Liver diseases characteristically progress from chronic inflammation to
aberrant wound-healing with excessive scarring, termed fibrosis, and eventually to
liver cancer. Since hepatic macrophages are critical regulators of these inflamma-
tory processes, it appears promising to target these cells with novel nanomedicine-
based therapeutics. Nanomedicine bears a large potential for the design of novel
drugs by site-specific delivery and controlled release. Nanotheranostics allow for
additional in vivo tracing of the therapeutics. Therapeutic nanoparticles are, in most
cases, composed of biodegradable compounds such as phospholipids, which are an
essential part of biological membranes. Nanodrugs may interact with soluble parts
of the immune system (humoral immunity), specifically with components that help
immune cells in pathogen recognition such as antibodies or complement factors.
Macrophages are a heterogeneous cell type being composed of pro- or anti-
inflammatory subtypes that can either heal or worsen inflammatory diseases as well
as combat or support cancer growth. Due to their inherent capability of foreign
material uptake, macrophages are relatively easy to target, but may also hinder par-
ticles from reaching other target cells. A variety of receptors attractive for targeting
was found to be useful in more specific strategies for selectively modulating macro-
phages to overcome effects on other cell types. In this chapter, current strategies to
target macrophages in liver diseases and cancer are reviewed.

Keywords Chemokines ® Liver fibrosis ¢ Liver inflammation ¢ Macrophage ¢
Monocyte ® Nanotheranostics

M. Bartneck ¢ F. Tacke (P<))
Department of Medicine III, RWTH University Hospital Aachen, Aachen, Germany
e-mail: frank.tacke @gmx.net

© Springer International Publishing Switzerland 2017 213
B. Corradetti (ed.), The Immune Response to Implanted Materials and Devices,
DOI 10.1007/978-3-319-45433-7_11


mailto:frank.tacke@gmx.net

214 M. Bartneck and F. Tacke
11.1 Introduction

Theranostics, diagnostic tracing of therapeutics, comprises interventions that are
oftentimes imaging-guided administrations of drugs. Nanotheranostics additionally
bring up novel features of nanomedicine with a large potential for the design of
novel drugs by optimizing site-specific delivery and controlled release of drugs [1].
Immune system elements represent important interactors for nanotheranostics both
on a cellular and humoral (body fluids) level. The noncellular components belong to
humoral immunity and typically consist of antibodies, antimicrobial peptides, and
complement factors. The normal function of antibodies and complement molecules
is to improve recognition by immune cells or to facilitate cell killing by complement
factors. The process of molecules binding to pathogenic targets such as bacteria or
to foreign material is called opsonization. Opsonins potentially also bind to nanopar-
ticles, and their coverage is an important issue for circulating nanoconstructs, since
it may affect the recognition by other cells, including the targeting capability of the
formulations [2]. Similar to other nano-sized constructs, nanotheranostics may
attract binding of antithetically charged serum proteins to their surface and thereby
change their load, as reflected by the zeta potential [3]. In vitro characterizations of
nanomaterials should therefore also include assays in physiological media such as
phosphate-buffered saline and biological media such as plasma and serum from the
species of interest.

Antibodies further constitute large amounts of serum proteins and are gener-
ated by cells of the adaptive immune system (lymphocytes). De novo generation
of antibodies by the adaptive lymphocytes requires the recognition, uptake, and
processing of antigen by professional antigen-presenting cells, leading to antigen
presentation to lymphocytes, which are then able to produce antibodies. In addi-
tion to their recognition of novel pathogenic threats, phagocytes, and especially
macrophages, are the most decisive cells for interactions with foreign material.
This is important for applications, where macrophages are intended to be targeted
by nanotheranostics, but also to reach other cell types, since any nanoformulation
may in part act on macrophages, due to their inherent phagocytic activity [4]. The
fact that macrophages can also initiate the production of antibodies is relevant for
many nanotherapeutics, since there are reports that macrophages may trigger B
cells to produce antibodies directed against poly ethylene glycol (PEG) [5]. This
mechanism could potentially contribute to the accelerated blood clearance effect
of PEGylated liposomes, which relies on the enhanced liposome uptake by mac-
rophages, most likely due to the opsonization of liposomes with IgM antibodies
[5]. PEGylation of drugs for liver targeting has been successfully done for many
years, one example given by Pegasys® (Roche Inc.), which is PEGylated inter-
feron a-2a, and has been used for the treatment of viral hepatitis for many years
[6]. In the past decade, PEG has also been deployed on nanosystems to prolong
half-life of circulating drugs and delay nanoparticle recognition by human phago-
cytes [7, 8].
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11.2 Role of Hepatic Macrophages in Inflammation
and Cancer

Due to their inherent uptake of any sort of foreign material, macrophages are prob-
ably the most important immune cell type for injectable nanotheranostics.
Macrophages are a heterogeneous cell type composed of mixtures of cells with
varying portions of proinflammatory (M1) and alternatively activated macrophages
(M2), and stimuli-dependent subpopulations thereof [9]. M1 macrophages secrete
proinflammatory mediators such as the tumor necrosis factor (TNF) and interleukin
1B (IL1pB) and exhibit antitumoral activity, whereas M2 have a stronger phagocytic
activity, release antiinflammatory and angiogenic factors, and thereby support
tumor growth, but inhibit inflammation [10]. The heterogeneity of macrophages is
especially prominent in the liver. During homeostasis, liver macrophages rather pro-
mote immunological tolerance and prevent immune activation, while they are criti-
cal orchestrators of inflammatory and wound-healing responses in conditions of
liver disease [11]. Thus, the phenotype of macrophages is highly dependent on envi-
ronmental signals and can switch from pro- to anti-inflammatory functions and vice
versa [12].

