The foreign body response studied in
vitro

Introduction

To study the biocompatibility of a biomaterial in vitro as a model for in vivo cases, the response of
the organism to a biomaterial in vivo must first be known. When a biomaterial gets implanted into
the human body a foreign body response will occur. This response involves different phases over
time, with first protein adsorption, second acute inflammation, third chronic inflammation, fourth
giant cell formation and at last the forming of a fibrous capsule.

When a biomaterial gets implanted the first interaction will be a blood/material interaction with
protein adsorption to the surface of the biomaterial. These proteins will form a provisional matrix
that is essential for the further steps of the foreign body reaction, as the monocytes/macrophages
and polymorphonuclear leukocytes (PMNs) can only bind with their receptors to the adsorbed
proteins, the cells can’t directly bind to the material.'The continuous protein adsorption and
desorption is described by the Vroman effect.?Proteins with high mobility like albumin are initially
being adsorbed to the surface of the biomaterial followed by proteins with less mobility that will
replace the initial proteins. Proteins like fibrinogen, high molecular weight kininogen (HMWK),
fibronectin and vitronectin are proteins with higher affinity to the surface of the biomaterial. The
provisional matrix releases several bioactive agents that further control the next phases of wound
healing.?

The tissue damage done by the insertion of the material is the main reason for an acute
inflammation and infiltration of PMN’s. Multiple molecules are being released after membrane
destruction called alarmins that can be recognised by toll-like receptors on the PMN’s that start the
innate immune response.* Activated platelets, endothelial cells and the complement system also
release chemoattractant which attracts PMN’s and macrophages. Frustrated phagocytosis of the
leukocytes and oxygenic burst makes a highly inflammatory milieu which attracts more PMN’s>. This
phase is described as the acute inflammation.

The chronic inflammation phase is mainly led by monocytes/ macrophages that are attracted by
several cytokines and chemokines in the implantation site. These chemokines and cytokines have
chemoattractant properties that lead the monocytes/macrophages to wound site. After arrival they
adhere to the fibronectin, vitronectin, complement fragments and fibrinogen in the provisional
matrix, the binding leads to activation of the monocytes. The activation can lead to two types of
macrophages being M1 and M2 macrophages. M1 macrophages are pro-inflammatory macrophages
that will try to phagocytose small particles from a biodegradable biomaterial to phagocytose the
biomaterial and it will release reactive oxygen species and lysozymes. M2 macrophages are activated
by interleukin-4 and interleukin-13 from mast cells and produce interleukin-10 and transforming
growth factor-B and they induce an anti-inflammatory response.®!M1 macrophages are the most
important cells in the chronic inflammation phase and M2 cells are present later in the wound
healing phase. M2 macrophages secrete cytokines that attract lymphocytes and cytokines and
growth factors that activate fibroblasts, regeneration of the tissue and formation of a capsule.



When the macrophages can’t phagocytose the material (frustrated phagocytosis) , macrophages will
fuse together into a foreign body giant cell (FBGC) . FBGC’s are large cells that consist of dozens of
nuclei and can be up to several hundred um large. II-4 and 1l-13 are the main interleukins produced
by T-lymphocytes and mast cells that induce the fusion of macrophages to FBGC. because the
phenotype switch from M1 to M2 macrophages is also induced by IL-4 and IL-13, it is believed that
FBGC are a result of fusion of the M2 phenotype macrophages. Formation of the FBGC is seen as
undesired in the foreign body reaction. FBGC secrete ROS and lysosomes that have an increased
biodegradation effect on the biodegradable biomaterial. * Biomaterials designed to function as a
non-biodegradable material in the body could fail under formation of FBGC and biodegradable
designed materials could degrade quicker giving an undesired result.

Chronic inflammation and the presence of foreign body giant cells could eventually lead to the
formation of a fibrous capsule around the implanted biomaterial. Mainly M2 macrophages but also
other immune cells, keratinocytes, fibroblasts, endothelial cells, thrombocytes and adipocytes
produce pro-fibrotic growth factors and pro-angiogenic growth factors like PDGF, VEGF and TGF-B.
7,8 These molecules attract fibroblasts and endothelial cells. On the surface of the materials these
cells will secrete fibres of collagen and other proteins to create a granulation tissue. Granulation
tissue is a vascularized connective tissue that exist out of microscopic small blood vessels formed out
of endothelial cells that branched off from already existing blood vessels, fibroblasts that secrete
collagen and macrophages. the granulation tissue will later change into connective tissue
surrounding the material or a fibrous capsule.® When a fibrous capsule is formed, Collagen 3 will be
replaced by collagen 1 and fibroblasts that will differentiate into myofibroblasts under the influence
of TGF-B. myofibroblasts will reform the capsule leading to mechanical stress. the fibrous capsule
can eventually lead to failure of the implant where undesired mechanical properties of the material
or undesired interaction with the material and the surrounding tissue can be a problem.

