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Executive Summary

The use of improvised explosive devices in
Irag and Afghanistan has caused a marked
increase in severe blast trauma. Due to
advances in body armor, quicker evacuation
from the battlefield, and advanced medical
care, many of the injured survive to face the
challenge of overcoming severe limb, head,
face, and burn injuries that can take years to
treat and often result in significant lifelong
impairment.

The burgeoning field of regenerative medi-
cine provides hope for restoring the structure
and function of damaged tissues and organs
and for curing previously untreatable injuries
and diseases. The concept of regenerative
medicine—in its simplest form—is to replace
or regenerate human cells, tissues, or organs
to restore or establish normal function.
Advanced technologies, such as tissue regen-
eration, novel biomaterials scaffolding, and
stem cell-enabled treatments, are needed

to revolutionize the clinical rehabilitation of
severely injured service members.

The Department of Defense established

the Armed Forces Institute of Regenerative
Medicine (AFIRM) in 2008, a multi-institu-
tional, interdisciplinary network of scientists
with the mission of accelerating the devel-
opment of new products and therapies to
treat severe injuries suffered by U.S. service
members. Centered around well-established,
proven research investigators, the AFIRM has
expanded the rehabilitative medicine knowl-
edge base, developed models of injury, and
tested advanced technology products.

The AFIRM's success to date can be ascribed,
at least in part, to the program'’s emphasis on
establishing partnerships and collaborations.
Funding for the AFIRM is a six-way partner-
ship among the U.S. Army, Navy, and Air
Force; the Veterans Health Administration;
the Defense Health Program; and the National
Institutes of Health. Research under the
AFIRM is conducted through two indepen-
dent research consortia working with the U.S.
Army Institute of Surgical Research (USAISR).
One research consortium is led by Rutgers,
the State University of New Jersey, and the
Cleveland Clinic (RCCC [Rutgers-Cleveland
Clinic Consortium]) while the other is led

by Wake Forest University Baptist Medical
Center and the McGowan Institute for
Regenerative Medicine in Pittsburgh (WFPC
[Wake Forest-Pittsburgh Consortium]). Each
research consortium contains approximately
15 member organizations, which are mostly
academic institutions. Notably, AFIRM
member organizations have established col-
laborations/partnerships with more than 50
academic or industrial institutions located
both within and outside of the United States
(including Australia, China, Finland, Germany,
ltaly, and the Netherlands).

Research activities are organized into five
program areas: Limb and Digit Salvage,
Craniofacial Reconstruction, Scarless Wound
Healing, Burn Repair, and Compartment
Syndrome. More than 80 projects have been
funded by the AFIRM to date. A Program
Synergy Group has been established to
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identify collaborative opportunities and build
bridges between the programs and projects.

One example of a successful collaborative
effort between members of the two consor-
tia is found in the Craniofacial Reconstruction
Program. In Project 4.5.6, the RCCC team of
Drs. Daniel G. Anderson, Robert S. Langer,
and Nathaniel Hwang at the Massachusetts
Institute of Technology (MIT) is collaborating
with Dr. Michael T. Longaker’'s WFPC team

at Stanford University to develop vascular-

ized bone tissues. During the past year, the
researchers identified an optimal biomaterial
for effective bone tissue engineering, which

is bioabsorbable and bioactive. They also
optimized human vascular endothelial growth
factor (hWWVEGF)-release microparticles for
effective use in forming blood vessel networks
in the grafts. During the next few years, the
researchers will perform extended small animal
studies. They will monitor the biological activ-
ity of scaffolds that have incorporated either
hVEGF or hydroxyapatite. The researchers plan
to perform appropriate large animal studies to
confirm the biocompatibility and safety of the
scaffolds with the ultimate goal of using these
scaffolds in the clinical setting.

Another example of a successful collabora-
tive effort between the consortia and military
clinicians is evident in the work of WFPC
researcher Dr. Peter Rubin and colleagues at
the University of Pittsburgh. The Rubin team is
investigating the use of autologous fat graft-
ing, enhanced with adipose-derived stem

cells (ASCs), for the treatment of soft tissue
defects in the head and face (Craniofacial
Reconstruction Program, Project 4.1.4/4.1.5),
and for addressing soft tissue deficits in
amputation stumps (Limb and Digit Salvage
Program, Project 4.4.1). Both of these projects
involve collaborations with clinicians at the
Walter Reed National Military Medical Center
(WRNMMC) to identify military patients who
would benefit from the grafting procedure.
Several military clinicians also are working with

the Rubin team to learn the techniques of the
procedure to translate the technique, albeit
without cell enhancement, into broader use for
wounded warriors at WRNMMC.

