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    Chapter 2   
 Implications of the Acute and Chronic 
Infl ammatory 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 
infl ammation, chronic infl ammation, and the foreign body reaction (FBR) within 
the fi rst 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 infl ammation consisting predominantly of polymor-
phonuclear leukocytes follows but resolves quickly, usually within the fi rst week if 
not sooner, depending on the extent of injury at the implant site. Chronic infl amma-
tion consisting of monocytes, macrophages, and lymphocytes follows acute infl am-
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, fi brosis and fi brous encapsulation occur in the fi nal 
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 fi brous 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 fi brous 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 infl ammation  ,  chronic infl ammation  , and the  foreign body reaction   are generally 
considered to be early events occurring in the  innate immune response  , e.g., the fi rst 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 specifi c 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 defi nition of bio-
compatibility is those materials, which do not induce an adverse tissue reaction. A 
more helpful defi nition of biocompatibility is the ability of a material to perform 
with an appropriate  host response   in a specifi c application [ 1 ]. This defi nition is 
helpful as it links material properties or characteristics with performance, e.g., bio-
logical requirements, with a specifi c application, a specifi c medical device, or bio-
material used as a medical device. The “appropriate  host response  ” implies 
identifi cation 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 identifi cation 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. 

 Infl ammation, 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 infl ammation  . 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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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 fl ow, 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 infl ammation  , 
are followed by cellular events that characterize the infl ammatory response. 

 Blood-material interactions and the infl ammatory 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 infl ammatory 
response is activated by injury to vascularized  connective tissue   (Table  2.2 ).

   Infl ammation serves to contain, neutralize, dilute, or wall off the injurious agent or 
process. In addition, the infl ammatory 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 fi broblastic  scar tissue  , or a com-
bination of these two processes. Since blood and its components are involved in the 
initial infl ammatory responses, blood clot formation and/or thrombosis also occur. 
Blood coagulation and thrombosis are generally considered  humoral responses   and 

  Table 2.1    Sequence/
continuum of host reactions 
following implantation of 
medical devices  

 Injury 
 Blood-material interactions 
 Provisional  matrix formation   
  Acute infl ammation   
  Chronic infl ammation   
  Granulation tissue   
  Foreign-body reaction   
 Fibrosis/fi brous capsule development 
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are infl uenced by homeostatic mechanisms such as the extrinsic and intrinsic coagu-
lation systems, the complement  system  , the fi brinolytic 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 fi brin and infl ammatory mediators, produced by activation of the coagu-
lation and thrombosis and complement systems, respectively, activated platelets, 
infl ammatory 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 fi broblast recruitment. The provisional 
matrix provides both structural and biochemical components to the process of wound 
healing. The complex three-dimensional structure of the fi brin 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 

  Table 2.2    Cells and 
components of vascularized 
 connective tissue    

  Intravascular (blood) cells  
 Erythrocytes (RBC) 
  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 
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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 infl ammatory response varies with 
time (Fig.  2.1 ). In general, neutrophils predominate during the fi rst 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 24–48 h; 
neutrophil emigration from the vasculature to the tissues is of short duration; and 
chemotactic factors for neutrophil migration are activated early in the infl amma-
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 signifi cantly more phagocytes than did 
serum-coated implants.

  Fig. 2.1    The temporal variation in the  acute infl ammatory   response,  chronic infl ammatory   
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       
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   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 infl ammatory 
or wound-healing process, and thus the host response to a biomaterial.

2.3         Acute Infl ammation   

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

   Several points must be noted to understand the  infl ammatory response   and its 
relationship to  biomaterials  . First, although  chemical mediators   are classifi ed 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 signifi cant damage or  injury  . 
These chemical mediators are also important in the degradation of certain biomate-
rials [ 5 – 8 ]. 

  Acute infl ammation   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 fl uid 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 infl ammatory 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 identifi ed as chemotactic stimuli. Specifi c 

  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       
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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 infl am-
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 fi brinogen,  fi bronectin  , 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. 