In addition to the M1-M2 dichotomy, the ancestry of hepatic macrophages is an
important factor for understanding their function. They originate from at least two
different types of progenitors, which differentially contribute to nanoparticle clear-
ance: the monocyte-derived macrophages (MoMF), oftentimes also referred to as
inflammatory macrophages [13], which are CD45*Ly6G F4/80*CD11b* in mice
and originate from circulating monocytes (and thus are of hematopoietic origin),
and those derived from progenitor cells that are resident to the liver and are termed
Kupffer cells (KC). KC in mice are typically characterized and isolated via
fluorescence-activated cell sorting (FACS) by their surface expression pattern
CD45"" Ly6GF4/80**CD11b- [13]. Earlier studies of our group indicate that the
capabilities for nanoparticle uptake by both subtypes of hepatic macrophages can
strongly differ: we discovered a 30-fold enhanced amount of gold nanorods in liver
MOoMF compared to the KC [13] after intravenous administration in mice —it thus
appears that small metal-based nanocarriers may be more efficiently cleared by the
MoMF compared to the KC. In contrast, uptake of 100 nm-sized liposomes was
similar between both macrophage subtypes [14]. However, many studies in the past
have not differentiated hepatic macrophage subtypes and simply designated all
hepatic macrophages as KC [15]. As the functions of MoMF and KC can be differ-
ent or even partially opposing in health and disease, it is important to relate effects
of nanotherapeutics in the liver to the affected type of macrophages.

In liver disease, macrophages sense initiating signals that lead to inflammation
[11]. These signals include molecules from damaged cells (such as hepatocytes),
bacteria, or fatty acids, and probably many more stimuli to be identified in future.
These inflammation-initiating stimuli activate the inflammasome of immune cells,
specifically in hepatic macrophages, which for their part activate other cell types
and thereby exacerbate liver inflammation [16]. In carbon tetrachloride
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Fig. 11.1 Role of macrophage subpopulations during the course of liver disease progression.
Macrophages exert manifold actions during liver diseases, ranging from primarily inflammatory
activation in the initiation of disease to fibrogenic and proangiogenic functions that provide an
environment for liver cancer development

(CCly)-induced liver injury in mice, an influx of monocyte-derived macrophages
occurs [17], due to signals from CCly-injured hepatocytes (Fig. 11.1). During the
course of this initiation, macrophages stimulate a further infiltration of monocytes
by production of the chemokine CCL2 and also trigger activation of a key cell type
in fibrogenesis, the hepatic stellate cells (HSC). HSC become activated, subse-
quently proliferate and produce increased amounts of collagen, which leads to organ
fibrosis and ultimately loss of liver function [18]. In many cases, a sequence of
events can be noted, which finally leads from liver inflammation, accompanied by
fibrosis and cirrhosis, to the development of hepatocellular carcinoma [19]
(Fig. 11.2).

Despite the underlying origin (e.g., viral hepatitis, alcohol abuse, cholestasis,
metabolic or hereditary disorders), liver diseases characteristically progress from
chronic inflammation (“hepatitis”) to fibrosis to cirrhosis and eventually to hepato-
cellular carcinoma [20]. Macrophages accompany and fuel these processes, starting
with the initiation of inflammation by means of proinflammatory cytokines, which
among other cells, activate hepatic stellate cells (Fig. 11.2). The role of macro-
phages in fibrosis is ambiguous, because not only do they activate fibrogenesis, but
it appears that an M2-polarization could also be anti-fibrotic in liver. Anti-fibrotic
properties of M2 polarized hepatic macrophages were suggested in one of our own
recent studies in histidine-rich glycoprotein (HRG) deficient mice, which exhibited
significantly reduced levels of liver fibrosis due to the lack of an inflammatory M1



11 Targeted Modulation of Macrophage Functionality by Nanotheranostics... 217

Conceptual treatment by
repolarizing macrophages

a Healthy liver b Diseased liver c

b e 3
—
j?&-—/‘

= o [}
(@) Monocyte  FZP Kuptter cal if:, Hepatocyle  —=3f— Hepalic siallate cell —=S Liver sinusoidal endothelial cet (LSEC)

* Actated kpforcall 3. L1 reprosentative peoinflammatory mediator) BB} Apoptotic oot B~ Myofbroblast S Exracelliar mavix

3
f.n]' Dexamethasone-laaded liposomeas * M2 polarized Kupfler call 4% IL10 (representative antinflammatory mediator) u MMP3 (representative metalioprodeinasa)