A noteworthy collaborative effort among
scientists at four institutions is found

in the Limb and Digit Salvage Program.

Dr. George Muschler at the Cleveland

Clinic, Dr. Michael Yaszemski at the Mayo
Clinic, Dr. Anig Darr at Rutgers University,
and Dr. Linda Griffith at MIT are working
together in Project 4.2.1 (RCCC) to assess
and compare several new and highly promis-
ing degradable scaffolds that can facilitate
the generation of bone tissue. Notably, the
researchers’ tyrosine-derived polycarbon-
ate and poly(propylene fumarate) scaffolds,
which were created during the first 2 years
of the project, are being licensed by industry.
The collaborative effort has also led to the
generation of new calcium phosphate-based
scaffold compositions for evaluation and
advancement during the upcoming year.

The Limb and Digit Salvage
Program ultimately seeks to develop
novel solutions using regenerative
medicine that will allow victims of
severe extremity trauma to recover
rapidly, reliably, and completely so they
can return to productive lives. A total
of 20 projects received funding in year
3. Projects span the following clinical
challenge areas: Bone, Soft Tissue, and
Nerve Repair/Regeneration; Composite
Tissue Injury Repair; Transplantation;
and Epimorphic Regeneration.
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PhD student Chris Medberry at work in Dr. Stephen F. Badylak's laboratory (WFPC).

Research efforts over the past 3 years have
led to dozens of noteworthy accomplishments;
some highlights are presented as follows.

Drs. Charles J. Gatt, Jr. and Michael G. Dunn
at the University of Medicine and Dentistry of
New Jersey (Limb and Digit Salvage Program,
Project 4.4.3b, RCCC) are developing an
“off-the-shelf” tissue-engineered meniscus
scaffold that can be used to replace a severely
damaged knee meniscus in an injured service
member. The scaffold is made of an anatomi-
cally designed, fiber-reinforced scaffold and a
collagen-based extracellular matrix similar to
the native meniscus. The researchers com-
pleted a rabbit study, and preliminary analyses
indicated that the scaffold is biocompatible.
Studies in sheep are under way. After the
preclinical large animal efficacy studies are
complete, the researchers will find an indus-
trial partner to assist in the design and funding
of clinical trials.

Drs. Daniel G. Anderson and Robert S. Langer
at MIT (Craniofacial Reconstruction Program,
Project 4.5.4b, RCCC) are learning how to
regenerate the human ear using resorbable
polymers and stem cells. They implanted
scaffolds in mice that were co-seeded with
ear cartilage cells and fat-derived mesenchy-
mal stem cells. After 6 weeks, the co-seeded
constructs contained large clusters of cartilag-
inous tissue with properties similar to native
tissue. The researchers plan to perform large
animal studies in sheep, collaborating with
Drs. Cathryn Sundback and Joseph Vacanti at
Massachusetts General Hospital (Craniofacial
Reconstruction Program, Project 4.5.4a). They
also plan to work with Concordia Biomedical
to fabricate scaffolds for clinical trials.

Dr. Sandeep Kathju and colleagues at the
Allegheny-Singer Research Institute (Scarless
Wound Healing Program, Project 4.5.5,
WEFPC) are using tiny nanoparticles to deliver
molecules into wounds. The researchers
identified a gene (CCT-eta) that is normally
decreased in healing fetal wounds but is
elevated in adult wounds. They developed

a nonviral, nanoparticle-mediated delivery
system that selectively decreases the expres-
sion of CCT-eta in complex adult wounds.
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They found that this therapy effectively inhib-
its scar formation without any deleterious
effects on wound healing. The researchers
are currently investigating whether ultra-
sound-mediated gene transfer can be used in
conjunction with their technology to enhance
their results.

Dr. James Yoo and colleagues at \Wake
Forest University (Burn Repair Program,
Project 4.2.5, WFPC) are using inkjet tech-
nology to achieve the “printing” of skin onto
an excised burn wound. They developed a
portable skin printing device and achieved
delivery of skin cells directly onto skin defects
in a mouse model using the device. They
isolated and expanded two types of skin cells
from porcine skin and found that the cells
remained viable when delivered through their
device's printer nozzles. The printed cells par-
ticipated in skin tissue formation and wound
repair in the porcine excisional wound model.
The researchers plan to design a bioprinter
suitable for clinical application.