When using a model for the FBR in vitro, a selection can be made on promising biomaterials that
should show the most favoured foreign body reaction in vivo, without having to test every material
in animals. By making this selection the use of animal experiments can be significantly reduced.®

Making a valid and representative model of the FBR to a biomaterial in vitro is a difficult task, due to
the complex interactions of proteins and cells and the different phases of the FBR. This review will
focus for now on the initial processes involved in the FBR. protein adsorption to the biomaterial will
be discussed as well as the attraction and activation of PMN’s and macrophages.

Protein adsorption to the biomaterial

Adsorption of proteins to the biomaterial is the first response of the body to the biomaterial. As it is
the first step in the foreign body response, it can have great implications to the further development
of the foreign body response. Knowing what properties of the biomaterial leads to different
configurations of protein adsorption is important, because it can determine which biomaterial with
certain chemical properties should be used in practice. When a biomaterial gets implanted, the
guantities of given protein adsorpted to the surface is strongly dependent on the chemical
properties of the implanted biomaterial. Polymeric biomaterials have been found to attract different
proteins in different amounts depending on the surface chemistry and topology.The interfacial free
energy is one of these properties. A study by Dulinska-Molak et al*!, found a correlation between
the interfacial free energy and the amount of protein adsorpted on the surface of polyurethanes.



Generally, there has been found that the amount of interfacial free energy at the blood plasma-
biomaterial interface determines the amount of the initially adsorbed proteins to the surface of the
material. In a study by Huang et al'?,the surface energy and competitive protein adsorption of
fluorocarbon end-capped poly(carbonate) urethane (PCUF) has been compared to polystene (PS)
using reflectometry interference spectrometry(RifS). The lower interfacial energy between PCUF and
protein compared to PS and protein resulted in more albumin, less fibrinogen and less igG and is
believed to be responsible for the better blood compatibility. A low interfacial free energy with
blood have been found to reduce the adsorption of proteins.™

There is also a big difference between adsorption of blood plasma proteins between hydrophilic and
hydrophobic surfaces of implanted polymeric biomaterials. Low interfacial free energy surfaces have
been found to adsorb larger amounts of blood plasma proteins. There has also been found that
proteins change in conformational structure from their native structure when they are adsorbed to
the surface of the biomaterial. Tanaka et al**. have found that protein adsorbed on polyarcylaat
surfaces changed the secondary structure of the protein and saw a change in a-helix and B-helix
structure. Nonpolar hydrophobic surfaces have been found to give the adsorbed surface proteins a
higher degree in unfolding. Nonpolar hydrophilic surfaces show the opposite and give the least
amount of protein unfolding. This change in conformation of these protein could possibly play a
large role in determining biocompatibility. ¥

There are also other factors that will change the adsorption of blood — plasma protein, these are the
addition of functional groups to the polymer, the surface electricity charge of the polymer, the
molecular weight of the polymer, topography and roughness of the material. The surface of a solid
polymeric biomaterial can also be modified. The material can get coated which can be of intact
biomolecules or a plasma coating. The material can also be modified by altering the topography with
nanopore structures. treatments, plasma discharge and radiation grafting. All these factors have
been found in research to have an impact on the adsorbed protein composition on the surface of the
material. An example of this is added oxygen containing groups to the surface increasing the
adsorption of proteins like vitronectin, fibronectin, collagen but decreasing the adsorption of