   Table 2.3    Important chemical mediators of infl ammation derived from plasma, cells, or injured 
tissue   

 Mediators  Examples 

 Vasoactive agents  Histamines, serotonin, adenosine, endothelial-derived 
relaxing factor (EDRF), prostacyclin, endothelin, 
thromboxane  α  2  

 Plasma proteases 
   Kinin system  Bradykinin, kallikrein 
   Complement system  C3a, C5a, C3b, C5b-C9 
   Coagulation/fi brinolytic system  Fibrin degradation products, activated Hageman factor 

(FXIIA), tissue plasminogen activator (tPA) 
 Leukotrienes  Leukotriene B 4  (LTB 4 ), hydroxyeicosatetranoic acid 

(HETE) 
 Lysosomal proteases  Collagenase, elastase 
 Oxygen-derived free radicals  H 2 O 2 , superoxide anion 
 Platelet activating factors  Cell membrane lipids 
 Cytokines  Interleukin 1 (IL-1), tumor necrosis factor (TNF) 
 Growth factors  Platelet-derived growth factor (PDGF), fi broblast growth 

 Factor (FGF), transforming growth factor TGF- α  or 
(TGF- β ), epithelial growth factor (EGF) 
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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 specifi c 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 infl ammatory response than the 
same material in a nonphagocytosable form such as fi lm. In general, materials 
greater than 5 μm are not phagocytosed, while materials less than 5 μm can be 
phagocytosed by infl ammatory cells, i.e., nanoparticles. 

  Acute infl ammation   normally resolves quickly, usually less than 1 week, depend-
ing on the extent of injury at the implant site. The presence of  acute infl ammation   
(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 Infl ammation   

 Chronic infl ammation has a more heterogeneous histologic appearance than acute 
infl ammation. In general, chronic infl ammation 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 infl ammation. 

 Clinically, surgical pathologists commonly use the term chronic infl ammation to 
describe the  foreign body reaction  . Caution is recommended in the use of this term 
as it demonstrates the breadth of histological fi ndings that lead to the clinical diag-
nosis of chronic infl ammation. Chronic infl ammation 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 infl ammatory stimuli lead to chronic infl ammation. While the chemi-
cal and physical properties of the biomaterial in themselves may lead to chronic 
infl ammation, in situ motion of the implant or infection may also produce chronic 
infl ammation. The chronic infl ammatory response to  biomaterials   is usually of short 
duration and is confi ned to the implant site. The presence of mononuclear cells, 
including lymphocytes and  plasma cells  , is considered  chronic infl ammation  , 
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 infl ammation 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 infl ammation 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 signifi cant histological fi nding in both rats and rabbits at 
any time period was the persistent chronic infl ammation that occurred focally 
around the naltrexone containing beads. The focal infl ammatory 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 infl ammatory 
response between naltrexone beads and placebo beads increased with increasing 
time of  implantation  . Considering the resolution of the infl ammatory response 
for the placebo beads with implantation time in both rats and rabbits, the more 
severe infl ammatory reaction suggested that the naltrexone drug itself was the 
causative agent of the focal chronic infl ammation 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 infl ammatory response. Similar chronic 
infl ammatory responses have been identifi ed 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 benefi t 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 
infl ammation 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 identifi ed signifi cant 
differences in  macrophage   phenotypic expression. This difference in macro-
phage function or activation, dictated by different environmental cues, has been 
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classifi ed into various ways. Following on the  T-cell   literature, macrophages 
have been classifi ed as  M1 macrophages   defi ned as classically activated or pro-
infl ammatory macrophages and  M2 macrophages   described as alternatively acti-
vated macrophages or anti-infl ammatory/pro-wound-healing macrophages 
[ 14 – 16 ]. Others have attempted to identify three different macrophage classifi ca-
tions: classically activated macrophages, wound-healing macrophages, and regu-
latory macrophages [ 17 ]. In this classifi cation, it is the  regulatory macrophage      
that has anti-infl ammatory activity whereas the wound-healing macrophage 
facilitates tissue repair. Attempts to classify macrophage activity are artifi cial 
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 infl ammation   
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), fi broblast growth 
factor (FGF), transforming growth factor- β  (TGF- β ), TGF- α /epidermal growth fac-
tor (EGF), and  interleukin-1 (IL-1)   or  tumor necrosis factor (TNF- α )   are important 
to the growth of fi broblasts 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  .  

