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FIBRIN GEL FOR CONTROLLED RELEASE OF PDGF AND USES THEREOF

[0001] This application claims the priority benefit of United States Provisional Patent
application No. 60/936,198, filed June 19, 2007, herein incorporated by reference 1n its

entirety.

FIELD OF THE INVENTION

[0002] The present invention relates, in general, to fibrin sealants, which contain
platelet derived growth factor (PDGF) for controlled release through reversible binding in

situ for therapeutic applications, including musculoskeletal and vascular diseases.

BACKGROUND OF THE INVENTION

[0003] Fibrin sealants are a type of surgical “glue” that is made from human blood-
clotting proteins, and that 1s typically used during surgery to control bleeding. The
ingredients 1n these sealants interact during application to form a stable clot composed of
a blood protein fibrin. Fibrin sealants are presently used during surgery for several
different purposes: to control bleeding in the area where the surgeon 1s operating, to
speed wound healing, to seal off hollow body organs or cover holes made by standard
sutures, to provide slow-release delivery of medications to tissues exposed during

surgery.

[0004] Fibrin sealants generally consist of two human plasma-derived components: (a)
a highly concentrated Fibrinogen Complex (FC) composed primarily of fibrinogen and
fibronectin along with catalytic amounts of Factor XIII and plasminogen and (b) a high
potency thrombin. Fibrin sealants may also contain aprotinin. By the action of thrombin,
(soluble) fibrinogen at first 1s converted into fibrin monomers which aggregate
spontaneously and form a so-called fibrin clot. Simultaneously, factor X111 (FXIII)
present 1n the solution 1s activated by thrombin in the presence of calcium ions to factor
XlIIla. The aggregated fibrin monomers and any remaining fibronectin possibly present
are cross-linked to form a high polymer by new peptide bonds forming. By this cross-

linking reaction, the strength of the clot formed 1s substantially increased. Generally, the
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clot adheres well to wound and tissue surfaces, which leads to the adhesive and
haemostatic effect. (US Patent 7,241,603). Therefore, fibrin adhesives are frequently
used as two-component adhesives which comprise a fibrinogen complex (FC) component

together with a thrombin component which additionally contains calcium 1ons.

[0005] A particular advantage of a fibrin sealant is that the adhesive/gel does not
remain at its site of application as a foreign body, but 1s completely resorbed just as in
natural wound healing, and 1s replaced by newly formed tissue. Various cells, e.g.,
macrophages and, subsequently, fibroblasts migrate into the gel, lyse and resorb the gel
material and form new tissue. Fibrin sealants have been used to form fibrin gels in situ,

and these fibrin gels have been used for delivery of cells and growth factors (Cox et al.,

Tissue Eng 10:942-954, 2004; Wong et al., Thromb Haemost 89:573-582, 2003).

[0006] For tissue repair, it is desirable to localize growth factors and cells in a matrix
such as a fibrin gel. For example, fibrin gel has been used for delivery of TGF-3 in
various complex mixtures including fetal bovine serum, coral granules, and liposomes
(Fortier et al., Am J Vet Res 38(1): 66-70, 1997; Arnaud et al., Chirurgie Plastique
Esthetique 39(4): 491-498, 1994; Arnaud et al. Calcif Tissue Int 54: 493-498, 1994;
Giannoni et al., Biotechnology and Bioengineering 83(1): 121-123, 2003). Alternative
means to deliver growth factors from fibrin gels involve conjugates comprising
transglutaminase substrates, antibodies, and VEGF fragments bound to the growth factors
(See, for example US Patent Nos. 6,506,365; US 6,713,453 and US Patent Publication
2003/0012818, incorporated herein by reference in their entirety). See also US patent
application 20030012818 which describes drug delivery matrices to enhance wound
healing. Additionally, fibrin gels have been shown to induce cell growth (e.g., human
mesenchymal stem cell (HMSC)) and proliferation as well as, to some extent, osteogenic

differentiation, depending on the concentrations of FC and thrombin in the matrix

(Catelas et al., Tissue Eng 12:2385-2396, 20006).

[0007] The ability of fibrin sealants to deliver growth factors to a particular site in the
body can be beneficial, but proper regrowth of tissue often requires a continuous/steady
supply of growth factor or cytokine delivered at a specific rate to the site so that proper

treatment 1s ensured. This 1s especially true 1f the therapeutic protein has a short half-life
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in vivo. Fibrin sealants currently in use provide for some delayed release of the seeded
drug or agent, but the ability to extend the life of the agent in the sealant would improve

the long-term tissue repair in vivo.

[0008] Thus, there remains a need in the art to develop an effective means to deliver
growth factor in vivo for treatment of various conditions and disorders, to develop

improved methods for controlled release of growth factors from a fibrin gel.

SUMMARY OF THE INVENTION

[0009] The present invention provides compositions of fibrin sealant comprising a
platelet derived growth factor (PDGF) for controlled release through reversible binding
of the growth factor in vitro and in vivo. The invention also provides a method to modity
the release of PDGF protein from a fibrin sealant by modifying the content of fibrinogen
complex (FC) component used to formulate the sealant. For the treatment of a condition
or disorder, 1t 1s contemplated that the PDGF, once released from the fibrin sealant,
retains its biological activity such that the PDGF can mediate 1ts expected biological

activity in vitro or in vivo.

