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Biomaterials are an integral part of modern health care and offer potential treatment
modalities to diseases and conditions otherwise intractable. However, the critical issue herein
is incompatibility reactions.
Our innate immune system is fundamental in protection against pathogens and foreign
intruders and controls the discrimination between self and non-self. Biomaterials come in
contact with blood upon implantation where they are sensed by innate immune mediators which
through a cascade of complex, multifaceted reactions induce inflammation as well as thrombosis
which may induce biomaterial dysfunction and rejection. This explains why patients undergoing
haemodialysis therapy exhibit an increased incidence of whole-body inflammation and other
thrombotic events. Similarly, therapeutic cells such as hepatocytes upon implantation initiate
an instant blood mediated inflammatory reaction, responsible for cell damage and death via
apoptosis.
In order to achieve safer and more efficient therapeutic interventions, engineering of
materials and cells that can avoid these adverse reactions is essential. Fabrication of biomaterials
consisting of coating of bioinert polymers to avoid immune recognition and activation is a
promising approach to modulate immune reactions.
In this thesis, we have employed a PEG-lipid polymer coating, which intercalates in to
biomembranes via hydrophobic interactions and thus shields from immune rejection. Treatment
with PEG-lipid not only makes the surface “invisible” to immune cells but it also acts as a
filter which prevents entry of immune cells without inducing cytotoxicity. Results from this
thesis illustrate that fabrication of bio-surfaces by bio-inert PEG-lipid polymer is a harmless
procedure which not only attenuates thrombo-inflammation but also assist in design of selftailored materials for a wide range of biomedical applications.
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Introduction

The concept of thromboinflammation
Biomaterials (e.g., materials associated with hemodialysis tubing and filters,
bone implants, extracorporeal devices, drug delivery systems, and cell and organ transplantation) are an integral part of modern medicine and offer promising treatment modalities in otherwise-intractable diseases and conditions (1).
However, the critical issue raised by their use is the resulting thromboinflammatory reactions, mediated by humoral as well as cellular components of the
innate immune system, that result in thrombosis, inflammation, and cell dysfunction and cell death (2,3).
Upon exposure of a biomaterial to blood, a host response invariably occurs,
regardless of the biomaterial’s type and surface composition. This response is
one of the reasons that patients undergoing treatments involving biomaterialcontaining devices or transplantation report an enhanced incidence of side effects resulting from systemic inflammatory conditions (4).
Hemodialysis, for example, is a lifesaving renal replacement modality for
end-stage renal disease. However, this procedure is associated with serious
cardiovascular as well as systemic complications, resulting in a 10- to 50-fold
enhanced mortality in patients with end-stage kidney disease when compared
to the general population of the same age (5,6). These complications can occur
because, in hemodialysis, vascular access is needed for filtration of solutes,
water, and plasma through a semi-permeable membrane. Once the vascularaccess catheters make contact with blood, they are recognized as “foreign” by
the intravascular innate immune system, which responds by upregulating a
variety of cascade systems to cause the activation of platelets, deposition of
coagulation and complement proteins, and generation of inflammatory cytokines; the end result is the development of thromboinflammatory reactions (7).
These thromboinflammatory properties of innate immune activators are responsible for atherogenesis, which can lead to atherosclerosis and cardiovascular complications (8).
Solid organ and cellular transplantation provides another example of the
challenge posed by intravascular innate immune activation (9). Despite the
impressive improvements made in treatment results since the introduction of
kidney transplantation in the 1960s, there is still an average graft loss of 25%
after 5 years and almost 50% after 10 years (10). The associated thromboinflammatory reaction produced is known as ischemic reperfusion injury
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(IRI), which is principally caused by hemodynamic disturbances. When the
blood flow to an organ ceases, the intravascular endothelium is activated by
the deposition of cytokines and chemokines and thereby converted to a procoagulatory, pro-inflammatory, and pro-adhesive state, leading to the deposition of platelets, PMNs, and coagulation and complement proteins (11,12).
Furthermore, with reperfusion, the heparin sulfate chains covering the endothelium are shed, exposing the underlying adhesion molecules and resulting
in innate immune activation and subsequent graft failure and dysfunction (13).

The innate immune system
The innate immune system is an evolutionarily preserved system for host defense that encompasses literally all mammalian tissues and represents a first
line of defense against invading pathogens and foreign bodies (14). Physiologically, the intravascular innate immune system acts as a purging system: It
identifies and removes foreign substances, including microorganisms, apoptotic and necrotic cell debris, foreign bodies/materials, and immune complexes (ICs) and orchestrates subsequent inflammatory and thrombotic (i.e.,
thromboinflammatory) responses that lead to tissue remodeling and repair (1).
A prominent feature of innate immunity is its prompt and broad response.
The innate immune response is basically antibody-independent; it marks and
identifies non-self via specialized molecular patterns such as the pathogenassociated molecular patterns (PAMPS) exhibited by pathogens and the damage-associated molecular patterns (DAMPS) exhibited by dying, ischemic, or
necrotic cells. When these patterns are recognized, the innate immune system,
through a series of downstream reactions, initiates an acute inflammatory as
well as a thrombotic response and also recruits phagocytic cells that will subsequently activate the adaptive immune system, the second, specialized arm
of host defense (15). In contrast to the innate immune system, the adaptive
immune system is antibody-dependent, specific, and initially slower because
it involves a lag time between recognition and response (16). The adaptive
immune response is mediated by specialized T and B lymphocytes which,
upon exposure to a particular antigen, generate specific antibodies as well as
specific effector T cells that protect the organism against foreign attack.
The prominent features of these two mutually interactive systems are illustrated in Figure 1.
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Figure 1. Time line and components of an immune reaction. Mediators such as
the epithelial cell lining, phagocytic and natural killer (NK) cells, and complement proteins of the innate immune system protect against non-self and, when
required, activate the adaptive immune response via antigen-presenting cells
(APCs and T and B lymphocytes). From reference (17), reproduced with permission from the publisher.

Components of the innate immune system
The innate immune system is highly complex and multifaceted. It comprises
physical barriers, humoral components such as complement components and
acute-phase proteins, and innate immune cells such as macrophages, monocytes, and PMNs, all of which sense, recognize, and attack intruders at multiple levels to provide an immune defense (18).

Cellular components of innate immunity
Cellular immune responses are mediated by leukocytes derived from precursors in the bone marrow. A pluripotent hematopoietic stem cells gives rise to
lymphocytes that are responsible for adaptive immunity or to myeloid lineage
cells that are responsible for both the innate and adaptive immune responses.
Innate immune cells are recruited to the site and provide a further defense
by attacking and eliminating the “non-self” upon sensing “danger.”

In brief, the cells of the innate immune system are:
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Neutrophils, basophils, and eosinophils, collectively known as polymorphonuclear leukocytes (PMNs), which circulate in the blood unless recruited to the site of inflammation in a tissue. Neutrophils induce inflammation by release of cytokines and chemokines and also promote cell
death (19).
Eosinophils and basophils, along with tissue mast cells, constitute the sensory arm of the immune system and function by inducing allergic reactions through the release of chemokines.
Macrophages act by phagocytosing pathogens and instructing other phagocytic cells that they recruit to the site of inflammation (20).
Dendritic cells (DCs) enter the tissues as immature phagocytes, where
they ingest antigens and then migrate to the lymphatic tissue, where they
act as antigen-presenting cells by presenting the antigens to naïve T cells,
thereby initiating acquired immunity (21).
The endothelial cells (ECs) line the vasculature and lymphatic system and
form a semi-selective barrier between the lymph, the blood vessel wall,
and the extravascular environment. ECs are one of the first cell types to
detect foreign pathogens and endogenous metabolite-related danger signals in the bloodstream. ECs function by controlling the diffusion of low
molecular weight compounds and the passage of PMNs in and out of the
circulation as well as by inducing cytokine production (22,23).

Soluble effector molecules of innate immunity
Several different recognition molecules are found as soluble components in
the blood and the extracellular fluids. The soluble components, also known as
the humoral arm of innate immunity, function by immune recognition via molecular patterns, opsonization, and the generation of an acute inflammatory
response.
Humoral immunity is provided by the following immune systems:

The complement system
The complement system works as a waste deposit system of the body. The
biological functions of complement can be divided into (i) protection against
intruders, (ii) immune recognition, and (iii) subsequent phagocytosis and cell
death (24,25).
Complement is commonly viewed as a cascade of separate pathways. However, it is essentially a hub-like organization of more than 50 cell-bound and
fluid-phase proteins that cross-react and modulate immune protection
(15,24,26-28). The complement system can be triggered via three different
pathways: the alternative pathway (AP), the classical pathway (CP), and the
lectin pathway (LP), (Figure 2).
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a. The CP
In the CP, the plasma protein C1q activates complement by recognizing different proteins such as immunoglobulin G (IgG) and immunoglobulin M
(IgM) either bound to pathogens or apoptotic cells, or by endogenous pattern
recognition molecules, e.g., C-reactive protein (CRP) and other pentraxins.
C1q (400 kDa) has unique stalk-like triple helical fibers that diverge into six
globular heads, each one which binds to the target (29). Once C1q is bound to
the target, it activates the associated serine proteases C1r and C1s, which subsequently cleave C4 into C4a and C4b which becomes covalently attached to
the cell surface. C1s then cleaves C2 to C2a and C2b, and C4b and C2a form
the classical C3 convertase, C4bC2a, which can cleave C3 into C3a and C3b
and initiate amplification and downstream effector functions.
b. The LP
The LP is triggered by mannan-binding lectin (MBL), ficolins and collectins,
which predominately recognize the carbohydrate patterns of the pathogens
(30). MBL, like other members of the collectin family, has a hexameric structure similar to that of C1q (31-34). Once bound to a target, MBL triggers the
MBL associated serine proteases (MASP)-1 and MASP-2, which have structural and functional similarity to C1s and C1r. The homology with these complement proteins is reflected in the fact that MASP-2 cleaves both C4 and C2
to generate the same C3 convertase as that formed by activation of the CP
(35).
c. The AP
C3 is the central player in the AP and is primarily synthesized in the liver (36).
The AP has three distinct, though partially overlapping, modes of action and
a unique “tick-over process” that keeps complement alert and allows for a
continuous probing of cells (37,38). “Tick-over” refers to the spontaneous
cleavage of C3 to C3a and C3b. Hydrolysis of C3 generates a conformationally changed form of C3, designated C3(H2O) which is assumed to form an
initial alternative C3 convertase. The factor B (FB) protease binds to C3b and
is cleaved by factor D to generate the alternative C3 convertase C3bBb.
The AP protein properdin is the only known positive regulator of the complement system and functions by stabilizing the C3bBb. The three complement pathways converge at a common end point: the assembly of the C3 convertases, which cleave component C3 into the anaphylatoxin C3a and the opsonin C3b. Once deposited on target surfaces, C3b fuels an amplification loop
via the AP, thereby forming additional C3 convertase complexes.
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d. The terminal complement pathway
Continuous deposition of C3b favors the generation of C5 convertases, which
initiate the first step of the terminal pathway. C5 convertases cleave component C5 into split products: C5a, which acts as a potent anaphylatoxin and is
released; and C5b, which is the first component of the self-assembly of the
membrane attack complex (MAC) or its soluble counterpart, the terminal
complement complex (sC5b-9). In addition to C5, sC5b-9 and the MAC are
composed of the downstream complement proteins C6, C7, C8, and C9. Incorporation of the MAC into the membranes of pathogens or cells induces
their lysis, or, at a sublethal dose, cell activation (39).
The split products C5a and C3a (the anaphylatoxins) are powerful chemoattractants that recruit and activate PMNs, monocytes, and macrophages via
binding to the anaphylatoxin receptors C5aRI and C3aR.

Figure 2. Overview of the complement system. The complement system can be
activated by three pathways, the CP, LP, and AP. Recognition molecules from
these pathways bind to structures present on non-self structures and initiate the
assembly of C3 convertases, which leads to the cleavage of C3 to generate the
anaphylatoxin C3a and the opsonin C3b. Further downstream reactions lead to
the formation of terminal complement (MAC) complexes. From reference (1),
reproduced with permission from the publisher.
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Complement receptors
Complement receptors are a heterogeneous group of motifs expressed by and
exposed on cells of the innate immune system that act to mediate the binding
of complement proteins for immune activation. Most notably, PMNs and macrophages recognize opsonized surfaces via complement receptors CR1
(CD35), CR3 (CD11b/CD18), CR4 (CD11c/CD18), and CRIg, which bind to
C3b and its degradation product iC3b, thereby facilitating phagocytosis.

Complement regulators
The complement system is under strict control and distinguishes self from
non-self by means of membrane-bound or fluid-phase control proteins known
as regulators of complement activation (RCAs) (40). Some of the main functions of RCAs are as follows:
 RCAs destabilize the convertases or act as cofactors for the factor I-mediated degradation of C3b to iC3b and C3d,g and the corresponding degradation of C4.
 Soluble RCAs such as C4b-binding protein (C4BP) and factor H (FH)
bind to the glycocalyx on host cell surfaces and thereby inhibit the action
of the CP/LP and AP convertases.
 The regulators CD59, vitronectin, and clusterin prevent the formation of
the lytic MAC complex on host cells.
 The presence of regulators on apoptotic cells prevents excessive amplification and the generation of C5a and MAC on the cells, keeping control
of complement activation. Thus, complement can facilitate the phagocytosis of apoptotic cells, ICs, and cellular debris without inducing inflammatory triggers.

Hemostasis and the coagulation cascade
Hemostasis is a physiological mechanism that produces cessation of bleeding
at the site of vascular injury while maintaining blood flow elsewhere in the
body. This process is essential for survival and represents a delicate balance
among the functions of the vessel walls and platelets and the coagulation and
fibrinolysis proteins, all of which are responsible for the formation and dissolution of clots (41,42).
The process of hemostasis is divided into primary hemostasis, which refers
to the swift platelet aggregation and plug formation at the site of injury, and
secondary hemostasis, which refers to the interlocking of clot components
produced by the deposition of insoluble fibrin. These two processes happen
simultaneously and are intertwined to maintain and regulate hemostasis (43).
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a. Endothelium
The endothelial cells (ECs) of vessel walls are lined by a negatively charged,
carbohydrate-rich glycocalyx, which acts as a molecular sieve and also protects the ECs. The major components of the endothelial glycocalyx are proteoglycans and glycosaminoglycans (GAGs), such as heparin sulfate, chondroitin sulfate, and hyaluronic acid. Under physiological (normoxic) conditions, inhibitors of the coagulation and innate immune systems, including C1
inhibitor (C1INH), antithrombin (AT), FH, and C4BP, bind to the glycocalyx
on the surface of ECs (Figure 6). The ECs thereby remain anti-inflammatory
and antithrombotic, and hemostasis is maintained (44) (45).
Any modest vascular injury to the vessel wall disrupts the regulatory balance and results in a shedding of the glycocalyx and exposure of the subendothelial lining. The subendothelial lining, in contrast to the intact ECs, is highly
thrombogenic and contains proteins such as collagen, von Willebrand factor
(vWF), and laminin, which induce platelet activation and adhesion (46).
b. Platelets
Platelets are the smallest as well as the lightest disc-shaped cellular elements
of the blood. They play a pivotal role in hemostasis by forming the initial plug
that later acts as a surface for the activation of proteins within the coagulation
cascade and finally results in the formation of a fibrin plug (47). Apart from
their contributions to hemostasis, platelets are also essential for the regulation
of innate immunity as well as communication between the cells and tissues of
the adaptive immune system.
Platelets can be activated by a number of physiological agonists, including
thrombin, ADP, collagen, platelet activating factor (PAF), circulating ICs, and
thromboxane A2 (TxA2). In vivo, platelet activation occurs upon contact with
the sub-endothelium (48). Once activated, platelets adhere to the sub-endothelium via glycoprotein receptors in reactions that include the binding of
GP1b/V/IX complexes to vWF as well as GPVI and the binding of α2β1 receptors on the platelet surface to the collagen component of the extracellular matrix. Following their initial tethering to the vessel wall, platelets undergo morphological changes, including degranulation, and (via amplification loops) recruit neighboring platelets to the site of injury and form an initial platelet plug
(49).
c. The intrinsic and extrinsic pathways of the coagulation cascade
The coagulation proteins are the core component of the coagulation system
cascade that culminates in the stepwise cleavage of fibrinogen to soluble fibrin
and then into an insoluble fibrin mesh. In intact blood vessels, this cascade is
not activated; rather, the majority of these activation reactions take place on
phospholipid surfaces (i.e., surfaces of activated platelets or damaged vessel
walls) and require the presence of Ca2+ ions.
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There are two pathways of the coagulation system: the contact pathway
(intrinsic) and the tissue factor (TF) pathway (extrinsic). These pathways converge in a common pathway that converts FX to FXa, an enzyme that generates thrombin by cleaving prothrombin into thrombin.
Thrombin is a central serine protease in the coagulation reaction and exhibits the following critical functions: (i) It cleaves soluble fibrinogen to crosslinked insoluble fibrin, which then forms a net to trap blood cells, leading to
the formation of a stable blood clot; (ii) it activates platelets via protease activating receptors (PAR)1 and PAR4 (thrombin is one of the most potent platelet activators); (iii) it acts as a positive regulator of the coagulation cascade by
activating the two co-factors FVIII and FV; and (iv) it acts as a negative regulator of the coagulation cascade by binding to thrombomodulin and initiating
activation of protein C which then inactivates FVIIIa and FVa.
The intrinsic pathway is blood-borne and is initiated by FXII, whereas the
extrinsic pathway is activated by TF that is released by injury to the vessels of
various tissues (48). A schematic outline of these respective pathways is presented in Figure 3. When TF is exposed, it binds FVIIa, which is present in
the blood plasma in minute amounts, and forms the TF-FVIIa complex, which
activates FIX and FX to FIXa and FXa, respectively. FXa, along with its cofactor FVa, forms the prothrombinase complex, which converts prothrombin
to thrombin. The newly formed thrombin cleaves circulating fibrin to insoluble fibrin and activates FXIII, which covalently cross-links fibrin polymers to
yield a fibrin mesh that stabilizes the clot. Dissolution of the blood clots (fibrinolysis) is accomplished by plasmin, which is generated from plasminogen
by the action of plasminogen activators (50).
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Figure 3. Overview of the activation of the coagulation system. The extrinsic coagulation cascade is triggered by TF, and the intrinsic by contact with negatively
charged substrates. Damage to the vessel wall exposes TF on the sub-endothelium,
allowing it to interact with FVIIa. Within the intrinsic system, FXII becomes autoactivated at negatively charged surfaces, leading to the generation of FXIIa. FIX
and FX are subsequently activated by either FXIa or FVIIa to form the catalytic
complex FXa:Va, which converts prothrombin to thrombin. Thrombin catalyzes the
conversion of FVIII and FV to their active forms, which in turn amplify thrombin
formation. In addition, thrombin also activates more FXIa, providing another amplification mechanism. Thrombin cleaves fibrinogen into fibrin fibers, which are
stabilized by thrombin-activated FXIIIa. From reference (1), reproduced with permission from the publisher.