Fig. 11.2 Macrophage phenotype in the healthy (a) and diseased liver (b) as well as after therapeu-
tic interventions with macrophage-specific nanotheranostics (c). Please note that there are different
cell types, from which macrophages originate such as local progenitors for Kupffer cells and mono-
cytes for monocyte-derived macrophages (MoMF), which is simplified here for clarity reasons

and a pronounced M2 polarization [21]. Nevertheless, M2-polarized macrophages
can also release transforming growth factor § (TGF-B), which is a key activator of
fibrogenesis [22]. These findings illustrate that the concept of “M2 cells” is too
superficial and does not reflect the full spectrum of macrophage subsets in the liver,
especially in conditions of fibrosis [10]. Profibrogenic activities of tissue macro-
phages were also identified in other organs such as in pulmonary [23] or cardiac
[24] fibrosis. However, macrophages can also promote the resolution of hepatic
fibrosis, by means of anti-inflammatory cytokines or secretion of matrix-degrading
enzymes [25]. Macrophages, especially tumor-associated macrophages (TAM),
also affect the development of cancer [26]. M2-polarized TAM support tumor
growth by the release of proangiogenic cytokines such as CXCLS8 (IL8) and growth
factors such as the vascular endothelial growth factor (Vegf) [10, 27].

Given the key role of macrophages for the different steps of liver disease progres-
sion, these cells might represent an interesting target for therapeutic approaches,
including new nanotheranostics, at different stages of disease [4]. Since inflamma-
tion leads, via fibrosis, to cancer, it might be advisable to block disease development
already at early stages (Fig. 11.2c). An idealized conceptual treatment of liver
inflammation by nanotheranostics makes use of nanoconstructs, which trigger M2
polarization such as dexamethasone-containing liposomes that were successfully
used to treat acute liver inflammation in mice [28]. Macrophages internalize nano-
theranostics, and are subsequently switched to M2 polarization. Ideally, they would
deactivate activated myofibroblasts and degrade extracellular matrix (ECM) by
means of their matrix metalloproteinases such as MMP9 [11] (Fig. 11.2¢). However,
such a repolarization principally carries the risk of favoring a tumor-promoting
function of macrophages, and thus, timing and treatment duration would have to be
optimized before clinical application.
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Generally, novel nanotheranostics would allow for modifying the macrophage
phenotype, for instance, either increasing inflammatory activation (as in cancer), or
reducing it (in inflammation). The enhanced clearance of nanotheranostics by M2
macrophages [29] is particularly meaningful for cancer therapy, since the
M2-polarized TAM clear large amounts of nanotheranostics [29]. Vice versa, target-
ing M1 cells might require modifications in the compounds or increased doses for
the treatment of inflammatory disease [11, 29].

11.3 Classifications of Nanomaterials and Nanotheranostics

Nanotheranostic tracing strategies strongly rely on the possibilities for detecting par-
ticles in cells and organisms. Nonfluorescent nanodrugs such as lipid-based carriers or
polymers can get detectable in vivo by using additional fluorescent tags such as
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-
4-yl) (NBD-PE), therefore enabling studies on their biodistribution in living organ-
isms or cells [14]. Many inorganic nanoparticles, specifically metals such as gold
nanoparticles, can be detected in computerized tomography techniques due to their
electron density and allow for an assessment of in vivo biodistribution [13]. However,
their persistence in the body [13] remains a critical issue for using metal-based nano-
theranostics in the clinics. The biodistribution of nanoparticles relies on the material,
size, and additional functionalizations. Nanoparticles sizing around 10-250 nm were
found to be preferentially present in liver and spleen, whereas those below 10 nm were
found throughout the body in many organs, including kidney, testis, and brain [30].
Though many nanoconstructs accumulate in both spleen and liver to a similar extent,
hepatic accumulation is considered far more relevant, since the dry weight of liver is
about 50 times larger than that of spleen [13]. The large portion of hepatic compared
to all macrophages, which makes up about 90 % of tissue macrophages in the body, is
assumed to be the major reason for hepatic accumulation [31]. Cytotoxicity, as dem-
onstrated by Pan and Jahnen-Dechent, occurs particularly for particles below 1.4 nm
[32]. In detail, it is probably the hydrodynamic diameter that decides for particle clear-
ance [33]. Nanoparticle charge, which depends on the physicochemical composition
of the constructs, remains a critical issue for their uptake by cells and especially by
phagocytic cells. Zwitterionic and neutral charges were shown to reduce, while posi-
tive charges evoked increased uptake in a study facilitating quantum dots [33].

11.4 Targeting of Hepatic Macrophages Using
Nanotheranostics

Many different research groups currently test the manipulation of macrophage
behavior using nanomedicine as a therapeutic strategy against liver diseases. Due to
the inherent phagocytic capabilities of macrophages, reaching hepatic macrophages
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should be, at least in part, possible by simply using either positively or negatively
charged particles without the need for a specific “active” targeting strategy.
However, this most clearly holds true for solid nanoparticles like those made of
gold, whereas liposomal formulations are more intensively also internalized by
lymphocytes [13, 28]. Earlier studies have demonstrated that surface chemistry,
charge, functional end-groups and biomimetic molecules such as the RGD tripep-
tide affect macrophage polarization [7, 34]. Despite the promising M2 polarization
in vitro [7, 34], RGD-capped gold nanorods corroborated acute liver injury in
mouse models in vivo [13]. Pharmacologically active substances such as corticoste-
roids may represent an advance for hepatic therapy based on macrophage polariza-
tion, since their application abrogates hepatic injury in the same model in case of
liposomal dexamethasone [14].