[0010] In one aspect, the invention provides a method for modifying the release of a
platelet derived growth factor (PDGF) protein, said protein selected from the group
consisting of PDGF-AB and PDGF-BB from a fibrin sealant, wherein the fibrin sealant 1s
produced by admixture of a FC component, a thrombin component and a PDGF
component, the method comprising, a) determining the amount of PDGF released from a
first fibrin sealant having a known 1nitial amount of PDGF and a known final
concentration of FC, and b) modifying the known final concentration of FC used in the
first fibrin sealant of step (a) to produce a second fibrin sealant, wherein increasing the
concentration of the FC 1n the second sealant compared to the known final concentration
of FC 1n the first sealant decreases the rate of PDGF release from the second sealant as
compared to the release of PDGF from the first sealant of step (a), and wherein the

second sealant has the same 1nitial amount of PDGF as the first sealant in step (a).
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[0011] In arelated aspect, the invention provides a method for modifying the release of
a PDGF protein, said protein selected from the group consisting of PDGF-AB and PDGF-
BB, from a fibrin sealant, wherein the fibrin sealant 1s produced by admixture of a FC
component, a thrombin component and a PDGF component, the method comprising, a)
determining the amount of PDGF released from a first fibrin sealant having a known
initial amount of PDGF and a known final concentration of FC, and b) modifying the
known final concentration of FC used 1n the first fibrin sealant in of step (a) to produce a
second fibrin sealant, wherein decreasing the concentration of FC 1n the second sealant
compared to the known final concentration of FC 1n the first sealant increases the rate of
PDGF release from the second sealant as compared to the release of PDGF from the first
sealant of step (a), and wherein the second sealant has the same 1nitial amount of PDGF

as the first sealant 1n step (a).

[0012] In one embodiment, the final FC concentration in the first or second sealant 1s
within the range of about 1 mg/ml to about 150 mg/ml. In a related embodiment, the
final FC concentration 1n the first or second sealant 1s within the range of about 5 mg/ml

to about 75 mg/ml.

[0013] In another embodiment, it 1s contemplated that the final FC concentration in the
first fibrin sealant differs from the final FC concentration in the second sealant by about 1
mg/ml to about 149 mg/ml. In a further embodiment, the final FC concentration in the
first fibrin sealant differs from the FC concentration in the second sealant by about 5
mg/ml to about 75 mg/ml. In yet another embodiment, the final FC concentration in the
first fibrin sealant differs from the FC concentration in the second sealant by about 10

mg/ml to about 60 mg/ml.

[0014] It is contemplated that in some embodiments, the final concentration of the
thrombin component in the first or second sealant 1s within the range of about 1 IU/ml to
250 IU/ml. In another embodiment, the final concentration of PDGF in the first or

second sealant 1s 1n the range of about 1 ng/ml to about 1 mg/ml.

[0015] In another aspect, the invention contemplates a method for the controlled
release of a PDGF protein, said protein selected from the group consisting of PDGF-AB,

and PDGF-BB, 1n a patient in need thereof, comprising administering to said patient a
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fibrin sealant comprising PDGF, wherein at least 25% of the PDGF 1s retained 1n the

fibrin sealant for at least 3 days.

[0016] In arelated aspect, the invention provides a method for the controlled release of
a PDGF protein, said protein selected from the group consisting of PDGF-AB and PDGE-
BB, 1n a patient in need thereof, comprising administering to said patient a fibrin sealant
comprising PDGF, wherein at least 20% of the PDGF 1s retained 1n the fibrin sealant for
at least 10 days.

[0017] It is contemplated that the PDGF released from the fibrin sealant 1s biologically

active.

[0018] In some embodiments, at least 35% to 90% of the PDGF 1s retained 1n the fibrin
sealant for at least 3 days. In a related embodiment, at least 45% to 75% of the PDGF 1s
retained 1n the fibrin sealant for at least 3 days. In a further embodiment, at least 60% of

the PDGF 1s retained in the fibrin sealant for at least 3 days.

[0019] In another embodiment, at least 25% to 75% of the PDGF 1s retained in the

fibrin sealant for at least 10 days. In a related embodiment, at least 45% to 55% of said
PDGF 1s retained in the fibrin sealant for at least 10 days.

[0020] In arelated embodiment, 1t is contemplated that the fibrin sealant may have

release kinetics of the above ranges for either or both of 3 days or 10 days.

[0021] In one embodiment, the fibrin sealant 1s produced by combining a FC
component and a thrombin component in admixture. In another embodiment, the PDGF
1s added to the FC component before admixture of the FC component with the thrombin

component. In a further embodiment, the PDGF 1s added to the thrombin component.

[0022] In arelated embodiment, it is contemplated that the PDGF release may
decrease by a regular amount each day. For example, the PDGF amount in the fibrin
sealant may decrease by about 1% a day, by about 2% a day, by about 3% a day, by about
4% a day, by about 5% a day, by about 6% a day, by about 7% a day, by about 8% a day,
by about 9% a day or by about 10% a day, or the desired amount of release may be
adjusted based on the FC concentration or thrombin concentration used to formulate the

fibrin sealant.
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[0023] The invention contemplates that the final concentration of the FC component in
the sealant 1s within the range of about 1 mg/ml to about 150 mg/ml. It 1s also
contemplated that, in some embodiments, the final concentration of the thrombin
component 1n the sealant 1s within the range of about 1 1IU/ml to 250 IU/ml. In one
embodiment, the final FC concentration 1s about 5 mg/ml, about 10 mg ml, about 20

mg/ml or about 40 mg/ml, and the final thrombin concentration 1s about 2 1U/ml.