Natural anticoagulants
The coagulation system exerts strict control in order to restrict thrombus formation to injured sites. Some of the soluble naturally occurring anticoagulants
are:
 AT, a serine protease inhibitor (serpin) that binds activated coagulation
proteases in a 1:1 ratio. Its activity is enhanced by binding to heparan sulfate exposed on intact ECs. AT inactivates thrombin, FIXa, FXa, FXIa,
and FXIIa, as well as kallikrein (KK).
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Tissue factor plasminogen inhibitor (TFPI), produced by ECs, blocks the
activation of the extrinsic pathway TF-FVIIa complex.
Protein C, a serine protease, is converted to activated protein C (APC) by
thrombin associated with thrombomodulin expressed by ECs. APC plays
a key role in the down-regulation of the co-factors FVIIIa and FVa.
TFPI and alpha2microglobulin are non-serpin inhibitors of TF and thrombin formation.

The contact system (FXII) and kallikrein/bradykinin
The plasma contact system consists of the zymogen forms of the serine proteases FXII and FXI, plasma prekallikrein (PK), the non-enzymatic cofactor
high molecular weight kininogen (HK), and C1INH (Figure 4). FXII becomes
auto-activated upon contact with negatively charged surfaces and undergoes
a conformational change that generates FXIIa. FXIIa cleaves PPK to form
plasma kallikrein (KK), which reciprocally activates FXII and generates a
positive feedback loop of FXII activation. KK subsequently digests HK to release bradykinin (BK), a potent proinflammatory peptide and the end product
of the kallikrein-kinin pathway. BK activates signaling pathways, resulting in
increased vascular permeability, vasodilation, and chemotaxis of neutrophils.
FXIIa also initiates the intrinsic coagulation cascade by activating FXI to FXIa
(51).

Figure 4. A schematic overview of the contact activation system. FXII adsorbed to
a negatively charged surface becomes autoactivated to FXIIa, which can activate
FXI to FXIa, thereby initiating the intrinsic pathway of coagulation (left). Alternatively, it can cleave prekallikrein (PK) to active kallikrein (KK), which leads to the
generation of bradykinin (BK) from high molecular weight kininogen (HK; right),
leading to a pronounced inflammatory response. From reference (1), reproduced
with permission from the publisher.
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The contact system proteases FXIIa and KK are inhibited by the C1INH and
AT, which are present in plasma. C1INH is the predominant regulator of the
contact system proteases when activation has been initiated by negatively
charged surfaces such as glass. In contrast, when the contact system is activated via platelets or preformed fibrin clots, the inhibition is preferentially
carried out by AT instead of C1INH (52).

Thromboinflammation: the crosstalk of complement,
coagulation, and platelets with leukocytes and the
endothelium
The components of innate immunity have evolved into two separate cascades
but represent “partners in crime” (53-56). In terms of immune recognition, the
effectors of innate immunity work collectively to protect the organism from
non-self (57,58). For example, blood withdrawal in the absence of anti-coagulant indirectly leads to the activation of the complement system (58).
Toll-like receptors (TLRs) present on the cell membrane and in the cytosol
recognize PAMPS present on bacterial cell wall components (LPS and microbial double-stranded nucleic acids), activating signal transduction pathways
and promoting the release of inflammatory cytokines (59).
Proteins of the LP of complement, MBL, ficolins, and collectins, recognize
PAMPS exhibited by pathogens and eliminate the pathogens either by phagocytosis or by activation of the complement cascade.
C1q of the CP binds to immunoglobulins; negatively charged molecules
such as DNA, LPS, and heparin; and pentraxins such as CRP and pentraxin-3
that recognize PAMPS and phospholipid structures.
The main recognition molecule in the contact system is FXII, which is autoactivated by negatively charged biomolecules, leading to the elimination of
microorganisms by sequestering them in fibrin clots, with subsequent phagocytosis by leukocytes that recognize the fibrin and bound platelets.

Pathophysiology of thromboinflammation
The intravascular innate immune response is largely mediated by thromboinflammatory reactions that take place on stationary substrates such as the
surface of biomaterials or ECs.
The endothelial surface in its native state is highly inert, mainly because of
its surface composition of proteoglycans and phospholipids found within the
glycocalyx (44,60). However, in the course of intravascular inflammation, infection, or vascular injury, the endothelium is activated by cytokines or the
insertion of the MAC of the complement system, which trigger downstream
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reactions that ultimately result in thrombin generation. Likewise, cellular
components of innate immunity, leukocytes and neutrophils, interact closely
with the endothelium via selectin molecules and soluble C5a, which upregulate cytokines and chemokines of the inflammatory system to generate a fullblown immune response (Figure 5). (61).

Figure 5. The concept of thromboinflammation. Activation of the three pathways of
complement (the classical, alternative, and lectin pathways) results in the generation of C3a and C5a, which recruit and activate polymorphonuclear cells (PMNs)
and monocytes. Similarly, activation of the two pathways of coagulation (the contact system and tissue factor [TF] pathways) leads to the generation of thrombin,
which elicits platelet activation and fibrin formation. The lectin pathway has been
proposed to lie at the interface between complement and coagulation, since its proteases have been demonstrated to activate zymogens within both systems. On the
left, TF released from ischemic cells can trigger the extrinsic coagulation pathway,
with platelet recruitment ultimately resulting in fibrin formation. From reference
(1), reproduced with permission from the publisher.

Like the recognition that occurs on biomaterials, ischemic cell surfaces are
recognized by patterns such as DAMPS or by mediators of the contact system,
resulting in immune activation and subsequent damage and dysfunction when
they come into contact with blood.

Thromboinflammatory reactions in therapeutic medicine
Biomaterials
Biomaterials such as those used in extracorporeal stents, hemodialysis equipment, and dental implants have been routinely employed in modern medicine.
As soon as an artificial non-living material comes into contact with tissue or
blood, it becomes a “biomaterial” that interacts with multiple blood systems.
The first contact between biomaterial and blood results in prompt adherence
of proteins, not only in their native form but also in denatured form, thereby
promoting the formation of cellular debris with DAMP recognition patterns
(2,3,62). Several studies have demonstrated complement and coagulation pro-
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teins adsorbed to a material surface and involved in mediating cellular adhesion to the biomaterial. Another mode in which the coagulation and complement pathways interact via a biomaterial is by FVII-activating protease
(FSAP) that can cleave C3 and C5 and mediate inflammation (63).
Extracorporeal membrane oxygenation (ECMO) procedures are, like hemodialysis, associated with activation of coagulation and complement cascades upon contact with blood. The combination of a sustained immune response and proinflammatory effects results in a “pan-endothelial injury,” with
leukocyte activation. This injury ultimately leads to a fatal systemic response,
known as systemic inflammatory response syndrome (SIRS), and organ damage. Likewise, uremic patients undergoing maintenance hemodialysis demonstrate accelerating arteriosclerosis as well as 5- to 10-fold increase in their risk
of myocardial infarction, in comparison to age and gender matched individuals not undergoing dialysis (8,64,65).
Other applications of thromboinflammatory surfaces include material implants such as stents implanted in blood vessels: Exposure of these implants
to blood induces the activation of local complement and coagulation cascades,
which may compromise implant function as a result of fibrosis, infection, restenosis, and local thrombosis (66-68).

Cell transplantation
Cell transplantation, in particularly allogenic transplantation, represents a
promising and minimally invasive treatment modality for many conditions.
However, transplantation of hepatocytes, islets of Langerhans, and mesenchymal stem cells (MSCs) has been associated with cell damage and significant
cell loss soon after transplantation, leading to poor cellular engraftment and
function. This poor result is a consequence of an instant blood-mediated inflammatory reaction (IBMIR) triggered when transplanted cells come into
contact with blood. Thromboinflammatory injury is a core component of the
IBMIR that is characterized by concomitant activation of innate immune reactions, including the accumulation of leukocytes (mainly neutrophils and
platelets) and activation of the coagulation and complement cascades (69).
Islets of Langerhans express TF under physiological conditions. TF is a
transmembrane protein and a major regulator of coagulation and hemostasis
(70). TF present on an islet surface is stimulated in response to tissue hypoxia
and vascular injury and results in FVIIa-mediated downstream coagulation
and inflammatory reactions (71).
Hepatocyte transplantation also induces an IBMIR reaction. Inflammatory
cells such as granulocytes, Kupffer cells, monocytes, and NK cells have been
shown to cluster around hepatocytes after transplantation, resulting in rapid
graft loss and poor function (72,73).
MSCs have immunomodulatory properties that make them potential candidates for use in acute graft-versus-host disease (aGvHD) and other stem cell
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transplantation modalities (74). However, MSCs, like other therapeutic cells,
undergo an IBMIR reaction.