Albumin?®3,®

The sequence of protein adsorption to the biomaterial to the adhesion of cells contains a few steps.
After implantation of a biomaterial in the body, proteins in the body fluid start to immediately
adsorb to the surface of the material and there is competition between the different proteins in the
body fluid for adsorbing to the surface. The largest percentage of mass from all proteins in the body
fluid comes from the albumin (Ab) and immunoglobulin (IgG). Extracellular matrix (ECM) proteins are
relatively less abundant in comparison with Ab and IgG. The ECM proteins in the layer of adsorbed
proteins contain amino acid sequences that integrins on the membrane of the cell can bind with.
Most of the known integrins bind to the arginine-glycine-asparagine (RGD) sequence, but there are
also a few other integrins that bind to other integrin-binding sequence motifs. These sequence
motifs are present on the initially adsorbed proteins like fibronectin and vitronectin. The
conformation of the ECM proteins within the protein layer and the orientation of the RGD sequence
has a strong influence on the ability for cells to surface of materials. Unfolded proteins on a
superhydrophobic surface can have RGD sequence sites that are not well accessible by cells reducing
the number of cells adhered to the surface.The interface of these binding sites from the ECM to
the integrin and from the integrin to cell has great influence on the activation of the cell in terms of
proliferation, survival, and gene expression. The protein structure of the protein layer with its ECM
proteins are dependent on the surface morphology of the biomaterial. In vitro tests can determine
which morphological structure of the biomaterial can lead to the desired initial protein — cell



interactions. ¥ Chandler-Temple et al'®, used a series of surface-modified expanded
poly(tetrafluorethylene) membranes to test for varying levels of macrophage inflammatory
response. Adsorbed proteins were identified with surface-matrix-assisted laser desorption ionisation
time-of-flight mass spectrometry (MALDI-Tof-MS) and related to the response of the RAW 264.7
macrophages. Results showed evidence for a correlation between the cell response and the
composition of proteins adsorbed on the surface caused by modification of the surface chemistry.
Lamers et al?®, evaluated the macrophage response on nano grooved silicon wafers in vitro with
RAW?264.7 macrophages and in vivo with mice by looking at the production of cytokines of the
macrophages. Results showed that the cytokine production was controlled by the nanogrooves on
the surface of the material.

Upon adsorption of proteins, there are also cascade systems that get activated, being the
complement system and coagulation system. These cascade systems get activated upon binding of
several proteins that can start the cascade systems. The start of these cascade systems is also
dependent on the conformational changes of the protein when adsorbed to the surface of the
biomaterial. C1g, mannose-binding leptin (MBL) and Properdin are recognition proteins of the
complement system. High molecular weight kininogen and FXII are recognition proteins of the
coagulation system that start with contact activation on the biomaterial. TF and FVII are recognition
particles of the coagulation system released from damaged tissue created from the implantation of
the biomaterial.?®

The coagulation system gets activated through two ways which are the intrinsic and the extrinsic
pathway. The intrinsic pathway is initiated by adsorption of FXIl on the biomaterial surface which
upon adsorption changes to the activated form FXlla. FXlla interacts with other coagulation factors
to create FXa. The extrinsic pathway is initiated by TF released from damaged tissue. TF interacts
with other coagulation factors to also create FXa, this is where the intrinsic and extrinsic pathway
merges. FXa activates thrombin further down the cascade. Thrombin activates platelets which
release mediators of the coagulation cascade which forms more thrombin, this creates an amplifying
effect. Thrombin also cleavages fibrinogen to fibrin. Fibrin proteins form strands making the mesh
around the surface of the biomaterial. Besides the activation from thrombin, platelets also get
activated from binding to fibronectin adsorbed to the surface of the biomaterial.%

Clq is the recognition protein of the complement system that is associated with complement
activation from implanted biomaterials. C1q bind to adsorbed immunoglobins like IgG which initiates
the complement cascade.?? Inflammation is the main consequence of complement activation coming
from the C3a and C5a proteins which will activate PMN’s, monocytes and the platelet activation. The
conformational changes of adsorbed surface protein allow for C3b and its degradation product iC3b
fragments to bind to the protein and enhance the complement cascade via the alternative pathway.
The C3b fragments would usually induce the process op opsonization where it binds to a pathogen.
C3b fragments have receptors that can activate macrophages to phagocyte the bound particle, this
is not possible for large biomaterials which could lead to frustrated phagocytosis and form foreign
body giant cells.?’ The complement system also has inhibitory proteins that downregulate the
complement activation. The properties of the surface affect the interaction of the inhibitory
proteins thus influencing the complement cascade system. Factor H and C1q inhibitor are such
complement inhibitors. %2

In summary, the composition and structure of the adsorbed protein layer is dependent on the
chemical surface properties of the biomaterial. The interfacial free energy and the hydrophobicity /
hydrophilicity of the material are very important values which can be changed with a range of



different techniques. The initially bound protein in their turn determine the form and expression of
the cascade systems.