[0024] In one embodiment, the final PDGF concentration in the sealant i1s from about 1

ng/ml to about 1 mg/ml.

[0025] In a further embodiment, it is contemplated that the PDGF 1s PDGF-AB. In
one embodiment, at least 60% of said PDGF-AB 1s retained 1n said fibrin sealant for at
least 3 days, and wherein at least 40% of said PDGF-AB 1s retained in said fibrin sealant
for at least 10 days. In a further embodiment, at least 80% of said PDGF-AB 1is retained
in said fibrin sealant for at least 3 days, and wherein at least 60% of said PDGF-AB 1s

retained in said fibrin sealant for at least 10 days.

[0026] In arelated embodiment, 1t 1s contemplated that the PDGF 1s PDGF-BB. In one
embodiment, at least 55% of said PDGF-BB 1s retained 1n said fibrin sealant for at least 3
days, and wherein at least 25% of said PDGF-BB 1s retained 1n said fibrin sealant for at
least 10 days.

[0027] In a further aspect, the invention contemplates a method for treating a patient
suffering from a disorder or disease which would benefit from 1n situ controlled release
of PDGF protein, said protein selected from the group consisting of PDGF-AB or PDGF-
BB, said method comprising administering to said patient a fibrin sealant comprising the
PDGF protein, wherein the fibrin sealant provides a controlled release of the PDGF
wherein at least 25% of the PDGF 1s retained 1n the fibrin sealant for at least 3 days, and

sald PDGF 1s released at a rate eftective to treat said disorder or disease.

[0028] In a further aspect, the invention contemplates a method for treating a patient
suffering from a disorder or disease which would benefit from 1n situ controlled release
of a bioactive PDGF protein, said protein selected from the group consisting of PDGF-
AB or PDGF-BB, said method comprising administering to said patient a fibrin sealant

comprising the PDGF protein, wherein the fibrin sealant provides a controlled release of
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the PDGF wherein at least 20% of the PDGF 1s retained in the fibrin sealant for at least

10 days and said PDGF 1s released at a rate effective to treat said disorder or disease.

[0029] The invention also provides for use of a fibrin sealant comprising a PDGF
protein, selected from the group consisting of PDGF-AB or PDGF-BB, 1n the
manufacture of a medicament for treating a patient suffering from a disorder or disease
which would benefit from 1n situ controlled release of a PDGF protein, wherein the fibrin

sealant provides a controlled release of the PDGF as above.

[0030] The invention contemplates that the release kinetics described above are
applicable to the method for treating a patient who would benefit from 1n situ controlled
release of a PDGF protein, or to use of the fibrin sealant in the manufacture of a

medicament to treat said patient.

[0031] In one aspect, the patient is suffering from a disease which would benefit from
the controlled release of PDGF 1n vivo which would be apparent to one of ordinary skill
in the art. In one embodiment, the disease or disorder 1s selected from the group
consisting of a musculoskeletal disease or disorder, a soft tissue disease or disorder and a

cardiovascular disease.

[0032] In one embodiment, the fibrin sealant 1s administered to a patient using
methods well-known 1n the art, such as injection, spray, endoscopic administration or
pre-formed gel, by itself or in combination with other materials, and other methods

known to one of ordinary skill in the art.

[0033] The invention also provides a kit for preparing a fibrin sealant comprising a
bioactive PDGF protein, said protein selected from the group consisting of PDGF-AB or
PDGF-BB, and said fibrin sealant having a desired PDGF release rate, the kit comprising,
a) a first vial or first storage container containing a FC component, wherein the vial
optionally comprises a PDGF component, and b) a second vial or second storage
container having a thrombin component, said kit optionally containing a third vial or third
storage container having a PDGF component when said first vial or first storage container
does not include a PDGF component, said kit further containing instructions for use
thereof. The kit may also comprise instruments for use or administration of the fibrin

sealant 1n vitro or in vivo.
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[0034] Other features and advantages of the invention will become apparent from the
following detailed description. It should be understood, however, that the detailed
description and the specific examples, while indicating specific embodiments of the
invention, are given by way of illustration only, because various changes and
modifications within the spirit and scope of the invention will become apparent to those

skilled 1n the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0035] Figure 1 shows the effects of PDGF-AB amount on 1ts cumulative release from

TISSEEL VH S/D gels ([FC] =20 mg/ml and [Thrombin] = 2 IU/ml).

[0036] Figure 2 shows the effects of PDGF-BB amount on its cumulative release from

TISSEEL VH S/D gels (|[FC] = 20 mg/ml and [Thrombin] = 2 IU/ml).

[0037] Figure 3 shows the effects of FC concentration on PDGF-AB daily release
(Figure 3A) and cumulative release (Figure 3B) from TISSEEL VH S/D gels
([Thrombin] = 21U/ml).

[0038] Figure 4 shows the effects of FC concentration on PDGF-BB daily release
(Figure 4A) and cumulative release (Figure 4B) from TISSEEL VH S/D gels
([Thrombin] = 21U/ml).