Dr. Kenton Gregory and colleagues at the
Oregon Medical Laser Center (Compartment
Syndrome Program, Project 4.3.2, WFPC)
are developing a bone marrow-derived stem
cell treatment regimen for compartment
syndrome injuries that is aimed at shifting the
balance from cellular degeneration and scar
tissue formation to the generation of physi-
ologically active cells, resulting in improved
muscle and nerve function. The treatment
uses autologous (one's own) bone marrow-
derived stem cells. The researchers also
developed a method of tracking the cells
after they are implanted in an animal and
demonstrated robust cell engraftment up to
3 months post-treatment. They completed

a pilot study in Sinclair mini-swine and have
treated 29/30 animals in a pivotal dose studly.
Their results to date suggest that adult bone
marrow is a potential multipotent cell source
for injured tissue repair.

Dr. Robert J. Christy and colleagues at
USAISR (Burn Repair Program, Project 4.6.8)
are using autologous ASCs and a biomate-
rial that mimics natural extracellular matrix

as a strategy to regrow blood vessels into
traumatized tissue. They found ASCs inside
the matrices were viable, proliferated, and

The Craniofacial Reconstruction
Program aims to generate both

soft and hard tissues through novel
regenerative medicine approaches

to reduce the impact of devastating,
disfiguring facial injuries on wounded
warriors. A total of 15 projects
received funding in year 3. Projects
span the following clinical challenge
areas: Bone Regeneration, Soft
Tissue Regeneration, and Cartilage
Regeneration (with a focus on the ear).

s Wound Healing

The Scarless Wound Healing
Program encompasses a continuum of
technologies aimed at the various stages
of wound healing to find new treatment
options to prevent and manage scars.
A total of 11 projects received funding
in year 3. Projects span the following
clinical challenge areas: Control of
Wound Environment and Mechanics,
Therapeutic Delivery to Wounds,
Attenuation of Wound Inflammatory
Response, and Scar Mitigation.
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RCCC researchers Drs. Stefan Salomon and Jenny Raynor process samples in the centrifuge to create
therapies for burn repair.

formed microvessels. They delivered ASCs

in a gel to a full-thickness excision wound in
the rat and found enhanced growth of blood
vessels compared to control gels lacking
ASCs. The researchers plan to initiate studies
in a porcine model and will use this model to
develop a large total body surface area burn,
which they predict will provide a stringent
test for their product and for other AFIRM-
related skin equivalent products.

The AFIRM program involves the efforts

of nearly 450 individuals, including faculty
members, postdoctoral fellows, graduate
students, scientific and technical staff, and
undergraduates. AFIRM faculty members
are highly accomplished scientists—during
the third year of the program, 52 awards/
honors were conferred upon AFIRM faculty,

including selection to membership or lead-
ership positions in professional societies,
honorary degrees from research/academic
institutions, awards from private foundations,
and recognition of exemplary AFIRM meeting
presentations.

AFIRM-sponsored researchers have made
substantial contributions to the scientific lit-
erature—during the third year of the program,
they published 152 articles in peer-reviewed
Jjournals and produced 250 presentations and
non-peer-reviewed publications. AFIRM sci-
entists have also been making novel patent-
able discoveries in the field of regenerative
medicine—during the third year of the pro-
gram, they filed 20 invention disclosures and
14 government patent applications.

The Technology Readiness Levels (TRLs)

of products generated by AFIRM-funded
researchers have been steadily rising. At the
start of the program, 61 products (93%) were
nearly evenly distributed across TRLs 1, 2,
and 3; the other 5 products were at TRL 4 or
5. By the end of the third year of the program,
no products remained at TRL 1, and only 8
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products were at TRL 2. The vast majority of (when available) follow the research project

products (47) were at TRLs 3 and 4, and the progress reports in each chapter in the full-
remaining 16 products were between TRL 5 length version of this annual report. A few
and TRL 9. Notably, 27 projects increased by examples of promising translational research
two or more TRLs since the first year of the are highlighted as follows.

program.