Polymorphonuclear leukocytes in the acute inflammation phase

After the protein adsorption, the acute inflammation begins. The acute inflammation is
characterized by the presence of PMN’s. PMN'’s get attracted by mediators released due to damage
of the tissue, but also from mediators from the adsorbed protein layer and the cascade systems that
get activated from the start of the protein adsorption. The PMN’s that are active at the site of the
implantation are leukocytes that for the most part is seen as neutrophils. Eosinophils and basophils
make up a much smaller part with eosinophils taking up around 10% and basophils 1%. Out of all
PMN’s, neutrophils are the cells that interact and influence the FBR the most so the focus will on
these cells.

Local circulating PMN'’s first get attracted to the implantation site. The PMN’s get attracted from the
activated C3a and C5a factors of the complement system and from mediators of the activated
platelets. Another mediator is histamine from degranulated mast cells. Arriving at the implantation
site, the PMN’s bind with their integrin receptors in the cell membrane to the RGD sequence of
proteins adsorbed to the surface of the material. #

Alarmins from damaged tissue bind to pathogen recognition receptors (PRR) on the PMN’s. there are
alarmins that are secreted by damaged cells such as heat shock protein (HSP), High mobility group
box 1 (HMGB1), ATP and uric acid. Alarmins can also be created by the cleavage of ECM proteins,
this is done by proteolytic enzymes released from the damaged tissue. The binding of these alarmins
to PMN'’s activates the secretion of reactive oxygen species (ROS) and the release of proteolytic
enzymes. These ROS and proteolytic enzymes can induce the degradation of degradable polymeric
materials and they also damage the surrounding tissue increasing the period of the acute
inflammation. PMN’s will also start producing IL-8, this interleukin effects other PMN’s recruiting
them to the acute inflammation site. The extensive ROS release in reaction to the biomaterial causes
the ROS reserves of PMN’s to deplete reducing the ability of killing microbes. This can contribute to a
major bacterial infection of the implantation site in case bacteria are present at this site. 2224

Neutrophils phagocytise microorganisms or parts of organisms, but the capacity and process of
phagocytosing biomaterial particles is not well understood. Another function of the neutrophil is the
release of neutrophil extracellular traps (NETs). Neutrophils can make NETs in two ways, either by
releasing mitochondrial DNA or by a form of cell death called NETosis. NETosis is the more common
way of creating NET. Chromatin with DNA and histones is released and will form dense fiber like
structures, this fiber structure can trap microbes and neutralize them. The use of NET against
biomaterial has also been studied and so far we have seen neutrophils create NET against a wide
range of biomaterials, but the triggers for it occurrence and the influences it possesses on the FBR
has yet to be studied. 2 %*

Neutrophils also produce monocyte chemotactic protein 1 (MCP-1) and macrophage inflammatory
protein 1B (MIP-1B). These cytokines attract monocytes and macrophages to but also dendritic cells
(DC) and lymphocytes. These cytokines also function as a suppressor for the influx of new
neutrophils, making way for an increased influx of macrophages and monocytes. %

PMN'’s have a relatively short lifespan in comparison with macrophages and will quickly go in
apoptosis. One of the main reasons thought for the short lifespan of neutrophils is the damage done



to surrounding tissue from the proteolytic enzymes and ROS. Proinflammatory cytokines will change
the lifespan of PMN’s to be longer and after phagocytosis of microbes, the neutrophils will quickly go
in apoptosis. %

Monocytes/macrophages in the acute and possibly chronic
inflammation phase

The monocytes and macrophages are the driving cell that define the chronic inflammation phase.
Monocytes arrive at the inflammation site and can bind to proteins of the provisional matrix such as
collagen, fibronectin, laminin, fibrinogen and vitronectin via 1,82 and B3 integrins.?® These
activated monocytes can differentiate into different phenotypes of macrophages. Classically
activated are called M1 macrophages and alternatively activated are called M2 macrophages.M1
macrophages are pro inflammatory macrophages, these macrophages will phagocytose the wound
debris, neutrophils that underwent apoptosis, bacteria and will try to phagocytose the biomaterial.
M1 macrophages also secrete chemokines that maintain the inflammatory immune reaction by
attracting more inflammatory cells. M2 macrophages can be divided in two phenotypes being tissue
repair macrophages and regulatory macrophages. Tissue repair macrophages secrete anti-
inflammatory mediators and growth factors.?* %’