[0039] Figure 5 shows the effects of TISSEEL VH S/D lot number on PDGF-AB
cumulative release ([FC] = 20 mg/ml, [Thrombin] = 2 IU/ml).

[0040] Figure 6 shows the effects of TISSEEL VH S/D lot number on PDGF-BB
cumulative release ([FC] = 20 mg/ml, [Thrombin] = 2 IU/ml).

[0041] Figure 7 shows the effects of PDGF-BB amount on its cumulative release from

TISSEEL VH gels ([FC] = 20 mg/ml and [Thrombin] = 2 1U/ml).

[0042] Figure 8 shows the effects of FC concentration on PDGF-BB daily release
(Figure 8A) and cumulative release (Figure 8B) from TISSEEL VH gels  ([Thrombin]
= 21U/ml).
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[0043] Figure 9 shows the effects of TISSEEL VH lot number on PDGF-BB
cumulative release ([FC] =20 mg/ml, [Thrombin] = 2 IU/ml).

[0044] Figure 10 shows the effects of PDGF-AB released from TISSEEL VH S/D gels

on HMSC proliferation cultured in monolayer up to 7 days.

[0045] Figure 11 shows the effects of PDGF-BB released from TISSEEL VH S/D gels

on HMSC proliferation cultured in monolayer up to 7 days.

[0046] Figure 12 shows the effects of PDGF-AB released from TISSEEL VH S/D gels

on ALP activity (normalized on proliferation).

[0047] Figure 13 shows the effects of PDGF-BB released from TISSEEL VH S/D gels

on ALP activity (normalized on proliferation).

[0048] Figure 14 depicts a sensorgram of PDGF-AB (Figure 14A) and PDGF-BB
(Figure 14B) interacting with FC from TISSEEL VH S/D. Figure 14C shows the

graphical determination of the association and dissociation rate constants for the

interaction of PDGF-AB with FC from TISSEEL VH S/D.

DETAILED DESCRIPTION OF THE INVENTION

[0049] The invention provides a fibrin gel containing PDGF for controlled release
through reversible binding in situ in therapeutic applications, including treatment of
musculoskeletal diseases, soft tissue disorders, and vascular diseases. The invention
contemplates that the PDGF released from the gel retains its biological activity such that
release from the fibrin sealant in vitro or in vivo modulates the desired biological activity.
The invention also provides a method for determining the concentration of the FC
component or thrombin component useful in formulating the fibrin sealant to obtain

desired PDGF release kinetics.

[0050] Unless otherwise defined, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. The following reterences provide one of skill with a general

definition of many of the terms used in this invention: Singleton, et al., DICTIONARY
OF MICROBIOLOGY AND MOLECULAR BIOLOGY (2d ed. 1994); THE
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CAMBRIDGE DICTIONARY OF SCIENCE AND TECHNOLOGY (Walker ed., 1988);
THE GLOSSARY OF GENETICS, 5TH ED., R. Rieger, et al. (eds.), Springer Verlag
(1991); and Hale and Marham, THE HARPER COLLINS DICTIONARY OF BIOLOGY
(1991).

[0051] Each publication, patent application, patent, and other reference cited herein 1s
incorporated by reference in 1ts entirety to the extent that it 1s not inconsistent with the

present disclosure.

[0052] It is noted here that as used 1n this specification and the appended claims, the

singular forms “a,” ““an,” and “‘the” include plural reference unless the context clearly

dictates otherwise.

[0053] As used herein, the following terms have the meanings ascribed to them unless

specified otherwise.

[0054] As used herein the terms ““fibrin sealant,” “fibrin gel,” “fibrin adhesive,” “fibrin
clot” or “fibrin matrix” are used interchangeably and refer to a three-dimensional network
comprising at least a fibrinogen complex (FC) component and a thrombin component,

which can act as a scatffold for cell growth and release of abioactive material over time.

[0055] As used herein the terms “‘controlled release” and “delayed release” have the
same meaning and refer to retention of an agent (e.g., growth factor) in a fibrin gel.
Controlled release 1s due not only to slow and steady secretion/release of the growth
factor by diffusion or by dissociation of the bound growth factor and 1ts subsequent
diffusion from the gel, but 1s also due to the disintegration and enzymatic cleavage of the

matrix.

[0056] As used herein, “in situ formation” refers to either formation at a physiological
temperature and at the site of injection in the body or to formation of the fibrin sealant at
appropriate 1n vitro conditions. This term 1s typically used to describe the formation of
covalent linkages between precursor molecules 1n the fibrin sealant, which are

substantially not crosslinked prior to and at the time of administration.

[0057] As used herein, “fibrinogen complex (FC) component” refers to the

fibrin/fibrinogen solution which 1s mixed with thrombin resulting in a clot-like fibrin
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sealant. The FC 1s composed mainly of fibrinogen and fibronectin, and may also contain
catalytic amounts of FXIII and plasminogen. The FC component may also be referred to

as Sealer Protein.

[0058] As used herein, “thrombin component™ refers to the thrombin solution which 1s

mixed with the FC component which results in a clot-like fibrin sealant.

[0059] As used herein, “platelet derived growth factor component” or “PDGF
component” refers to the addition of the growth factor in solution to the liquid form of the
fibrin sealant. Each of the PDGF component, the FC complex component and the
thrombin component may be added separately to form the fibrin sealant comprising
PDGEF. Optionally, the PDGF component 1s added to the liquid FC component before
admixture with the thrombin component or to the thrombin component before admixture
with the FC component. The PDGF component may include either PDGF-AB or PDGF-
BB, or both PDGF-AB and PDGF-BB.