Ischemia-reperfusion injury (IRI)
IRI is a complex condition triggered by cells or tissues exposed to ischemia
and/or hypoxia that results in tissue injury and a profound inflammatory response (75). Ischemia is defined as the hypoperfusion of tissues and can be
caused by a number of conditions, including cardiac arrest, sepsis, and organ
transplantation. Cardiac arrest is an example of warm ischemia, whereas organ transplantation exemplifies cold ischemia, in which an organ is perfused
with cold perfusion solution after the organ has been procured.
The pathogenesis of IRI is complex and multifaceted. Hypoxia disrupts the
endothelium’s regulatory mechanisms and results in the loss of vascular protective barriers, such as the vascular glycocalyx, and an increase in vascular
permeability. The hypoxic endothelium not only expresses TF and proinflammatory cytokines and chemokines but also deposits complement on the endothelial surface, leading to the triggering of a local inflammation and the binding of platelets and infiltration of leukocytes (particularly PMNs). This response leads to a further loss of integrity of the endothelial cells, ultimately
causing vascular damage (Figure 6).
After exposure to circulating blood, i.e., reperfusion, the hypoxic cells are
attacked by the innate immune system, which recognizes the cells as “altered
self.” This attack further aggravates the condition and finally leads to cell
death/apoptosis. Recognition molecules in this process include FXII and
MBL, but CRP and natural antibodies of the IgM isotype have also been implicated in these reactions.

Figure 6. (a) Deposition of inhibitory molecules on normal endothelium under
physiological conditions; (b) hypoxic endothelium, with deposition of anaphylatoxin C5a and membrane attack complexes (MAC). From reference (11) ,
reproduced with permission from the publisher.
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IRI is a devastating feature in a number of diseases, including stroke, myocardial infarction, and solid organ transplantation, and it influences short-term as
well as long-term transplantation outcomes (76,77). Clinically, IRI is associated with delayed function and both acute and chronic rejection of the transplanted organ.

Regulation of thromboinflammation
Material chemistry
Much progress has been made in attempting to attenuate the thromboinflammatory response associated with biomaterial administration. Today, biomaterials are carefully designed and engineered to tailor the immune response.
For example; certain polymers such as polystyrene and polyvinyl chloride
cause a relatively low level of inflammatory activation, whereas titanium is
highly activating. Hydrophobic materials enhance monocyte attraction and
complement C3 binding when compared to hydrophilic materials. Other properties such as the charge and size of the material also have a substantial impact
on immune recognition and complement activation; for instance, significant
protein adsorption and complement activation have been shown to occur on
cationic polymers (78-80).
Numerous studies have demonstrated that polyethylene PEG lipid coatings
have antithrombotic effects; however, the levels of complement activation are
still substantially high on these PEG-coated substrates. The protein-repellent
feature of PEG-coated substrates is attributed to various factors, including hydrophilicity and steric repulsion. Another well-documented strategy to design
inert or “non-fouling” surfaces with low protein binding involves the conjugation of poly(2-methacryloyloxyethyl phosphorylcholine; MPC).

Immune coatings
Beyond the effects of material chemistry, the immune response can also be
masked by the choice of the biologic regulatory protein coating on the material, which alters both the surface chemistry and immune recognition. For instance, low-energy plasma treatment of materials can alter their surface topography. Andersson et al. (81) have demonstrated that modification of silicon
with a plasma-polymerized vinyl pyrrolidone (ppVP) coating can strongly inhibit protein adsorption and complement activation.
Another promising approach to modulating the immune response is that of
treating materials, cells, or tissues with components of the extracellular matrix, regulatory proteins, peptides, or glycosaminoglycans (GAGs) to reduce
protein adsorbance and collectively circumvent thromboinflammation.
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Some state-of-the-art strategies to dampen biomaterial-induced immune responses are described below:

Systemic inhibitors
Administration of systemic anticoagulants for attenuating thromboinflammation is a holistic approach that has been used for decades. This approach may
be particularly useful in settings with repeated short-time exposure to artificial
substances, such as in hemodialysis, or during the initial stages of implantation. One example of a commercially available systemic anticoagulant is heparin. Heparin is a sulfated GAG found in mammalian mast cells and is well
known for its antithrombotic and anti-inflammatory properties. Heparin is
widely used for the treatment of thrombotic events such as deep vein thrombosis, acute coronary syndrome, and ischemic stroke.
A growing understanding of the role of the complement system in disease
physiology has led to the development of specific inhibitors of complement
proteins. One example of a novel complement inhibitor is compstatin, a C3binding cyclic synthetic peptide that prevents C3 from being activated by either of the convertases. As the convergence point of the three complement
pathways and a molecular hub for crosstalk, C3 represents a valuable target
for complement inhibition (82). The therapeutic efficacy of compstatin has
been successfully evaluated in a number of in vitro as well as in vivo situations, including hemodialysis and ABO transplantation models (83). Furthermore, a phase I clinical trial with compstatin demonstrated positive results.

Surface modification
Since only the outer surface of materials comes into direct contact with their
biological surroundings, various strategies have been attempted to modify the
surface of these materials.
a. Immobilization of regulatory proteins
Intravascular hemostasis is maintained by various regulatory proteins exhibited by ECs lining the vessel wall. With these molecules as inspiration, various investigators have immobilized autoregulatory biomolecules (either
whole proteins or peptides specific for fluid-phase inhibitors) on material surfaces, with the goal of inhibiting immune activation.
For instance; the immobilization of recombinant FH on pluronic substrates
limits thromboinflammation, as evaluated by immunoassays (84).
Similarly, coating with the CD39 protein, which is primarily expressed on
vascular endothelial and immune cells, hydrolyzes pro-inflammatory ATP and
ADP to anti-inflammatory AMP and promotes an immunosuppressive milieu
(85,86). Apyrase (from potato) is a functional analog of CD39, and several
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studies have shown successful inhibition of platelet activation and adhesion to
apyrase-immobilized biosurfaces (87).
Immobilization of small synthetic peptides, rather than whole proteins,
onto biomaterial surfaces is a promising and reliable approach. Peptides, as
opposed to whole proteins, offer higher stability as well as higher specificity
and minimal antigenicity. Several studies have demonstrated success of peptide immobilization on biosurfaces; for example, the conjugation of 5C6, a
peptide with high affinity for FH, onto polystyrene (PS) surfaces has resulted
in successful complement inhibition (64).
The successful immobilization of immunoregulatory bio-molecules on material surfaces has led to the design of a multicomponent therapeutic coating
(88), with the material surface being furnished with FH via the 5C6 peptide as
well as by direct conjugation of apyrase. The results of this study demonstrated successful inhibition of both the complement and coagulation cascades.
This approach essentially paves the way for modern tissue and material
engineering. Furnishing the material surface with regulatory molecules and
peptides of choice can effectively hamper the activation of undesired immune
effects.
b. Anti-thrombotic coatings
Heparin coating of biomaterials via electrostatic interaction has been most extensively used to reduce the activating effect of cells and biomaterials in contact with the blood (89); this approach has, for instance, been successfully applied to EMCO membranes and stents. The proposed mechanism by which
heparin inhibits thromboinflammation involves the binding of inhibitors such
as C1INH and AT. Also, negatively charged heparin-coated biomaterials attenuate protein adsorption and subsequent activation of the innate immune
system (90). In addition, Cabric et al. (91,92), have demonstrated successful
coating of cells with heparin conjugates by applying an avidin-biotin technique. The heparin-coated islets have been able to attenuate the post-transplantation IBMIR that would otherwise occur in a porcine model.
c. Bioactive polymer coatings
Surface modification of biomaterials and cells by inert polymers is a promising approach in modulating the immune response. Inert polymers cover the
substrates and make it “invisible” to the immune system. Modification strategies to fabricate biomaterial and cell surfaces represent an efficient, nontoxic, and rational procedure. Various inert polymers have been employed;
one of the oldest and most widely used is PEG-lipid.
PEG is a water-soluble synthetic polymer composed of repeating units of
ethylene glycol. In addition, it is a non-fouling material (93). Surface-modified PEG polymers have been shown to successfully resist protein adhesion
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and immune activation. The process of priming cell and material surfaces with
PEG polymers is called PEGylation.
Spontaneous incorporation of the amphiphilic polymer PEG-conjugated
phospholipid (PEG-lipid) into the lipid bilayer membrane takes place via hydrophobic interactions (Figure 7). PEG-lipid and its derivatives form a thin
film around biosurfaces that inhibits protein adsorption and immune activation. The advantage of PEG-lipid derivatives is that the cell surface can be
coated with PEG and various other regulatory substrates. Interestingly, modification of materials with PEG-lipid polymer alone limits about 50% of the
immune activation (94). Coating of islets with PEG-lipid incorporated with a
ligand of choice (such as urokinase, FH, or apyrase) protects the islet cells
from immune reaction without compromising viability or other physiological
functions (95). Furthermore, the cells can be encapsulated into microscopic
PEG-lipid membranes, which function as a filter and block entry and adsorption of soluble components of the immune system without interfering with
physiological functions (96,97).

Figure 7. Schematic representation of the interaction of PEG-lipid with a cell surface.

MPC-polymer is a water-soluble polymer with a structure similar to that of
biomembranes (98). Substrate coating with MPC-polymer decreases immune
reactions by inhibiting protein adsorption and increasing the recruitment of
phospholipids. Several reports have demonstrated the auto-regulatory effects
of MPC-polymer coating. For instance, coating of hollow fibers with MPCpolymer completely inhibits protein adsorption and hence causes negligible or
no immune activation (99,100). In vitro studies of MPC-polymer-coated insulinoma cells have shown effective immune inhibition with no adverse effects
on cell structure or function.
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Aims

The overall objective of this thesis was to design immune regulators and evaluate their biocompatibility and safety, with the intention of circumventing
thromboinflammatory reactions without inducing adverse effects that would
damage the biomaterials, the cells, or the host.
The surface-modified therapeutic cells and biomaterials were evaluated in
an in vitro whole-blood loop model that mimicked the in vivo situation.