Nanotechnological alterations in drug pharmacokinetics may help to signifi-
cantly reduce side effects due to a targeted delivery of compounds (Fig. 11.3). The
most frequently used strategy for active targeting of macrophages is probably the
decoration of the formulations with mannose, which targets the mannose receptor of
macrophages (CD206) [35-38]. The delivery of siRNA with mannose-modified
nanocarriers against tumor necrosis factor represents an innovative strategy for cur-
ing hepatitis [37]. As an example of targeting macrophages based on positive charge,

Ligand Targeted structure

4 Mannose "\ Mannose receptor

Liposomal dexamethasone Endocytotic vesicle
@ Wl RGD tripeptide ] Integrin
\’W\ Chemokine receptor O‘Q_O AMD3100 (Chemokine inhibitor)

u Folic acid receptor W Folic acid

Fig. 11.3 Ligands and the corresponding receptors useful for selective targeting of hepatic
macrophages
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ritonavir, which targets the liver enzyme CYP 3A4 activity in the liver [39], has
recently been delivered using a novel formulation of 200 nm sizing cationic lipid—
polymer hybrid nanoparticles. The strongly positive charge of +30 mV evoked an
efficient delivery of cargo to hepatic macrophages [40]. This effect is similar to our
own studies using CTAB-stabilized gold nanorods, which exhibit a similarly posi-
tive surface charge [13].

Recently, tumor-associated macrophages were unintentionally targeted based on
their expression of chemokine receptor CXCR4, because CXCR4-directed nanopar-
ticles were designed to target hepatocellular carcinoma cells [41]. Additionally,
Plerixafor (AMD3100), the ligand for CXCR4, exhibits antiangiogenic properties
intrinsically which acts as an additional therapeutic property that can be incorpo-
rated into a single particle [41].

11.5 Conclusions

Macrophages appear as a promising target for liver diseases and cancer. The selec-
tion of suitable targeting nanosystems has to cautiously consider all properties of a
carrier such as particle material, potential spacers, and targeting moieties. One
major issue is to assure biodegradability for all single compounds but also for the
combined structure —therefore, organic carriers appear most feasible compared to
the metal-based particles, which may reside in organs for weeks [13]. Ideal target-
ing compounds for macrophages should be degradable in body fluids after the
desired time for pharmaceutic action. Yet caution has to be taken with organic par-
ticles, because materials like fullerenes or carbon nanotubes are not degradable at
all in aqueous environments [42].

Targeting macrophages should be performed with caution, since there is a sensi-
tive balance between differentially polarized subsets. An overstimulation of M1,
which might be a goal in cancer therapy to overcome M2-related immune suppres-
sion, could potentially result in proinflammatory over-activation of macrophages,
which in turn might lead to a systemic inflammatory response like in sepsis [43].
Conversely, M1-suppressing agents for acute inflammatory liver disease may sup-
port cancer growth, since M2 potentially fuel cancer progression when reaching
non-appropriate sites in the body.

The administration route is a major issue in nanomaterial design—among
patients, oral administration is clearly preferred. However, most novel nanomateri-
als require parenteral administration such as subcutaneous or intravenous
administration. In order to evoke oral administration, special requirements for the
carrier systems arise allowing enteral absorption and enterohepatic redistribution, in
addition to the requirement for cellular targeting n. Preclinical studies should pro-
vide a solid concept for targeting macrophages, which may then be adapted to nano-
carriers with appropriate oral delivery capabilities.
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Chapter 12
T-Cell Mediated Immunomodulation
and Transplant Optimization

Sandra Grass, Sara Khalid Al-Ageel, and Martin Hildebrandt

Abstract T-cell mediated immune responses are decisive for the success or failure
of transplantation. As a consequence, T-cell mediated events have been the first and
oldest major target for therapeutic efforts to optimize transplant survival. With cells,
tissues, scaffolds, and devices more and more often merged to become medicinal
products, i.e., tissue-engineered products or combination of advanced therapy
medicinal product (ATMPs), understanding the T-cell response may be valuable for
the purpose of this book to pave the way for novel, smart strategies to therapeuti-
cally modulate infiltrating immune cells, reducing side effects and improving the
therapeutic outcome, i.e., healing, tissue restoration, and transplant survival. In this
chapter, current and novel concepts of T-cell immunomodulation and their clinical
translation will be presented and discussed to allow the transfer of the knowledge
gained to implanted materials and devices as well as to combination ATMPs.
Starting from a hypothesis as to the similarities and differences between classical
T-cell immune responses and those directed against scaffolds and devices, the
mechanisms behind T-cell responses in tolerance and rejection are unraveled and
therapeutic strategies to modulate and control T-cells in front of implanted materials
and devices are proposed.
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12.1 Introduction

The classic model of T-cell mediated immune response has been elucidated in the
recent decades to a large extent [1]. Major improvements in control of T-cell
responses have been achieved, allowing for success rates in stem cell transplanta-
tion, organ transplantation and quality of life that meanwhile render transplantation
a long-term option that, especially in solid organs, should be considered earlier,
more seriously, and more often [2]. However, enhanced understanding does not
match yet with therapeutic control, and rates of rejection, graft vs host disease
(GvHD), and loss of transplant function are still unsatisfactory [3]. More recent
developments in immunosuppressive drugs, including mTOR inhibitors, biologicals
such as monoclonal antibodies directed against key elements of immune responses,
and combinations thereof, still lack the specificity needed to circumvent major tox-
icity, avoid exaggerated immunosuppression, and improve transplant survival.