[0060] As used herein, "recombinant human PDGF’’ refers to recombinant human
platelet derived growth factor (rh PDGF) obtained via recombinant DNA technology. It
may be produced by any method known 1n the art.

[0061] As used herein the term “bioactive’” or “biologically active” refers to the
biological property wherein a protein, e.g., a PDGF protein, in a solution or in a fibrin
sealant exhibits the same or similar biological activity when compared to a naturally

expressed (1.e., when expressed either recombinantly or in vivo) protein.

[0062] As used herein a “detectable moiety,” “detectable label” or “label” refers to a
composition detectable by spectroscopic, photochemical, biochemical, immunochemical,

2P, 358, fluorescent dyes,

or chemical means. For example, useful labels include
electron-dense reagents, enzymes (e.g., as commonly used in an ELISA), biotin-
streptavidin, dioxigenin, haptens and proteins for which anti-sera or monoclonal
antibodies are available, or nucleic acid molecules with a sequence complementary to a
target. The detectable moiety often generates a measurable signal, such as a radioactive,

chromogenic, or fluorescent signal, that can be used to quantitate the amount of bound

detectable moiety 1n a sample.

11
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Fibrin Sealants

[0063] Many forms of fibrin are available for use as a fibrin sealant. Fibrin gels can be
synthesized from autologous plasma, cryoprecipitated plasma (e.g. fibrin glue kits, which
are available commercially), fibrinogen purified from plasma, and recombinant
fibrinogen and factor XI1lla. Each of these materials provides a fundamentally similar
matrix, with small variations in the biochemical compositions (Sierra DH, J Biomater
Appl, 7, 309-352 (1993)). Similarities between these materials exist both in specific

enzymatic bioactivity and general healing responses.

[0064] The fibrin gel useful in the invention 1s formed from a fibrin sealant, which
consists of two main components: fibrinogen complex (FC) and thrombin. The FC 1s
composed mainly of fibrinogen and fibronectin, and may also contain catalytic amounts
of FXIII and plasminogen. The FC and thrombin components are generally derived from
human plasma, but may also be produced by recombinant/genetic engineering techniques.
Examples of Fibrin Sealants are described in US 5,716,645; US 5,962,405; US 6,579,537
and include TISSEEL VH and TISSEEL VH S/D (Baxter AG, Vienna, Austria).

[0065] To form the fibrin gel, the FC 1s first reconstituted, thawed or otherwise
prepared according to package instructions, further diluted as needed using dilution
buffers and therapeutic agent 1s added to the liquid FC. Alternatively, the therapeutic
agent can be added 1n the thrombin component. Most commercially available fibrin
sealants include an inhibitor of gel lysis such as aprotinin, which can be added to the FC
at the discretion of the user. A description of aprotinin and other gel lysis inhibitors 1s
provided in WO 99/11301. The thrombin component is also reconstituted to liquid form
using Ca(ll; solution, further diluted as needed using dilution buffers. It 1s contemplated
that the thrombin component 1s mixed with the FC component further comprising a
PDGF to form the fibrin gel. Fibrin sealants have also been designed which lack the
aprotinin ingredient (EVICEL, Ethicon, Inc, New Jersey).

[0066] Additional methods for producing fibrinogen-containing preparations that can
be used as tissue adhesives include production from cryoprecipitate, optionally with

further washing and precipitation steps with ethanol, ammonium sulphate, polyethylene
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glycol, glycine or beta-alanine, and production from plasma within the scope of the
known plasma fractionation methods, respectively (ct., e.g., "Methods of plasma protein
fractionation”, 1980, ed.: Curling, Academic Press, pp. 3-15, 33-36 and 57-74, or Blomb
ck B. and M., "Purification of human and bovine fibrinogen", Arkiv Kemi 10, 1959, p.
415 1.). Fibrin sealant may also be made using a patient own blood plasma. For
example, the CRYOSEAL (Thermogenesis Corp., Rancho Cordova, CA) or VIVOSTAT
(Vivolution A/S, Denmark) fibrin sealant systems enable the production of autologous
fibrin sealant components from a patient's blood plasma. The components of Fibrin

Sealants are available 1n lyophilized, deep-frozen liquid, or liquid form.

[0067] The components of the fibrin gel are added at appropriate concentrations to
provide the type of controlled release desired. The FC component may be added 1n
varying concentrations, including but not limited to 5 mg/ml, 10 mg/ml, 15 mg/ml, 20
mg/ml, 25 mg/ml, 30 mg/ml, 35 mg/ml, 40 mg/ml, 45 mg/ml, 50 mg/ml, up to 150 mg/ml
(final concentrations in the gels), or in intermediate concentrations as necessary. Further,
the concentration of FC component may be combined with any appropriate concentration
of thrombin component, including, but not limited to 1 IU/ml, 2 IU/ml, 5 IU/ml, 7 IU/ml,
10 IU/ml, 15 IU/ml, 20 IU/ml, 25 IU/ml, 30 IU/ml, 35 IU/ml, 40 IU/ml, 50 IU/ml, 60
[U/ml, 70 1U/ml, 80 1U/ml, 90 IU/ml, 100 IU/ml, 125 IU/ml, 150 IU/ml, 175 IU/ml, 200

IU/ml, 225 IU/ml and 250 IU/ml, or in intermediate concentrations as necessary.