Specific aims
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In paper I, we furnished cell surfaces with a short heparin binding peptide
(HBP) that functioned to incorporate heparin and thus enhanced the biocompatibility of therapeutic cells. The aim was to modulate the IBMIR
response associated with cell transplantation procedures.
In paper II, we incorporated novel cationic peptides into the cell membranes of non-adherent cells without inducing toxicity. The aim was to
provide an approach to induce improved cell engraftment into tissues and
organs in regenerative medicine.
In paper III, we examined the compatibility, safety, and stability of an
inert MPC-polymer coating on biomaterial surfaces. Our aim was to show
that the MPC polymer improved the blood biocompatibility of the biomaterial surfaces for bioengineering applications.

Methods and materials

A brief description of the methods applied in this thesis is as follows:

Cell-surface modification
Synthesis of PEG-lipid
Mal–PEG–DPPE was synthesized as previously described (93,101). MalPEG-lipid with four different chain lengths (1 kDa, 5 kDa, 20 kDa, and 40
kDa) was synthesized by mixing Mal-PEG-NHS lengths with DPPE and triethylamine in dichloromethane and following the above-referenced procedure.

Synthesis of peptide-PEG lipid
A cysteine residue was added at the N- or C-terminus of all synthetic peptides
to allow conjugation to Mal-PEG-lipid via a thiol-maleimide reaction. All
peptides were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Mal-PEG-lipid was then mixed with the respective peptides dissolved
in Dulbecco’s phosphate-buffered saline without calcium or magnesium
(PBS, pH 7.4, GIBCO). After a thorough mixing, the solution was incubated
at room temperature (RT) for 24 h. The mixture was purified on a spin column
equilibrated with PBS to produce the four forms of heparin-binding peptidePEG-lipid.
The binding chemistry is illustrated in Figure 8.

Figure 8. Peptide (HBP and CPP) conjugation to PEG-lipid via cysteine maleimide chemistry.
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Cell lines
The following cell lines were used for this thesis (i): CCRF-CEM, an acute
lymphatic leukemia cell line; (ii) cryopreserved human hepatocytes; (iii)
HEK-203 human embryonic kidney cells; (iv), isolated human MSCs; and (v)
L929 mouse fibroblasts.

Cell-surface modification by peptide-PEG-lipid
For modification purposes, cells (1x106) were collected by centrifugation
(180g, 3 min, RT). The pelleted cells were then washed twice with PBS prior
to use in experiments. After removal of the supernatant, 50 L of peptidePEG-lipid solution was added to the cell pellet, followed by a 30-min incubation at RT with gentle agitation. The cells were then washed with PBS and
centrifuged (180g, 3 min, RT) to remove unreacted peptide-PEG-lipid.
For experiments involving HBP, a solution of heparin conjugate (100
g/mL in PBS) was added and incubated at RT for 10 min. After washing with
PBS and centrifugation, a solution of Alexa488-labeled AT (100 g/mL in
PBS) was added and incubated at RT for 10 min.

Viability and functionality assays of surface-modified
cells
Cell viability analysis
The viability of modified cells was determined by the trypan blue exclusion
method as well as by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT assays according to the manufacturer’s instructions and compared to the untreated control.
For urea assays, the collected supernatants were analyzed with a urea assay
kit (Sigma-Aldrich Chemical Co.) using colorimetric analysis at 520 nm.

Adhesion of CPP-PEG-lipid-modified cells
To modify cells with peptide-PEG(1kDa, 5kDa, 20kDa, 40kDa)-lipids, the
cells to be modified were first cultured on TCPS dishes in culture medium and
the adhesion ratios of CCRF-CEM cells, T cells, and B cells were calculated
through observation under a phase-contrast microscope (BX60; Olympus Co.,
Ltd., Tokyo, Japan). To count live CCRF-CEM cells, the floating cells were
collected from the culture dish after 2 days, and the number of live cells was
calculated by trypan blue exclusion. CCRF-CEM cells were treated with 1
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mg/mL Tat-PEG(1kDa, 5kDa, 20kDa, 40kDa)-lipid using the methods described above, and non-treated cells were also used as a control group. The
calculated cell number was normalized to the cell number on day 0.
In order to investigate adhesion in a 3D milieu, PS microfibers were fabricated by electrospinning. Tat-PEG(40kDa)-lipid-treated CCRF-CEM cells,
L929 cells, and human hepatocytes were then seeded onto PS microfiber fabric for 15 min at RT. After being washed with culture medium, the cells were
observed by confocal laser-scanning microscopy.

Immunohistochemistry
For staining purposes, the cells were fixed in 4% formaldehyde solution (in
PBS) at RT for 30 min, permeabilized with 0.2% Triton X-100 solution (in
PBS) for 15 min at 4°C, and blocked with 1% BSA solution (in PBS) at RT
for 60 min. The cells were then stained with DAPI at a 1:10,000 dilution for
20 min at 4°C. After being washed with PBS, the cells were inspected by confocal laser-scanning microscopy.

QCM-D analysis
Quartz crystal microbalance with dissipation monitoring (QCM-D) measurements were performed with a Q-senseE4. The QCM-D is essentially a biosensor for very small masses that can measure mass loss and gain at the sensor
surface in real time. The oscillator frequency (∆f) decreases when any substance is bound to the sensor surface.
For our experiments, the gold QCM-D sensor chips were either coated with
PS solution or modified with a self-assembled monolayer (SAM) that carried
methyl functional groups (CH3-SAM), which bind to PEG-lipid. The treated
sensors were exposed to peptide-PEG-lipid, and the binding kinetics was
measured via QCM-D.

Surface modification of materials
MPC polymer (Figure 9) was used for surface coating. All materials intended
for blood experiments (i.e., polyurethane tubing, slide chambers consisting of
poly(methyl methacrylate) [PMMA, custom-made]; PS cell culture plates
with 6 or 24 wells, and catheters) were incubated with a 10 mg/mL MPC polymer solution (96% in ethanol) at RT overnight and then dried under air for 3
hr. The coverage of MPC polymer on substrates was evaluated using rhodamine 6G.
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MPC polymer (poly(MPC-co-n-butyl methacrylate) )

MPC (hydrophilic domain)

BMA (hydrophobic domain)

Figure 9. Structure of an MPC polymer with the hydrophilic and hydrophobic domain.

Hemocompatibility assays
Blood sampling
Fresh human blood was obtained from healthy volunteers who had not received any medication for at least 10 days prior to donation. Ethical approval
was obtained from the regional ethics committee in Uppsala (#2008-264).

Whole-blood models
a. Whole-blood loop model:
The whole-blood loop model (Chandler loop model) involves circular loops
of tubing closed with custom-made stainless steel connectors. We compared
loops of MPC-coated polyurethane tubing (inner diameter, 4.5 mm; length, 30
cm; blood volume, 5 ml) to commercially available heparin-coated tubing
(Carmeda, Upplands Väsby, Sweden) and un-coated polyurethane control
loops. The loops were filled with blood and subsequently rotated at a speed of
30 rpm at 37°C for 1 or 4 h.
b. Slide chamber model:
At the beginning of the experiment, each well was filled with 1.5 mL blood,
and a second microscope slide of the test material (the test slide) was placed
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on top of each well, immobilized with paper clips, and then fixed to a wheel
and rotated at 22 rpm in a 37°C incubator for 1 or 4 h. In this model, uncoated
and MPC polymer-coated PMMA were compared.
c. Tissue/culture plate model:
This model, which can be considered a simplification of the slide-chamber
model, was used to compare uncoated and MPC polymer-coated PS. The
model consists of 6- and 24-well of PS culture plates; 1.0 or 0.5 mL, respectively, of blood was added to each well, after which a lid was applied to make
a tight seal. The plates were then rotated in a gyro shaker in a 37°C cabinet at
30 rpm for 1 h.

Blood collection and platelet counting
At the end of each experiment performed in one of the three models, the blood
was collected into tubes containing 10 mM EDTA (final concentration), and
platelet counts were measured with a Sysmex XP-300 Automatic Hematology
Analyzer (Sysmex Corporation, Kobe, Japan). Plasma was collected after centrifugation at 4,500 x g for 10 min at 4°C and stored at -70°C for immunoassays.

Stability of MPC coating in EDTA plasma
In order to test the stability of each coating, MPC-coated, Carmeda, and uncoated tubings (30 cm) were filled with 5 mL EDTA-plasma containing 0.1%
NaN3 to avoid bacterial growth during the prolonged incubation. The loops
were then rotated at 37°C for 3 days, 7 days, or 14 days, and incubation was
interrupted simultaneously for all loops. Thereafter, the plasma was discarded
and each tubing sample, after being carefully washed with PBS, was filled
again with fresh blood containing 0.5 IU/ml heparin. These tubings were then
rotated at 37°C for 60 or 180 min. Samples were collected for platelet counts
and subsequent immune analysis.

Human whole-blood experiments with hMSCs and human
hepatocytes
hMSCs or human hepatocytes were exposed to human blood using the loop
model in order to evaluate the function of the immobilized heparin conjugates
on the cell surface in human whole blood. After collection, 3 mL of human
blood were added to tubing loops and supplemented with 100 µL of PBS containing surface-modified or unmodified control hMSCs or human hepatocytes
(1.5x104 and 1.7x104 cells/mL, respectively). The tubes were rotated at 30 rpm

37

for 60 min in a 37°C cabinet. The blood was then collected according to the
procedure given above for immune assays.