  Table 2.4    Tissues and cells 
of MPS and  RES       

 Tissues  Cells 

 Implant sites  Infl ammatory macrophages 
 Liver  Kupffer cells 
 Lung  Alveolar macrophages 
 Connective tissue  Histiocytes 
 Bone marrow   Macrophages   
 Spleen and lymph 
nodes 

 Fixed and free macrophages 

 Serous cavities  Pleural and peritoneal macrophages 
 Nervous system  Microglial cells 
 Bone  Osteoclasts 
 Skin  Langerhans’ cells 
 Lymphoid tissue   Dendritic cells   
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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 
infl ammation. 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 fi broblasts. 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 fi brous capsule seen with most bio-
materials. Some fi broblasts in developing granulation tissue may have the features 
of smooth muscle cells, e.g., actin microfi laments. These cells are called  myofi bro-
blasts   and are considered to be responsible for the wound contraction seen during 
the development of granulation tissue. In addition to contraction, myofi broblasts 
can invade and repair injured tissues by secreting an organizing extracellular matrix 
[ 26 ]. Recent studies indicate that myofi broblasts can originate from different pre-
cursor cells, the major contribution being from local recruitment of  connective tis-
sue    fi broblasts  ; however, local mesenchymal stem cells, bone marrow-derived 
mesenchymal stem cells (fi brocytes), and cells derived from the epithelial- 
mesenchymal transition process may be an alternative source of myofi broblasts 
[ 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 fi rst 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 signifi cant 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 fi lled 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 fi brosis 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 modifi ed 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, fi broblasts, and capillaries in 
varying amounts), depending upon the form and topography of the implanted mate-
rial [ 2 ,  32 ,  33 ]. Relatively fl at 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 tetrafl uoroethyl-
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  fi brosis   as a signifi cant component of the implant site [ 35 ,  36 ]. 

 The FBR may persist at the tissue–implant interface for the lifetime of the implant. 
Generally, fi brosis (i.e., fi brous 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 infl ammatory 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 fi gure are important biological responses that are considered to play 

J.M. Anderson and S. Jiang



27

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 infl ammation and wound healing 
when medical devices (i.e., biomaterials) are implanted. In general, the PMN pre-
dominant  acute infl ammatory   response and the lymphocyte/monocyte predominant 
 chronic infl ammatory   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 

  Fig. 2.3    Sequence of events involved in infl ammatory and  wound-healing responses   leading to 
foreign body giant cell formation. This shows the potential importance of  mast cells   in the acute 
infl ammatory phase and Th2 lymphocytes in the transient chronic infl ammatory phase with the 
production of IL-4 and IL-13, which can induce monocytes/macrophage fusion to form foreign 
body giant cells       
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of IL-4-induced FBGCs are characterized by the early constitutive expression of 
αVβ1 and the later induced expression of α5β1 and αXβ2, which indicate potential 
interactions with adsorbed complement C3, fi brin(ogen),  fi bronectin  , Factor X, and 
vitronectin [ 39 – 47 ]. Interactions through indirect (paracrine) cytokine and chemo-
kine signaling have shown a signifi cant 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-infl ammatory” based on their cytokine profi le, of which IL-4 is a 
signifi cant 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 signifi cant 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 
lines used in  biomaterials   
studies  

 Cell Line  Source 

 HL-60  Human—Promyelocytic Leukemia 
 IC-21  Mouse—Transformed Peritoneal 

Macrophages 
 J774  Mouse—Histiocytic  Lymphoma   
 J774A.1  Mouse—Histiocytic Lymphoma 
 P388D1  Mouse—Transformed Lymphoma 
 RAW  Mouse—Transformed Lymphoma 
 RAW 
264.7 