In the initial inflammation phase of the FBR, the M1 macrophage phenotype will be present first. M1
macrophages are differentiated from monocytes under the presence of interferon-y (INFy) and
tumor necrosis factor (TNF) or by lipopolysaccharide (LPS). INFy is produced by natural killer cells
(NK) from the innate immune response and T-helper (TH) cells from the adaptive immune response.
TNF is produced by antigen presenting cells (APC). Antigen on an TLR starts the transcription of TNF.
Later, in the chronic inflammation phase, the M2 macrophage phenotype gets activated. This
phenotype becomes active under the presence of IL-4 and IL-13, these interleukins can be produced
with the innate pathway from basophils, mast cells and granulocytes as well as the adaptive immune
pathway from TH2 cells. The adaptive immune pathway is the main source for tissue repair
macrophages activation. Activated tissue repair macrophages secrete ECM and activate fibroblasts
promoting the wound healing process. Regulatory macrophages are created by both the innate and
adaptive immune system by prostaglandins, glucocorticoids, apoptotic cells, and IL-10 from
regulatory T cells. There is another signal needed for the regulatory phenotype to become active,
this happens with the signal of a TLR-ligand. Regulatory macrophages are needed for
downregulating the inflammation and are known for their upregulation of IL-10 and downregulation
of IL12. IL-10 is an anti-inflammatory cytokine that inhibits the production of inflammatory
cytokines.?”’

Pro-inflammatory macrophages will try to phagocytise parts of the biomaterial. The proteolytic
enzymes and ROS secreted will help degrade the biomaterial and the macrophages will try to
phagocytose the particles. Single cell macrophages are only capable in phagocytosing particles that
are not bigger than 5um. larger particles cannot be phagocytosed and will lead to frustrated
phagocytosis and the macrophages will fuse into foreign body giant cells (FBGC). IL-4 and IL-13 are
the cytokines that promote the fusion of macrophages. Vitronectin is a surface bound protein that
not only binds monocytes but also supports the adhesion and fusion of macrophages. The binding to
this protein and the interleukin signals leads to the macrophages making fusogenic molecules on the
interfaces between fusing macrophages. FBGC are not just one type of macrophages fused together



but can be seen as a completely different cell type. FBGC produce and secrete IL-1q, IL-6,IL-8, TNF-a
but later on in the FBR IL-10, TGFB, PDGF and MCP-1 will also be produced.? 2! °

Long lasting chronic inflammation and FBGC formation can eventually lead to the creation of a
fibrous capsule around the implant. TGFB and PDGF produced by FBGC and M2 macrophages are
pro-fibrotic and pro-angiogenic factors, these factors activate fibroblast and endothelial cells.
Fibroblasts and endothelial cells migrate to the biomaterial and granulation tissue is formed by
deposited collagen and other ECM proteins. The extensive deposition of collagen and ECM proteins
creates a fibrotic capsule around the implant. Myofibroblasts differentiated from fibroblasts under
the presence of TGFB, can start to contract and could cause deformation and mechanical stress to
the implant if the material is susceptible to this. Fibrotic encapsulation is almost never beneficial for
the intended chemical or structural interaction the biomaterial should have with the surrounding
tissue, 262128

Conclusions

The foreign body response of the host to a biomaterial is a important concept that needs to be well
understood for allowing us to be able to create biomaterials that show the preferred and intended
reaction with the tissue of the host to fulfil its function. In this review the initial protein adsorption,
cascade systems, the PMN’s and the macrophage/monocyte roles in the FBR were discussed are
important factors of the foreign body response. The initial protein adsorption is an important factor,
because it sets up for the following cells in the foreign body response. Trying to change the FBR to a
biomaterial can be done by modifying the surface chemistry of the used biomaterial. Free interfacial
surface energy and the hydrophobicity are important properties that determine the composition of
the protein adhesion. There are different methods for changing the surface properties such as
coating of the material, creating nanopore structures plasma discharge and radiation grafting. The
attraction of PMN'’s is for a large part dependent on the adsorption of proteins of the cascade
systems and macrophages have been found in research that cytokine production is influenced by the
differences in surface chemistry. Controlling these important cell types in the foreign body reaction
by changing the surface chemistry and protein adsorption are essential for a preferred host-
biomaterial interaction.
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