Stability of heparin conjugates on the cell surface
The stability of the heparin conjugates immobilized on the cell surfaces was
evaluated by factor X assay. This assay measures FXa activity and is based on
the fact that AT (present in plasma) in complex with heparin inhibits exogenously added FXa.
For this experiment, coated hMSCs were incubated in human plasma for
24 h at 37°C. Samples were collected at defined time points, and FXa activity
was analyzed by chromogenic assay.

Enzyme-linked immunosorbent assays (ELISAs) for
coagulation and complement activation markers
Thrombin-antithrombin complexes (TAT)
Plasma levels of TAT were analyzed with a commercially available sandwich
ELISA.

Complement activation products
C3a was determined by sandwich ELISA, using mAb 4SD17.3 for capture,
biotinylated polyclonal anti-C3a, and HRP-conjugated streptavidin for detection. The sandwich ELISA for detection of sC5b-9 uses neoC9 monoclonal
antibody aE11 for capture and polyclonal rabbit anti-C5 antibodies and HRPconjugated anti-rabbit immunoglobulin for detection. Both assays are described in (102,103).

Blood compatibility test of catheters
In vitro analysis
Polyurethane catheters were coated with MPC polymer and then inserted into
previously blood-filled MPC-polymer-coated polyurethane tubes, closed by
connectors, and rotated at 37°C for 60 min. At the end of the experiment, the
catheters were observed for clot formation and fibrin deposition.
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In vivo analysis
The in vivo compatibility was evaluated in commercial growing pigs taking
part in a transplantation study (Yorkshire x Hampshire, both sexes, body
weight 25-30 kg). MPC-coated catheters (n=28) or non-coated polyurethane
catheters (n=15) were inserted into the auricular vein and further into the external jugular vein by the Seldinger technique and sealed with a cap. Blood
was drawn once daily from these inserted catheters up to 4 days, after which
the experiment was terminated. The explanted catheters were stained with rhodamine 6G, and the bound rhodamine was visualized by confocal laser scanning microscopy (excitation: 532 nm, long-path filter: 550 nm).

Statistical analysis
Results are presented as means ± standard error of mean (SEM). Data plotting
and statistical analysis were performed using Prism version 6.0d for Macintosh software (Graphpad, San Diego, CA, USA). Differences between means
of two groups were statistically evaluated using the paired Student’s t-test or
one-way ANOVA. Data were assumed to be normally distributed.
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Results

The main findings of this work are as follows

Paper I:
In paper I, we presented a novel approach for binding heparin to cell surfaces.
The main findings from this study are:

Immobilization of heparin conjugates to cells via HBPs
The functionality and efficacy of HBPs in binding heparin and AT onto substrate surfaces was observed in real time by surface resonance plasmon (SPR)
analyses (Figure 10). Interestingly, all three HBPs could immobilize the heparin conjugate, whereas no such signal was observed in the case of the control
peptide. Thus, heparin could be immobilized on substrate surfaces by HBPs.
We also observed an increased binding of AT when HBPII and HBPIII
were used, illustrating the higher affinity of these two peptides, in contrast to
the control peptide for which no binding was found.
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Figure 10. Results from SPR. The initial angle shift demonstrates the incorporation
of HBP-PEG-lipid on the SAM-treated sensor surface, the second increase in the
SPR1.profile
is due to the incorporation
of heparin
conjugate
onto the peptide surHeparinization
of cell surfaces
by short
HBPs
face, and the third increase is observed when AT is bound to the conjugated heparin, indicating that immobilization did not block the active sites of the heparin conjugate. Taken from paper I, Asif et al. 2016 and reproduced with permission.

We then asked whether immobilization of heparin via HBP could be achieved
on 3D structures such as living cells. The surfaces of therapeutic cells such as
h-MSCs, hepatocytes, and also CCRF-CEM cells were sequentially treated
with HBP-PEG-lipid, heparin conjugate, and Alexa-488 AT. Fluorescence
was assessed via confocal microscopy as shown in Figure 11.
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Figure 11. Confocal microscopy images of surface-modified MSC via heparinHBP-PEG lipid. A strong fluorescence signal was observed with HBPIII,
whereas HBPII represents cell clumping, and HBPI and control shows weak or
no fluorescence intensity, representing no or very less binding of AT. Taken from
paper I, Asif et al. 2016 and reproduced with permission.

Heparin immobilization on cell surfaces inhibit
thromboinflammation
Surface-modified cells (hepatocytes and h-MSCs) were then exposed to human blood in a whole-blood loop model (Figure 12). Interestingly, cells coated
with PEG-lipid alone demonstrated up to 50% immune inhibition when compared to un-coated cells, demonstrating the immune-protective role of the
PEG-lipid.
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Figure 12. Significant inhibition of platelet loss as well as TAT, C3a, and sC5b-9 generation when surface-modified MSCs are exposed to blood, in contrast to control.
Taken from paper I, Asif et al. 2016 and reproduced with permission.

Immobilized heparin on cell surfaces is stable for 24 h
Next, we demonstrated the short-term stability and efficacy of heparin conjugates immobilized on the surface of hMSCs. The results from fluid-phase FX
assays demonstrated a gradual release of conjugated heparin from the MSC
surface when heparin binding protein (HBP)III was used.

Paper II
In this paper, cell adhesion was achieved by utilizing specialized cell-penetrating peptides (CPP) conjugated to cell-bound PEG lipid. Here we also investigated the role of the PEG-lipid chain in inducing adhesion.
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Surface modification of cells by CPP-PEG-lipid induces
adhesion
Short synthetic CPP were conjugated to different PEG-lipid chains (1 kDa, 5
kDa, 20 kDa, and 40 kDa) and subsequently allowed to adhere to CCRF-CEM
cells. A swift and firm adhesion was observed when CCRF-CEM cells were
treated with CPP-PEG-lipid (40 kDa), as demonstrated in Figure 13.

Figure 13. Adhesion was visualized via confocal microscopy for 0, 1, and 3 h
when cells were treated with peptide alone (only), PEG-linker (5 kDa), or PEGlinker (40 kDa). Taken from paper II, Teramura et al. 2016 and reproduced with
permission.

PEG-lipid (40 kDa) induces adhesion
PEG-lipid acts as a linker here, and its length is a critical factor in inducing
adhesion. We observed no or only minimal adhesion when the cells were
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treated with PEG-lipids of 1 kDa and 5 kDa. On the other hand, surface modification of cells with PEG-lipids of 20 kDa as well as 40 kDa induced adhesion to TCPS plate surfaces as shown in Figure 14.

Figure 14. Live microscopy images showing no attachment when PEG-1kDa and
5kDa were employed, whereas firm binding was observed with PEG-lipid chains of
20 kDa and 40 kDa. Taken from paper II, Teramura et al. 2016 and reproduced
with permission.

Cell attachment to a microfiber-based 3D structure
Next, we examined the attachment of surface-treated CCRF-CEM and hepatocytes in a PS microfiber-based 3D scaffold. When fluid-phase leukocytes (not
shown) as well as hepatocytes (Figure 15) were treated with CPP-PEG lipid
(40k), they showed firm attachment to PS microfibers and were adherent and
alive for the whole observation period.
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Figure 15. Surface-modified hepatocytes adhere to a PS 3D microfiber substrate,
in contrast to non-treated substrate. Surface modification does not interfere with
viability or functionality as demonstrated by urea production assay.
Figure taken from paper II, Teramura et al. 2016 and reproduced with permission.

Modification of cells by CPP-PEG-lipid is non-toxic
Cell-surface modification by CPP-PEG-lipid is a harmless procedure that does
not interfere with the physiological functioning of the cell. The viability and
functionality of surface-treated hepatocytes at 48 h post-culture, as assessed
by trypan blue exclusion and urea assay, were normal, with no cytotoxic adverse effects. Similar results were obtained with surface modification of
CCRF-CEM, B cells, and T cells.

Paper III
Comparison of the novel MPC coating to commercially available
heparin coating
Substrate surfaces such as polyurethane tubing, PMMA slide chambers, and
PS tissue culture dishes were coated with MPC polymer, and the coating was
observed by rhodamine 6G staining. Our results demonstrated that the MPC
polymer successfully and uniformly coats a variety of substrates. Next, hemo-
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compatibility was evaluated by exposing MPC-coated, commercially available heparin-coated, and uncoated surfaces to human whole-blood in in vitro
(Figure 16).

Figure 16. MPC-coated and heparin-coated loops in a Chandler loop model
demonstrated significant reduction in platelet loss as well as in the generation of
TAT, C3a, and sC5b-9 when compared to controls (uncoated loops), in which high
activation of the above mentioned proteins was observed. Figure taken from paper
III Asif et al. 2019 (manuscript).

MPC coating is as stable as heparin coatings
Our results from the stability assay indicated that both the MPC and heparin
coatings are stable in EDTA plasma over a period of 2 weeks (Figure 17).
MPC- and heparin-coated substrates were exposed to whole blood after incubation with plasma, and our results demonstrated no immune activation. However, after blood exposure, the uncoated loops were still able to generate substantial activation of both the coagulation and complement systems.