The activation of the immune response can be summarized briefly to require
two distinct signals: the interaction of the T-cell receptor (first signal) and costimu-
latory molecules, surface molecules that bind to specific receptors on T cells [1, 4,
5]. Upon ligation, these costimulatory signals provide the mitogenic signals neces-
sary for subsequent T-cell activation, clonal expansion, and maintenance of mature
T cells. Several receptor-ligand pairs have been shown to exert a critical role in
providing the costimulatory signal 2, including CD28 [6], CD40, ICOS [7], PD1
(for review cf. [4]), and CD26 (for review cf. [8]). CD28, by interacting with
B7-molecules B7.1 and B7.2 (CD80, CD86), has defined our classical understand-
ing of costimulation in T-cell mediated immune responses [9]; however, the
authors of multiple studies have demonstrated that T-cell activation and allograft
rejection can occur in the absence of both CD40 and CD28 signals [10—12]. The
inducible costimulatory (ICOS) molecule is expressed on activated T cells [13], is
constitutively expressed on APCs, and regulates both Th1 and Th2 cell differentia-
tion [7, 14, 15]. The addition of anti-ICOS to the CD40 and CD28/B7 blockade
(triple costimulatory blockade) has been shown to have synergistic effects [16].
CD26, a highly glycosylated surface molecule known to occur on many cell types,
organs and as a soluble form in serum, exerts a highly specific ectopeptidase activ-
ity and occupies a complex immunomodulatory role in T-cell activation and
costimulation [8, 17].

Physiological termination of immune responses may occur by competition with
costimulatory events, as shown for CTLA-4 (CD154) in terminating CD28-mediated
costimulatory events (for review cf. [18]). However, only facets of the mechanisms
behind the induction of immune tolerance have been elucidated [19, 20], and the
complex interplay of ligands competing at the immune synapses remains under-
stood incompletely to date [4]. Although several animal studies have demonstrated
allograft acceptance with the CD40 L blockade [21-23], the induced hyporespon-
siveness caused by this blockade appears to be transient, and in several studies has
failed to prevent chronic rejection [24, 25]. Clinical side effects, namely thrombo-
embolic events, led to a cessation of clinical trials testing therapeutic antibodies
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inhibiting CD40/ CD40L ligation (for review cf. [26]). More recently, however,
resurgence in the therapeutic potential inherent in CD40/CD40L blockade has been
reported [27].

12.2 T-Cell Immune Responses and Age

Depending on the developmental stage, the immune system matures and changes,
and the immune response to the implant and/or foreign material may vary during
life span. In comparison to adults, neonates, preterm babies, and newborns mount a
different cytokine response when exposed to pathogens, with a preponderance of
IL-1alpha, IL-23, IL-10, and IL-6, and a diminished expression of IFN-gamma,
INF1, and IL-12 [28]. The newborn’s innate immune response tends to exhibit
hyperactivity [29], while the T-cell activation is deficient [30-32] or inclined
towards Foxp3+ CD25+ regulatory T cells [33, 34]. At birth, around 3 % of total
CD4+ cells are peripheral Tregs resulting in an anti-inflammatory early-life immune
profile [35, 36].

As the human advances in age, so does the immune system. Profound remodel-
ing, reduction in polyclonality and decline in the immune system are associated
with advanced aging [35, 37]. It begins to fail in maintaining full tolerance to self-
antigens, due to lymphopenia occurring with age [38] and a decrease in regulatory
T-cell function resulting in an increased incidence of autoimmune diseases among
geriatric patients [39]. In some aspects the immune system of an aging organism
resembles that of the newborn, with reduced antimicrobial activity by neutrophils
and macrophages, reduced antigen presentation by DCs and decreased NK killing,
and somewhat compromised adaptive lymphocyte responses making it more sus-
ceptible to infection.