 Mouse—Transformed Lymphoma 

 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 fi brosis or fi brous 
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 infl amma-
tion, wound healing, and the  foreign body reaction  , as well as other signifi cant 
factors in tissue regeneration, present major challenges to the successful achieve-
ment of this goal. This is especially signifi cant 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 fi brous 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 classifi ed 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 fi brosis and fi brous 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 infl ammatory exudate, leading to fi brosis. Tissues of stable cells 
(e.g., parenchymal cells of the liver, kidney, and pancreas); mesenchymal cells (e.g., 
fi broblasts, 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 fi brosis or may undergo resolution of the 
infl ammatory  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 fi brosis. 
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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 fi brous capsule. Initially believed to be produced by infi ltrating  fi broblasts  , it is 
now known that  myofi broblasts   and  fi brocytes   (resident and circulating mesenchy-
mal progenitor cells) play a signifi cant role in producing collagenous fi brosis, the 
main constituent of the fi brous 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 fi brous 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 fi brous capsule surrounding or encapsulating a biomaterial, 
i.e., scaffold, or medical device, i.e., pacemaker generator, has been commonly viewed 
as a rejection phenomenon in the end-stage healing of implanted  biomaterials   or med-
ical devices. This perspective is medical device dependent and the formation of a 
fi brous 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 fi brous 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 infl amma-
tory response produced by such motion when inadequate fi brous capsules have 
formed surrounding implanted biomaterials or medical devices. Inadequate fi brous 
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 fi brous 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 infl ammatory 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  infl ammation     , wound healing, and fi brous encapsula-
tion of biomaterials.  
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2.8     Discussion and Perspectives 

 In spite of the signifi cant advances that have been made in mechanistic understanding 
of the infl ammatory, 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 signifi cant 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 identifi ed 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 (β1, β2, β3) that in turn can bind to a wide variety of 
proteins present in the provisional matrix. These blood-derived proteins include 
complement C3b fragments, fi brin, fi brinogen,  fi bronectin  , factor X, and vitronectin. 
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Moreover, integrin expression by monocytes/macrophages is time-dependent and β1 
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 identifi ed 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 fi brous capsule surrounding implants, fi brocytes, a 
subpopulation of circulating mesenchymal progenitor cells, have been identifi ed as 
augmenting wound repair as well as producing different fi brosing disorders in 
humans [ 59 ]. Blood circulating fi brocytes can be recruited to sites of tissue or implant 
injury and differentiate into fi broblasts and myofi broblasts.  Myofi broblasts   are now 
considered to be a major contributor to fi brosis and may be responsible for the remod-
eling of granulation tissue  collagen   to fi brosis-dependent collagen, i.e., collagen  type 
I  . Recent studies have suggested that the mechanical properties of the biomaterial 
substrate can infl uence the contractile nature of myofi broblasts [ 26 ,  58 ,  69 ,  70 ]. 

 A successful approach to the inhibition of infl ammatory adhesion and activation 
has been the modifi cation of biomaterial surfaces with CD47, a transmembrane 
molecular marker of “self.” As infl ammatory cells do not recognize these surfaces 
as being foreign, infl ammatory 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 fi ndings suggest that both 
biomaterial degradation and fi brous capsule formation can be reduced with CD47 
modifi cation 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 fi brous 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 infl ammatory, healing, and foreign body responses to 
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biomaterials and medical devices resulting in their eventual failure. Infection 
remains a signifi cant 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 infl ammatory 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 identifi ed 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 signifi cance as the response to injury with the develop-
ment of the acute and chronic infl ammatory response usually occurs within the fi rst 
two weeks following implantation and the foreign body reaction with adherent 
 macrophages   and foreign body giant  cells  , while developing within the fi rst 2 
weeks of implantation, are more persistent and in some cases have been identifi ed 
to be present for the lifetime of the synthetic or biologically derived material. The 
investigation of tissue-engineered systems is of special signifi cance as they have 
the potential to signifi cantly  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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