47

Figure 17. MPC as well as heparin-coated loops post-incubation with EDTAplasma demonstrated significantly lower generation of TAT, C3a, and sC5b-9
when compared to controls. Figure taken from paper III Asif et al. 2019 (manuscript).
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In vivo biocompatibility of MPC-coated catheters
Aspiration and flushing through MPC-coated catheters implanted in a porcine
model of transplantation was successful over the whole study period. After
euthanasia, the pigs underwent a full necropsy, and macroscopic observation
showed no clotting or fibrin deposition in or around the catheters. Control uncoated polyurethane catheters, on the other hand, were obstructed because of
clot formation (Figure 18).

a

b

Figure 18. MPC-coated as well as uncoated catheters were exposed to blood in an
in vitro model demonstrating (a) clogging of the control catheter, in contrast to the
coated catheter. (b) Rhodamine 6G staining after blood exposure demonstrated
successful coverage of the MPC coating on the catheter surface. Figure taken from
paper III Asif et al. 2019 (manuscript).
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Discussion

The innate immune response represents a critical challenge inherent in the use
of biomaterials and in regenerative medicine. The process of transplanting
therapeutic cells, implanting biomaterial scaffolds, or local drug delivery all
trigger innate immune reactions that lead to graft failure and complications.
Although various strategies to modulate biomaterial properties have been attempted, and the immunological responses to the biomaterial have been investigated, the clinical success of these strategies has been limited because of the
lengthy procedures involved, cytotoxicity, and a limited functionality in in
vivo settings. Modulation of the surface properties of material and cells with
bio-inert polymers has now become a state-of-the-art procedure for regulating
the innate immune response. Despite the progress made in identifying appropriate biomaterials, there is still a lack of studies of the in vivo hemocompatibility of bioengineered cells and materials. In this thesis, tailoring of biosurfaces was achieved by using immune-protective biomolecule coatings, and associated hemocompatibility was investigated in a human whole-blood loop
model.

Paper I
Cell transplantation is superior to whole-organ transplantation in that it is associated with fewer complications and involves less-invasive surgical procedures. However, the key issue here is activation of innate immune reactions.
After implantation, therapeutic cells are recognized and destroyed by our innate immune system. Despite various advances in the field, the present systemic administration of immunosuppressive drugs has had no appreciable effect in attenuating thromboinflammation.
In this paper, immune protection of therapeutic cells was achieved by adding a physical barrier as well as an immune modulator. Poly(ethylene glycol)conjugated phospholipid (PEG-lipid) is a bioinert amphiphilic polymer that
spontaneously inserts into cell membranes via hydrophobic interactions and
modulates immune activation by inhibiting protein adsorption. Our preliminary results demonstrated that therapeutic cells coated with PEG-lipid alone
attenuated innate immune activation up to 50%, but this response was not sufficient to hamper thromboinflammation in vivo. Therefore, in this first paper,
we conjugated short synthetic peptides with a high affinity for heparin onto
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PEG-lipid and incorporated them into cell surfaces. The use of heparin coating
is a rational choice for infusion of cells into the bloodstream, since heparin
attaches to the damaged endothelium and inhibits immune recognition as well
as activation via DAMPs and other cascade molecules. HBPs were employed
for heparin immobilization so that the active sites of the heparin molecule
were well preserved, and the expected antigenicity was significantly lower
than that seen if avidin had been used for the immobilization.
In this study, we used three HBP peptides; HBPI was an amino acid sequence of heparin-binding regions derived from fibronectin, and HBPII was a
positive sequence containing 7 arginine residues. HBPIII was a sequence of
13 amino acid residues that was identified from random screening by combinatorial phage display. Our results from kinetic assays and confocal microscopy demonstrated that although all three peptides had high affinity for heparin, HBPIII showed the least cytotoxicity. Similarly, cell surfaces modified by
the HBPIII-PEG-lipid conjugate showed stable immobilization of heparin
when compared to the other two HBPs. Heparin immobilization on hepatocytes and human MSC surfaces by HBPIII inhibited platelet aggregation and
the generation of TAT, C3a, and sC5b-9 in a human whole-blood loop model.
Since destruction of therapeutic cells occurs minutes after implantation and
continues for up to 48 h, heparin immobilization by PEG-lipid represents a
promising approach to tailor the immune response post-transplantation.
This study demonstrates that (i) it is possible to protect primary human cells
from innate immune attack by surface engineering, (ii) short HBPs recruit
heparin onto the cell surface without impairing its functionality, and (iii) the
PEG-heparin conjugate does not induce cytotoxicity and is stable for short
durations (Figure 19). Thus, heparinization of cell surfaces via PEG-lipid is a
novel treatment modality with applications in the field of cell transplantation
and in hampering thromboinflammation.

Figure 19. Schematic representation of the results achieved in paper I.

Our in vitro model utilizing human primary cells, as well as human blood assays, imitates an actual in vivo situation, and the results from this study can be
translated to the clinical situation.
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The time scale of the durability and in vivo stability of the heparin coating
was a critical limitation of this study, and in vivo experiments are integral to
evaluating these parameters. Moreover, the generation of antibodies against
PEG or heparin after repeated exposure needs to be investigated.

Paper II
The use of decellularized scaffolds to regenerate functional organs is an
emerging field with a huge potential to overcome challenges encountered with
allogeneic transplantation, such as donor shortage and immunological responses. However, factors associated with recellularization, such as ineffective cell seeding limits, a lack of cellular interactions, and poor vascularization
limit its success. Efficient and robust cell seeding onto designated areas of 3D
scaffolds significantly shortens the waiting period till transplantation.
In this paper, we designed a material for cell coating which facilitates cell
attachment without associated toxicity. The goal here was to introduce positive charges onto cell surfaces so that the treated surface binds to negatively
charged substrates via electrostatic interactions. Since most cationic polymers
show an associated increase in cytotoxicity, we instead chose small cationic
peptides with cell-penetrating properties. The cell surface was modified by
cationic peptides linked to PEG-lipid via hydrophobic interactions. Screening
results demonstrated that all the cationic peptides rapidly bound to negatively
charged substrates; however, cell adhesion was induced only by cell-penetrating peptides (CPP).
Herein we also evaluated the significance of the length of the PEG-lipid for
cell-surface modification. Four different PEG-lengths (1 kDa, 5 kDa, 20 kDa,
and 40 kDa) were compared, and our results demonstrated that a cell surface
fabricated only with CPP-PEG-lipid (40 kDa or 20 kDa) induced cell attachment. The explanation for this finding is that the PEG chain acts as a spacer
here, and a “just-right” length is critical for anchoring CPP over the cell surface. PEG chains of 20 kDa or 40 kDa CPP bound to the cell membrane could
extend over the membrane proteins and subsequently bind to the substrate surface; however, this phenomenon was not possible when shorter PEG lengths
were used. Likewise, CPP is a unique peptide with cell-penetrating properties
which, at one end, binds to cell membranes and upon contact with a negatively
charged substrate drags the cell down on the substrate for firm uniform adhesion.
Fabricated cells were also allowed to seed in a 3D model using PS microfibers, and our results with hepatocytes showed robust attachment within
minutes. This phenomenon was not observed with the non-treated control
cells.
Thus, in this study we successfully demonstrated that (i) it is possible to
modulate cell surfaces with cationic peptides without associated cytotoxicity,
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(ii) fabrication of cell surfaces with specialized penetrating peptides induces
cell seeding in an in vitro 3D milieu, and (iii) the appropriate length of linker
is critical for the successful fabrication of the cell surface. Thus, bio-engineering of cell surfaces using conjugated biomolecules is a promising modality for
inducing simultaneous and rapid bio-adhesion (Figure 20).

Figure 20. Schematic representation of the results achieved in paper II.

Based on this study, a few opportunities for further investigation are: defining
the actual time span for which the surface modification is viable, investigating
the in vivo performance of the fabricated cells, and dealing with the challenge
of micro-vascularization in the 3D hydrogel structures. In vivo experiments in
rodent or large animal models are needed to further investigate these issues.
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Paper III
Biomaterials are at the forefront of important advances in health care. Given
the aging of the overall population and the increasing burden of chronic illnesses, the demand to design sophisticated materials is increasing day by day.
However, despite many advances, the challenge of thromboinflammation is
still an unsolved problem. Various strategies have been employed to bioengineer immune-regulatory surfaces, among which the coating of surfaces by inert polymers to make them invisible to the immune system is a favorable approach to hampering immune activation.
Heparin coating of biomaterials inhibits immune activation and has been in
clinical use for several decades. Various studies have demonstrated that heparin coating of blood-contacting circuits of extracorporeal device results in a
significant reduction in platelets and complement as well as coagulation and
inflammatory markers in humans. However, the application of a heparin coating is a time consuming and costly process, and it is sometimes associated
with a life-threatening complication, heparin-induced thrombocytopenia
(HIT).
2-methacryloyloxyethyl phosphorylcholine (MPC) is a synthetic inert polymer with structural similarities to the head groups of lipid molecules in the
cell membrane. The MPC polymer is known to prevent protein adsorption. In
this paper, we evaluated the biocompatibility of the MPC polymer in in vitro
human blood models and compared it to conventional heparin coatings. We
employed three different whole-blood models to demonstrate the hemocompatibility of the MPC polymer; in these models, immune activation not only
occurred via the contact system but also via shear force. Our results showed
that the MPC polymer coating was as effective as conventional heparin coating in inhibiting platelet aggregation as well as the generation of complement
and coagulation mediators. The control non-coated loops, however, activated
the coagulation system via activation of factor X and downstream cascades.
Similarly, stability experiments demonstrated that the coated MPC polymer
as well as the heparin coating were stable in EDTA-plasma for a period of 2
weeks, and no degradation or detachment was observed. Finally, experiments
in a porcine model demonstrated that the coated MPC polymer regulates immune activation not only in vitro but also in vivo (Figure 21).
Thus, the results of this study demonstrate that (i) it is possible to coat an
MPC polymer onto substrates via a simple one-step process (ii), the MPC polymer coating is as stable and immune-protective as a conventional heparin
coating, and (iii) the immunoregulatory properties of MPC are identical in vivo
to those in vitro.
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Figure 21. Schematic representation of MPC polymer; structure, mechanism of
action, and results achieved by fabricating MPC on substrates in paper III.