[0068] It is contemplated that an agent such as PDGF is added to the fibrin sealant
composition 1n order to make a controlled release system for the therapeutic agent. The
PDGF may be added in any concentration that provides an adequate delayed release
formulation, within a range of 1 ng/ml to 1 mg/mL of PDGF. Exemplary concentrations
of PDGF 1n the fibrin sealant include, but are not limited to 1 ng/ml, 5 ng/ml, 10 ng/ml,
15 ng/ml, 20 ng/ml, 40 ng/ml, 50 ng ml, 100 ng/ml, 250 ng/ml, 500 ng/ml, 1 nug/ml, 5
ug/ml, 10 pg/ml, 25 pg/ml, 50 pg/ml, 100 pug/ml, 250 pg/ml, 500 pg/ml, 750 pug/ml and 1

mg/ml..

[0069] It is contemplated that the concentration of FC or thrombin used in the fibrin
sealant are such that the PDGF added 1n the fibrin gel 1s released in a therapeutically

effective amount over the course of several days to weeks. In one aspect, the PDGF 1s
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released from the fibrin gel for 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days , 3
days, 9 days, 10 days, 11 days, 12 days, 13 days, 14 days, 15 days, 16 days, 17 days 18
days, 19 days, 20 days, or longer.

[0070] The PDGF is released form the fibrin sealant in a controlled or delayed release
manner, such that the PDGF 1s available 1n situ over a sustained period of time. It 1s
contemplated that the PDGF release may decrease by a regular amount each day, for
example, the PDGF levels may decrease by about 1 % a day, by about 2% a day, by
about 3% a day, by about 4% a day, by about 5% a day, by about 6% a day, by about 7%
a day, by about 8% a day, by about 9% a day or by about 10% a day or more.

[0071] In arelated embodiment, it is contemplated that at least 25% of the PDGF 1s
retained in the fibrin gel for at least 3 days. In a further embodiment, at least 35% to
90%, at least 45% to 75%, or at least 60% of the PDGF 1s retained 1n the fibrin gel for at
least 3 days. It is further contemplated that at least 25%, 26%, 27%, 28%, 29%, 30%,
31%, 32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%,
46%, 47%, 48%, 49%, 50%, 31%, 52%, 33%, 34%, 55%, 569, 57%, 38%, 39%, 60%,
61%, 62%, 63%, 64%, 65%, 66%, 67%, 68%, 69%, 10%, 1%, 12%, 73%, 74%, 15%,
76%, T1%, 78%, 719%, 80%, 81%, 82%, 83%, 84 %, 85%, 86%, 87%, 88%, 89%, or 90%
of the PDGF 1s retained 1n the fibrin gel for at least 3 days.

[0072] In another embodiment, at least 20% of the PDGEF 1s retained in the fibrin gel
for at least 10 days. In a further embodiment, at least 25% to 75% or 45% to 55% of the
PDGEF 1s retained for at least 10 days. It 1s further contemplated that at least 20%, 21 %,
22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%, 31%, 32%, 33%, 34%, 35%, 36%,
37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%, 48%, 49%, S0%, 31%,
32%, 539, 549, 559, 569, S7%, 58%, 9%, 60%, 61%, 62%, 63%, 64%, 65%, 66%,
67%, 68%, 69%, 70%, 71%, 72%, 73%, 74% or 75 % of the PDGF is retained in the
fibrin gel for at least 10 days.

[0073] The invention provides a method to formulate a fibrin sealant having desired
release kinetics by modifying the concentration of the components of the fibrin sealants.
In one aspect, the method contemplates determining the amount of PDGF released from a

first fibrin sealant having a known 1nitial amount of PDGF and a known final
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concentration of FC, modifying the known final concentration of FC used 1n the first
fibrin sealant 1n of step (a) to produce a second fibrin sealant, wherein increasing or
decreasing the concentration of FC 1n the second sealant compared to the known final
concentration of FC 1n the first sealant adjusts the rate of PDGF release from the second
sealant as compared to the release of PDGF from the first sealant of step, and wherein

the second sealant has the same 1nitial amount of PDGF as the first sealant in step.

[0074] In one embodiment, the final FC concentration in the first or second sealant 1s
within the range of about 1 mg/ml to about 150 mg/ml. In a related embodiment, the FC
concentration of the first fibrin sealant differs from the final FC concentration in the
second sealant by about 1 mg/ml to about 149 mg/ml, by about 5 mg/ml to about 75
mg/ml, or by about 10 mg/ml to about 60 mg/ml. In a further embodiment, the final FC
concentration of the first fibrin sealant differs from the final FC concentration in the
second sealant by about 1 mg/ml, 2 mg/ml, 3 mg/ml, 4 mg/ml, 5 mg/ml, 10 mg/ml, 135
mg/ml, 20 mg/ml, 25 mg/ml, 30 mg/ml, 35 mg/ml 40 mg/ml, 45 mg/ml, 50 mg/ml, or any

amount between these concentrations, up to about 149 mg/ml.