12.3 Allogeneic HSCT: The Paradigm and Spearhead
of T-Cell Immunotherapy

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is the paradigm of
immunotherapy acting through a graft-versus-tumor reaction in the treatment of
hematological malignancies. Still today, this curative allogeneic response can be
associated with severe drawbacks, such as frequent and severe graft-versus-host
disease (GVHD). More recently, other approaches of cancer immunotherapy such as
cell therapy and immune checkpoint blockade provide promising data in various
types of cancers including hematologic malignancies, and may develop into a valid
option when allogeneic HSCT has not proven successful, is not applicable or insuf-
ficient [40—43]. For the purpose of this chapter, it may be useful to outline key
points in allogeneic HSCT to project similarities and differences for tissues and
scaffolds.
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In allogeneic HSCT, we traditionally recognize two forms of GvHD: acute
(aGvHD) and chronic (cGvHD). aGvHD remains, directly or indirectly, the major
cause of short-term (day 100) mortality after allogenic HSCT. The pathology of
aGvHD is a process comprising initial tissue damage from the conditioning regimen
which in turn leads to activation of host antigen-presenting cells and activation and
proliferation of donor T cells and finally to the release of inflammatory cytokines
such as interleukin-1 and tissue necrosis factor (TNF-a) that eventually produce
tissue necrosis. The action of this pathogenetic process in the induction of a GYHD
is modulated in part by the presence of cells capable of inhibiting immune responses,
most notably T-regulatory cells (T-regs).

As aGvHD is a result of an alloimmune effect the major risk for occurrence is the
presence of human leukocyte antigen (HLA) disparity, and increasing degrees of
HLA-mismatching increase the probability of more severe disease. Further risk fac-
tors include older patient age, the use of female donors for male recipients, prior
alloimmunization of the donor, the nature of GVHD prophylaxis, increasing donor
age, the use of peripheral blood stem cells as opposed to bone marrow, and recipient
seropositivity for cytomegalovirus. More recently, we understand the importance of
non-HLA genetic factors in the development of GVHD. Examples include polymor-
phisms in the genes encoding cytokines such as the tumor necrosis factors, the inter-
leukins (IL-1, IL-6, and IL-10), interferon, and transforming growth factor (TGF)-f
and the expression of the Kkiller cell immunoglobulin-like receptors (KIR).
Interestingly, one of the common features of the organs involved in aGvHD is that
they are all exposed to microbial pathogens through the intestinal mucosa, epider-
mis and portal circulation, and early murine studies confirmed a reduction in the
severity and incidence of GvHD in animals that received antibiotic prophylaxis to
decontaminate the gastrointestinal tract or those kept in germ-free environments.
This has led to the speculation that potential differences within individuals in the
interactions of antigens derived from infective organisms and pattern recognition
receptors (PRR) might protect or predispose to the occurrence of GVHD [44].

The first-line therapy of GvVHD is single agent methylprednisolone, which is
effective in 40-50 % of cases. But second line treatment for steroid refractory dis-
ease is largely unsatisfactory and therefore major efforts are exerted to prevent the
occurrence of aGVHD. The most effective method of prophylaxis is T-cell depletion
but in good risk transplants is accompanied by an unacceptable level of infection
and relapse of the original disease. Still today, the most frequently used regimen for
aGvHD prevention remains methotrexate and a calcineurin inhibitor. Manipulation
of cellular subpopulations with immunosuppressive properties are promising new
strategies for both prevention and treatment.

The chronic GVHD is an immunoregulatory disorder occurring after allogeneic
HSCT and shares features of autoimmunity and immunodeficiency. Features of
c¢GVHD resemble other autoimmune diseases such as Sjogren syndrome, sclero-
derma, primary biliary cirrhosis, and immuncytopenias. Similarly to aGvHD,
c¢GVvHD is also thought to be induced by the immune cells of the donor but the
pathophysiology is even less well understood. Although autoreactive T-lymphocytes
are considered to play the key role, recent data revealed the importance of B-cells
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[44—46]. There is no standard salvage therapy for cGVHD. cGvHD is the main cause
of late non-relapse mortality and morbidity after allogeneic HSCT. Mortality is pri-
marily caused by infections either due to the immunodeficiency of cGvHD or due to
its treatment.

Genetic disparity, in particular at the HLA loci, between patient and donor is a
critical factor influencing transplantation outcome. Nevertheless, several issues
remain to be explored, such as the impact of stem cell source and conditioning,
T-cell depletion, non-HLA genetic factors, other donor factors (age, CMV, gender),
delays in accessing the donor (time of transplantation) and the impact of HLA
matching. The importance of large collaborative studies should be emphasized.

Novel approaches are needed to further improve the quality of the stem cell graft
and to control side effects such as GvHD. Maybe CD26/Dipeptidyl Peptidase 4
(DPP4/DPPIV) is an appropriate target for attempts to further improve the out-
come. CD26/DPP4 is a surface T cell activation antigen and has been shown to
have DPP4 enzymatic activity with critical impact on the turnover of various che-
mokines and bioactive peptides (ADA, CD45, Caveolin-1, CXCR-4, CARMA-1,
MG6P/IGFII). A large number of studies demonstrate that CD26/DPP4 plays an
important role in the immune system, particularly in T cell activation and co-stim-
ulation, memory T cell generation, in maintaining lymphocyte composition and
function, and thymic emigration patterns during immune-senescence [8, 17].
Evidence is mounting that DPP4 expression and enzymatic activity contribute to
the emergence of autoimmune disease and allograft rejection. Inhibitors of DPP4
activity have received marketing authorization as a treatment option for type II
diabetes. However, the immunomodulatory facet of this therapeutic approach
maybe even more important.