Thus, the decoration of material surfaces with the MPC polymer modulates
thromboinflammation by suppressing protein adsorption. However, issues
such as the antigenicity of the MPC polymer upon repeated exposure, the polymer coating’s long-term stability, and the fact that the MPC grafting can only
be applied to few materials all need further investigation.
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Conclusion

Upon implantation, biomaterials inevitably encounter the human innate immune system. Many aspects of surface-tailored immunomodulation have been
investigated and applied to biomedical research. Passive coating of bio-surfaces by inert anti-fouling polymers such as PEG-lipid or MPC is a promising
strategy to shield materials from immunological attack. The PEG-lipid polymer coatings can be applied to cell and tissue surfaces, and the MPC polymer
can be applied to a material surface by a simple one-step application. These
polymer coatings are inert, stable, easily synthesizable and applied as well as
hemocompatible. Moreover, the presence of functional groups in the external
layer of a PEG-lipid pave the way for further modifications by regulators of
the immune system. Thus, we conclude that fabrication of biosurfaces with
bio-inert polymers not only regulates the immune response post-transplantation but is a promising approach for shielding cells and materials from immune
responses after implantation.
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Future perspectives

Engineering of material and cell surfaces for immune modulation is a promising approach for preventing implant rejection and dysfunction. Passive coating of materials and cell surfaces by bio-inert antifouling polymers can regulate immune activation. The results from this thesis demonstrate that modification of cell and material surfaces, achieved by coating with either PEG-lipid
or MPC polymer, limits immune activation without associated toxicity. Based
on our insights and experience with surface modification by bioinert polymers, we propose the following future research directions:

Evaluation of toxicity in long-term models
We have demonstrated that coating of materials and cells by bio-inert antifouling polymers is safe and non-toxic. However, the cell toxicity was monitored either immediately or only up to a few days after treatment. Long-term
evaluation of toxicity either ex vivo or in a highly specialized in vivo model,
such as a small rodent model, must be performed to assess the therapeutic
implications.

Durability and stability of polymer surface modification in longterm models
Results from this thesis demonstrate the stability and functionality of biometric surface modification in an in vitro model; however, future research
over long time periods in a specialized as well as complex in vivo situations is
required to further evaluate the general properties as well as the durability and
stability of surface modifications.
The actual time span for which the coating is stable in an in vivo setting and
whether surface modification influences engraftment should be investigated,
as well as how long the post-engraftment period is before a coating disappears.

Immune regulation in vivo
Whole-blood assays have confirmed in vitro hemocompatibility; however, in
vivo experiments are essential to further demonstrate that hemocompatibility
holds true in these situations.
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Thus, the preliminary work of designing, evaluating, and analyzing the surface modifications has been accomplished using in vitro human models that
have demonstrated promising results. Further investigation and evaluation in
complex clinical situations is necessary before these advances can be implemented therapeutically in the clinic.
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Populärvetenskaplig sammanfattning
(Summary in Swedish)

Bakgrund
Naturlig immunitet (”innate immunity” på engelska) är grundläggande i vårt
försvar mot mikroorganismer och andra främmande substanser och kan diskriminera mellan själv och icke-själv, dvs substanser som hör hemma i kroppen och sådana som inte gör det. Detta gör att det naturliga immunsystemet är
ansvarigt för många av de inkompatibilitets-reaktioner som brukar betecknas
som tromboinflammation, vilket uppstår när främmande ämnen, såsom biomaterial (stents, tandimplantat, kardiovaskulära transplantat), eller terapeutiska celler, cell-aggregat eller transplanterade solida organ kommer i kontakt
med blod.
Fysiologiskt sett utgör tromboinflammation ett komplext samspel mellan
olika komponenter inom det naturliga immunsystemet och innebär aktivering
av blodets så kallade kaskadsystem (komplement-, kontakt- och koagulationssystemen), vilket sammantaget leder till aktivering av trombocyter (blodplättar) och olika typer av vita blodkroppar. Slutresultatet av dessa reaktioner blir
inflammation och eventuellt trombosbildning (blodpropp) vilket kan leda till
skada på biomaterialet, eller eller avstötning eller celldöd av transplanterad
vävnad.
Det pågår intensiv forskning för att utveckla olika strategier att dämpa
tromboinflammation och därigenom uppnå bättre resultat vid terapeutisk behandling med biomaterial och/eller vid transplantation. Exempel på sådana
strategier är att konjugera olika inerta substanser och/eller inhibitorer till ytan
på material eller celler. Centralt i denna avhandling (Arbete I & II) är att utnyttja en molekyl som består av ett konjugat mellan polyetylenglykol (PEG)
och lipid (fett) och som hindrar inbindning av proteiner till den yta den sitter
på. Denna molekyl har även egenskapen att den spontant sätter sig i cellmembran och där bildar en tunn porös film som fungerar som ett filter och förhindrar oönskad passage av både proteiner och immunceller, men utan att påverka
den modifierade cellens biologiska funktion. Denna PEG-lipid-molekyl kan
också användas som ”handtag” för att koppla på andra dämpande molekyler
och därigenom ytterligare förstärka skyddet mot det naturliga immunsystemet.
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Avhandlingen
Denna avhandling består av tre delarbeten som beskriver olika strategier att
minska tromboinflammation på ytan av biomaterial och terapeutiska celler.
Effekten av dessa modifieringar har utvärderats genom att material och celler
har exponerats för humant blod i olika in vitro-modeller och att aktivering av
blodets kaskadsystem och försvars-celler därefter har undersökts med olika
tekniker.
Arbete I: Här presenterade vi en ny metod att använda ett heparinkonjugat
för att förbättra biokompatibiliteten hos terapeutiska celler, såsom hepatocyter
och mesenkymala stamceller. Cellytan modifierades först med PEG-lipid till
vilken vi hade kopplat korta heparinbindande peptider, och därefter tillsattes
heparin vilket ledde till att heparin immobiliserades på cellens yta. De heparin-klädda cellerna utsattes sedan för human blod och aktiveringen av kaskadsystem och immunceller analyseras genom olika immuno-assays. Våra resultat visade att celler modifierade med heparin modulerar immunreaktioner genom att hämma aktiveringen av komplement-, kontakt- och koagulations-systemen utan att medföra cytotoxicitet. Heparin-konjugering förefaller därför
vara ett lovande tillvägagångssätt för att dämpa tromboinflammation i samband med celltransplantation.
Arbete II: Här undersökte vi om olika positivt laddade cellpenetrerande
peptider (CPP) skulle kunna utnyttjas för att binda in icke-adherenta (lösliga)
celler till fasta biomaterial, med avsikt att skapa en tredimensionell cellstruktur. Vi modifierade ytan på olika celler såsom T-celler, erytrocyter, och hepatocyter med CPP-PEG-lipidkonjugat och därefter såddes de behandlade cellerna ut på tredimensionella nät av polystyren (en typ av plast). Konfokal mikroskopi-analys visade på snabb och fast vidhäftning av celler till den underliggande matrisen utan att medföra cytotoxicitet hos de inbundna cellerna.
Denna nya teknik är användbar för att tillverka tredimensionella cellbaserade
strukturer (dvs nybildad vävnad) inom området för regenerativ medicin.
Arbete III: Här utvärderade vi funktionaliteten hos en ny MPC-polymeryta
och jämförde den med konventionellt använd heparin-yta med avsikt att användas för att vidareutveckla olika in vitro modeller för att testa bland annat
biomaterial och modifierade celler. Dessutom utvärderades de antitrombotiska egenskaper hos MPC-polymerbelagda katetrar in vivo i en stordjursmodell. Resultaten från in vitro-delen av denna studie visade att i termer av biokompatibilitet och stabilitet är MPC-beläggning minst lika effektiv som traditionellt använda heparinbeläggningar, vilka är mer arbetskrävande att applicera samt dyrare. In vivo såg vi att MPC-polymerbelagda katetrar
möjliggjorde blodprovstagning utan komplikationer i upp till 4 dygn, medan
provtagning genom samtliga icke-belagda katetrar försvårades genom trombosbildning. Slutsatsen är att MPC-polymerbelagda ytor sannolikt är av stort
värde både i in vitro-modeller och in vivo, framför allt vad gäller katetrar som
är avsedda att sitta på plats under längre tid.
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Slutsatser och framtida planer
I denna avhandling presenterar vi olika enkla och säkra metoder för att dämpa
de tromboinflammatoriska reaktioner som induceras av biomaterial och terapeutiska celler i kontakt med humant blod. Våra resultat visade att modifiering
av bioytor med inerta polymerer och biomolekyler är ett lovande tillvägagångssätt för att förbättra biokompatibilitet vilket sannolikt kommer att ha
gynnsam effekt vid behandling med biomaterial och vid terapeutisk cell-transplantation.
I framtiden kommer vi i första hand att undersöka effekterna av PEG-lipidbeläggningar i olika in vivo-modeller. Därutöver är vi intresserade av att utveckla en stabil, multikomponent-PEG-lipidbeläggning som kan ”skräddarsys” för olika terapeutiska tillämpningar.
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