[0075] It is contemplated that the fibrin sealant useful in the invention may be
combined with additional materials or agents for purposes of in vitro or in vivo use. Such
agents include additional therapeutic agents, including, but not limited to, growth factors,
cytokines, chemokines, a blood clotting factor, an enzyme, a chemokine, a soluble cell-
surface receptor, a cell adhesion molecule, an antibody, a hormone, a cytoskeletal
protein, a matrix protein, a chaperone protein, a structural protein, a metabolic protein,

and others known 1n the art (See, for example, Physicians Desk Reference, 620 Edition,

2008, Thomson Healthcare , Montvale, NJ).

[0076] Additional materials useful in the fibrin sealant include materials that could be
combined with the sealant for musculoskeletal diseases which may be load bearing
materials, including but not limited to, polymers, coral, ceramics, glass, metals, bone-
derived materials, hydroxyapatite, synthetic scaffolds materials, combinations of these

materials, and other materials known in the art (See, e.g., Guehennec et al., (European

Cells and Matenals, 8:1-11, 2004), US Patent 7,122,057 and US Patent 6,696,073).
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[0077] In one embodiment, the fibrin gels can be used as a carrier system to deliver
biologically active PDGF after reversible binding and in a controlled manner by adjusting

the concentrations of FC and thrombin.

[0078] In one embodiment of the invention, when the fibrin gels are made of TISSEEL
Vapor Heated Solvent/Detergent (TISSEEL VH S/D) using FC at 5 mg/ml and Thrombin
at 2 IU/ml (final concentrations in the gels), at least about 65% of the added PDGF-BB

(15 ng) 1s retained 1n the gels after 3 days. In another embodiment of the invention, when

the fibrin gels are made of TISSEEL VH S/D using FC at 40 mg/ml and Thrombin at 2
IU/ml (final concentrations in the gels), at least about 85% of the added PDGF-BB (15

ng) 1s retained 1n the gels after 3 days. Theretore, the retention of PDGF-BB 1ncreases
with higher FC concentrations when using fibrin gels made of TISSEEL VH S/D.

[0079] In another embodiment of the invention, when the fibrin gels are made of
TISSEEL VH of different lot numbers, using FC at 20 mg/ml and Thrombin at 2 IU/ml
(final concentrations in the gels), at least about 70% of PDGFEF-BB 1s retained in the gels
from one lot after 10 days, about 60% from a second lot and about 40% from a third lot.
One difference between these lots 1s the Factor XIII content (42.2 U/ml, 33.9 U/ml and <
1 U/ml, respectively). In another embodiment of the invention, when the fibrin gels are
made of TISSEEL VH S/D of different lot numbers, using FC at 20 mg/ml and Thrombin
at 2 IU/ml (final concentrations in the gels), at least about 60% of PDGF-BB 1s retained
in the gels from all lots after 10 days. For PDGF-AB release, at least about 75% was
retained by day 10 1n two of the three lots, and about 68% growth factor was retained in

the third lot at 10 days.

[0080] It will be understood to one of ordinary skill in the art that the embodiments set
out above are exemplary embodiments of PDGF release from a commercially available

fibrin sealant and are not meant to limit the invention in any way.

PDGF Protein

[0081] Platelet-Derived Growth Factor (PDGF) 1s secreted by platelets during the early

phases of wound and fracture healing. It has been shown to stimulate the migration of
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osteoblasts and mesenchymal progenitor cells (Mehrotra et al., J Cell Biochem 93:741-
52, 2004; Fiedler et al., J Cell Biochem 93:990-98, 2004), but its role in fracture healing
and bone repair has not been clearly defined. PDGF also regulates different aspects of
angiogenesis, which itself 1s also critical during bone growth. PDGF also plays a role in
stimulating angiogenesis, which 1s a fundamental process required for normal growth and
development of tissues, and involves the proliferation of new capillaries from pre-
existing blood vessels. Increasing the rate of angiogenesis 1s useful in certain disorder
such as those associated with decreased tissue perfusion, such as coronary artery and

peripheral vascular disease, to name a few.

[0082] PDGF-A (Genbank Accession No. NP_002598) and PDGF-B ((Genbank
Accession No. NP_002599) can homodimerize or heterodimerize to produce three
different 1soforms: PDGF-AA, PDGF-AB, or PDGF-BB. PDGF-A 1is only able to bind
the PDGF a-receptor (PDGFR-o including PDGFR-o/00 homodimers). PDGF-B can bind
both the PDGFR-a and a second PDGF receptor (PDGFR-3). More specifically, PDGF-
B can bind to PDGFR-o/a and PDGFR-f/ homodimers, as well as PDGFR-o/[3

heterodimers.

[0083] PDGF-AA and -BB are the major mitogens and chemoattractants for cells of
mesenchymal origin, but have no or little effect on cells of endothelial lineage, although
both PDGFR-a and -p are expressed on endothelial cells (EC). PDGF-AB and PDGF-BB
have been shown to be involved 1n the stabilization/maturation of newly formed vessels
(Isner et al., Nature 415:234-9, 2002; Vale et al., J Interv Cardiol 14:511-28, 2001);
Heldin et al., Physiol Rev 79:1283-1316, 1999; Betsholtz et al., Bioessays 23:494-507,
2001). Other data however, showed that PDGF-AA and PDGF-BB inhibited bFGF-
induced angiogenesis 1n vivo via PDGFR-a signaling. PDGEF-AA 1s among the most
potent stimuli of mesenchymal cell migration, but it either does not stimulate or it
minimally stimulates EC migration. In certain conditions, PDGF-AA even inhibits EC
migration (Thommen et al., J Cell Biochem. 64:403-13, 1997; De Marchis et al., Blood
99.2045-53, 2002; Cao et al., FASEB. J. 16:1575-83, 2002). Moreover, PDGFR-a has
been shown to antagonize the PDGFR-[3-induced SMC migration Yu et al. (Biochem.
Biophys. Res. Commun. 282:697-700, 2001) and neutralizing antibodies against PDGF-