Over the past decade, mounting evidence has supported the therapeutic utility of
T-cell-centered immunotherapy targeting check-point inhibitors, which, in various
iterations, has been shown capable of eliciting highly precise preclinical and clinical
responses with relevance for immune-oncology, transplantation immunology, and
other fields of immunotherapy [47]. Nevertheless, further research is needed, such
as the establishment of biomarkers for targeted therapy, duration of therapeutic
activity and compatibility of combined strategies.

12.4 T-Cell Responses to Implants and Scaffolds:
Challenges and Options

Decellularized (acellular) scaffolds, composed of natural extracellular matrix, form
the basis of an emerging generation of tissue-engineered organ and tissue replace-
ments capable of transforming healthcare. Prime requirements for allogeneic, or even
xenogeneic, decellularized scaffolds are biocompatibility and absence of rejection.
The transfer of an implant or scaffold will inevitably trigger an inflammatory
response towards the surgical trauma, the materials used and their interaction with
the site of insertion. The intensity, the course, and the extent of the immune response
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will depend on the individual immune responsiveness and on factors related to the
toxicity, corrosion and stability of the materials used [48]. Given the scarcity of
data, the type of immune response will be nonspecific to a large extent; however,
changes in material composition and the introduction of novel materials and tech-
nologies, including nanoparticles, will inevitably bear the risk of more specific,
aberrant and unexpected immune responses that may threaten the function and sur-
vival of the implant and, more importantly, endanger the patient.

When comparing T-cell immune responses against scaffolds, implant materials
and devices to those directed against organs and cells, differences are conceivable
or evident and will have to be taken into account:

— Alack of HLA (“signal 17);

— Alack of immune cells of donor or graft origin that could mount a potent immune
response against the host;

— Alack of tolerogenic immune cells of donor or graft origin that could alleviate a
pathologic immune response that could lead to rejection, GVHD, transplant fail-
ure and death.

Irrespectively of the absence of donor-derived T cells or classical T cell partners,
the following potential problems may mount a similarly strong and undesired effect:

— Cross-reactivity and molecular mimicry may initiate a T cell response from the
side of the recipient,

— Superagonistic effects may initiate a cascade of immune effects in the absence of
HLA and/ or costimulatory signals,

— A lack of biocompatibility, especially when materials of nonhuman biological
origin are used, may unleash a cascade of responses that are by no means less
potent than classical mechanisms of rejection, because the final routes are similar
to a large extent, albeit more potent [49].

Sensitization against allergens derived from implants, scaffolds, and devices has
been shown to occur, bearing features of a classical T-cell-mediated Type I'V hyper-
sensitivity response [50]. Allergens include known allergens such as nickel, cobalt,
chromium, and also acrylate and antibiotics contained in bone cement. Interestingly,
the numbers of patients reported to be allergic against such implant components are
surprisingly low when compared with sensitization rates of up to 12 % in a broader
community (for review cf. [48]). More recently, lymphoid aggregates found as his-
tological lesions in adverse reactions to metal debris, were shown to have striking
similarity with tertiary lymphoid organs [51] seen in chronic inflammatory diseases
such as rheumatoid arthritis [52-54], Sjogren’s syndrome [55], and Hashimoto’s
threoiditis [56]. Although these structures affect local immune responses, the
contribution of these lymphoid aggregates to the underlining pathology is highly
context dependent and can elicit either protective or deleterious outcomes [57].

The impact of such ectopic lymphoid organs, involving a plethora of immune
cell populations, will reach beyond local effects and exert systemic responses. In
fact, systemic reactions have been observed in patients with implants of various
kinds [58]. In patients supplied with left ventricular assist devices (LVADs), several
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canonical signaling pathways of were shown to be affected 7 days and six months
after implant, including NF-kB, HLA class II-mediated antigen presentation, OX40,
IL-15, 14-3-3, and cytotoxic T-lymphocyte mediated apoptosis [59].

Fishman and colleagues [60] studied the cellular immune response against a
decellularized skeletal muscle scaffold in a xenotransplant model. T-cell prolifera-
tion and cytokines served as surrogate markers for the in vivo host immune response
toward the scaffold. Decellularized scaffolds were found to exert anti-inflammatory
and immunosuppressive effects, as evidenced by delayed biodegradation time
in vivo; reduced sensitized T-cell proliferative activity in vitro; reduced IL-2, IFN-
gamma, and raised IL-10 levels; polarization of the macrophage response in vivo
toward an M2 phenotype; and improved survival of donor-derived xenogeneic cells
at 2 and 4 weeks in vivo. Decellularized scaffolds were shown to polarize host
responses away from a classical Th1-proinflammatory profile and appear to down-
regulate T-cell xenoresponses and Thl effector function by inducing a state of
peripheral T-cell hyporesponsiveness.

Common techniques utilized to process biomaterials include decellularization,
chemical cross-linking to stabilize the matrices and/or remove or mask antigenic
epitopes, DNA, and damage-associated molecular pattern (DAMP) molecules [61—
63]. However, chemical cross-linking can impact the immune response and the pro-
cess of decellularization does not fully remove DNA. In porcine-derived scaffolds
for orthopedic applications, remnant porcine DNA within decellularized biological
scaffold materials has been implicated as the cause of inflammatory immune reac-
tions post transplantation [61-65]. In addition, studies have indicated that coating
with serum substrates induces IL-10 production and Th-2 response, while adhesive
substrates such as vitronectin or collagen have been implicated in the support of
Th1 DC responses [66].

12.5 Perspectives for Transplant Optimization

For the topic addressed here, it is still difficult to draw conclusions as to potential
strategies to optimize immune tolerance for biomaterials, implants and scaffolds.
Some contours, however, become apparent:

1. The choice of material can influence the immune response to the implant through
the adsorption of proteins, which in turn facilitates the interaction with cells of
the immune system [67, 68]. Monocyte adhesion to the surface of the implant is
generally enhanced when the implant is made of hydrophobic materials in
comparison to hydrophilic materials [68, 69]. Therefore, the utilization of neu-
tral or hydrophilic materials decreases the formation of foreign-body giant cells
through the reduction of monocyte/macrophage adhesion [70]. Conversely, a
greater amount of inflammatory cytokines is produced by the adherent mono-
cytes/macrophages on neutral or hydrophilic biomaterials [70, 71].
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The association of tertiary lymphoid organs with T-cell mediated inflammatory
responses against implants, devices and scaffolds may provide new perspectives
for therapies to overcome transplant rejection, loss of function and implant
failure.

However, to date the number of clinical studies targeting tertiary lymphoid
organs remains limited. One potential strategy is to disrupt the spatial arrange-
ment of T and B cells. In chronic renal allograft rejection, B-cell depletion with
rituximab (anti-CD20 monoclonal antibody) had a limited impact on the mainte-
nance of ELFs and biological intervention promoted expression of the B-cell
survival factor, B-cell-activating factor [72]. Other licensed biological therapies
including IL-6 or IL-6 receptor-specific monoclonal antibodies (e.g., tocili-
zumab), T-cell activation antagonists (e.g., abatacept), and Janus kinase inhibi-
tors (e.g., tofacitinib) are likely to target pathways linked with tertiary lymphoid
organs, albeit untested [73]. Given their prominent roles in lymphoid neogenesis,
drugs targeting lymphotoxin beta (e.g., baminercept and pateclizumab) may
prove effective in blocking tertiary lymphoid organ activity [74—77]. Similarly,
CXCL13 blockade has shown some promise in preclinical studies for the treat-
ment of experimental inflammatory arthritis, diabetes, and Sjogren’s syndrome
[78-80]. Finally, preclinical data provide encouraging evidence for amelioration
of disease following blockade of IL-21 involvement in germinal center reactions
[81-83].

. Decellularized scaffolds exert an immunomodulatory effect in favor of immune

tolerance: First evidence suggests that such tissue preparations may be better
suited than artificial compounds, at least in terms of immune tolerance. The
immune response pattern observed here might, in fact, be seen as similar to an
induction of tolerance and is reminiscent of studies in models of pregnancy, Th1-
mediated abortions and their prevention by a shift of T cell responses to a Th2
hyporesponsive state [84, 85]. The fact that immunomodulatory effector mecha-
nisms involving CD26/DPP IV inhibition have been shown to exert the shift
towards a state of tolerance [8, 17] could pave the way for a further enhanced
tolerance of such scaffolds in T-cell hyporesponsiveness as discussed above; in
solid organ transplantation, the inhibition of CD26/DPP IV activity has at least
contributed to improved transplant survival [86]. In line with reports on systemic
effects of LVAD implants described above, the very same canonical signaling
pathways [47] may be expected to reflect changes corresponding to an altered,
tolerogenic systemic pattern. The absence of HLA molecules can be assumed to
be beneficial, matching favorably with elegant data by Figueiredo et al. [87] who
virtually neutralized cells by downregulation of both HLA class I and class II
molecules.

Scaffolds of xenogeneic origin, however, will continue to be confronted with
immune barriers that restrict their use in transplantation: for xenogeneic nonvi-
able xenografts, increasing evidence suggests that considerable immune reac-
tions, mediated by both innate and adaptive immunity, take place and influence
the long-term outcome of xenogeneic materials in patients, possibly precluding
the use of bioprosthetic heart valves in young individuals [59]. Solutions may
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include (a) classical [88] and innovative concepts of immunosuppression as
described for tertiary lymphoid organs above, (b) immunomodulatory approaches
such as DPP IV inhibition, and (c) genetic modifications that could also contrib-
ute to bridging cross-species barriers.

Various factors lead to transplant optimization and immunomodulation, address-
ing both, the graft itself and the host’s immune system. Age and/or state of the
recipient must be taken into consideration when modulating therapy or preparing a
graft for implantation/transplantation, as the humans differ in their immune profile
depending on their age. In transplantation, many strategies have been designed and
tested to induce clinically relevant immune tolerance, targeting different cell types
including T cells and the interface between T cells and APCs (for review cf. [8, 17,
71]). Many important lessons have been learned especially in hematopoietic stem
cell transplantation as outlined above. The comparison of known concepts in trans-
plantation immunology with the emerging field of scaffolds used in regenerative
medicine remains limited; however, some parallels pointed out in this chapter are
hoped to provide useful hints for further development.
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