AA enhance smooth muscle cell (SMC) migration (Palumbo, R., et al., Arterioscler.
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Thromb. Vasc. Biol. 22:405-11, 2002). Thus, the angiogenic/arteriogenic activity of
PDGEF-A and -B, especially when signaling through PDGFR-a, has been controversial.

[0084] PDGF-AA and -BB have been reported to play important roles in the
proliferation and differentiation of both cardiovascular and neural stem/progenitor cells.
PDGF-AA stimulated oligodendrocyte precursor proliferation through avB3 integrins
(Baron, et al., Embo. J. 21:1957-66, 2002) while PDGF-BB induced differentiation of
Flk1+ embryonic stem cells into vascular mural cells (Carmeliet, P., Nature 408:43-45,
2000; Yamashita et al., Nature 408:92-6, 2000), and potently increased neurosphere
derived neuron survival (Caldwell et al., Nat Biotechnol. 19:475-479, 2001).

[0085] PDGF protein has been used in formulation of fibrin gel with mixed success.
Thomopoulous et al. (J Orth Res 25:1358-68, 2007) prepared a fibrin gel comprising
fibrinogen, thrombin, a peptide component and heparin and further added PDGF-BB in
varying concentrations to determine the passive release kinetics of the growth factor. The
study showed that release of the growth factor was dependent on the amount of heparin in
the fibrin gel. PDGF has also been detected in fibrin gels comprising plasma platelet T
preparations (see for example, Yazawa et al., J Craniofac Surg 15:439-46, 2004), and

used to stimulate embryonic stem cells 1n a fibrin scaffold (Willerth et al., Stem Cells.

25:2235-2244, 2007).

[0086] The PDGF molecules useful for the present invention include the full-length
protein, precursors of the protein, subunits or fragments of the protein, and functional
derivatives thereof. Retference to PDGF 1s meant to include all potential forms of such

proteins, including naturally-derived protein preparations.

[0087] According to the present invention, the term recombinant PDGF does not
underlie a specific restriction and may include any PDGF, heterologous or naturally
occurring, obtained via recombinant DNA technology, or a biologically active derivative
thereof. In certain embodiments, the term encompasses proteins and nucleic acids, e.g.,
gene, pre-mRNA, mRNA, and polypeptides, polymorphic variants, alleles, mutants, and
interspecies homologs that: (1) have an amino acid sequence that has greater than about

60% amino acid sequence 1dentity, 65%, 70%, 75%, 80%, 85%, 90%, 91 %, 92%, 93%,
94%, 95%, 96%, 97%, 98% or 99% or greater amino acid sequence identity, over a
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region of at least about 235, 50, 100, 150, 200, or more amino acids, to a PDGF-AB or
PDGF-BB polypeptide encoded by a referenced nucleic acid or an amino acid sequence
described herein; (2) specifically bind to antibodies, e.g., polyclonal antibodies, raised
against an immunogen comprising a referenced amino acid sequence as described herein
immunogenic fragments thereof, and conservatively modified variants thereof; (3)
specifically hybridize under stringent hybridization conditions to a nucleic acid encoding
a referenced amino acid sequence as described herein, and conservatively modified
variants thereof; (4) have a nucleic acid sequence that has greater than about 95%, greater
than about 96%, 97%, 98%, 99%, or higher nucleotide sequence identity, over a region of
at least about 25, 50, 100, 150, 200, 250, 500, 1000, 1500, 2000 or more nucleotides (up
to the full length sequence of nucleotides of the mature protein), to a reference nucleic

acid sequence as described herein.

[0088] A polynucleotide or polypeptide sequence is typically from a mammal
including, but not limited to, primate, e.g., human; rodent, e.g., rat, mouse, hamster; cow,
p1g, horse, sheep, or any other mammal. The nucleic acids and proteins of the invention
can be recombinant molecules (e.g., heterologous and encoding the wild type sequence or
a variant thereof, or non-naturally occurring). For the structure of human PDGF refer to
Genbank Database maintained by the National Center for Biotechnology Information
(NCBI): Human PDGF-A (Genbank Accession No. NP_002598, NM_002607.4) and
PDGF-B (Genbank Accession No. NP_002599, NM_002608). PDGF-AB and PDGF-
BB are homo- or hetero-dimers of the PDGF-A and PDGF-B sequences.

[0089] The production of PDGF may include any method known in the art for (i) the
production of recombinant DNA by genetic engineering, €.g. via reverse transcription of
RNA and/or amplification of DNA, (11) introducing recombinant DN A 1nto prokaryotic or
eukaryotic cells by transfection, e.g. via electroporation or microinjection, (i11) cultivating
said transformed cells, e.g. in a continuous or batchwise manner, (1v) expressing PDGF,
e.g. constitutively or upon induction, and (v) 1solating said PDGF, e.g. from the culture
medium or by harve<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>