The AFIRM has recruited a substantial
amount of young talent into the field of regen-

erative medicine since its inception. During
the third year of the program, more than i el - - e
110 students (undergraduate and graduate)

received practical scientific training through B“r" Re | air

AFIRM-sponsored research projects. The

number of advanced degrees (masters or The Burn Repair Program seeks
doctoral) awarded to students who received to leverage regenerative medicine
training through AFIRM-sponsored projects technologies to reduce morbidity and
has risen steadily from 3 in program year 1 to mortality in victims of severe military

17 in program year 3. or civilian trauma. A total of 16 projects
received funding in year 3. Projects
span the following clinical challenge
areas: Intravenous Treatment of Burn

Injury, Topical Treatment of Burn Injury,
rum e a Ura ory Wound Healing and Scar Prevention,
h B I fl Id and Skin Products/Substitutes.

commitment to developing commercial c t t s d

products that will bring therapies to wounded um l ar me" “ rome

warriors and the civilian sector as quickly as
possible. The ultimate goal of many AFIRM-
sponsored projects is the conduct of clinical
trials; one AFIRM-funded research team has
already completed two clinical trials, seven
AFIRM teams have initiated clinical trials, five
AFIRM teams are set to begin clinical trials in
the upcoming year, and numerous others in
the program anticipate the commencement
of clinical trials within the next few years.
Nontechnical summaries of these clinical
trials can be found at the end of the introduc-
tory section of each program-related chapter,
and full progress reports of the clinical trials

The Compartment Syndrome
Program seeks to prevent or reverse
secondary damages resulting from
trauma so that repair and regeneration
of wounded tissue are enhanced

while healing and return of function

are improved. A total of 6 projects
received funding in year 3. Projects
span the following clinical challenge
areas: Cellular Therapy of Compartment
Syndrome and Biological Scaffold-Based
Treatment of Compartment Syndrome.

Executive Summary




Executive Summary

Dr. W.P. Andrew Lee and colleagues at

the Johns Hopkins University School of
Medicine and the University of Pittsburgh
(Limb and Digit Salvage Program, Project
4.4.2, WFPC) have developed a protocol

for hand transplantation using a patient’s
own bone marrow with the addition of the
immunosuppressive CTLA4lg fusion protein.
This protocol has been designed to minimize
the amount of maintenance immunosup-
pressive therapy that is needed following a
transplant. The research team has performed
hand transplants on five patients to date. All
patients have been maintained on a single
immunosuppressive drug at low levels, and
they continue to have increased motor and
sensory function of their transplanted hands,
which correlates with their level of amputa-
tion, time after transplant, and participation in
hand therapy.

Autologous fat transfer is a procedure that
involves removing adipose tissue from one
area of a patient’s body and immediately
transplanting it to a different site in the same
person. Dr. Adam J. Katz and colleagues at
the University of Virginia (Scarless \WWound
Healing Program, Project 4.7.3, RCCC) are
conducting a Phase 1/2 clinical trial designed
to test the safety and efficacy of using this

procedure for scar prevention and remod-
eling. The researchers have treated eight
patients so far. Total accrual planned for

the trial is 52 subjects. There have been no
adverse events, and all patient follow-ups and
analyses have proceeded smoothly although
it is still too early to draw any conclusions
from the data obtained to date.

Whole biopsy of the sural nerve in the leg
results in a predictable loss of function in

a specific area of the foot. Reconstruction

of the sural nerve in these patients can
potentially restore sensation and prevent
complications associated with the biopsy.
Drs. Anthony Windebank and Michael
Yaszemski and colleagues at the Mayo Clinic
(Limb and Digit Salvage Program, Project
4.4.1a, RCCC) are seeking to repair post-
biopsy sural nerve defects with a synthetic
nerve conduit constructed from polycapro-
lactone fumarate. Their clinical trial protocol
is currently under review at the Mayo Clinic’s
Institutional Review Board (IRB) and Human
Research Protection Office. Patient recruit-
ment is expected to begin as soon as IRB and
U.S. Food and Drug Administration approval
is obtained for the researchers’ synthetic
nerve conduits.
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Background

The wars in Iraq and Afghanistan have resulted in nearly 6,300 U.S. military fatalities and more
than 46,800 injuries.” The use of improvised explosive devices in Operation Iraqgi Freedom/
Operation Enduring Freedom/Operation New Dawn has led to a substantial increase in severe
blast trauma, which is now responsible for approximately 75% of all combat-related injuries.?
Advances in body armor to protect the torso and vital organs, faster evacuation from the
battlefield after injury, and major advances in trauma resuscitation save wounded warriors who
would have died of their injuries in previous conflicts. However, those who survive often have
seriously debilitating injuries. Conventional weapons and the destructive force of improvised
explosive devices can ravage unprotected structures of the face, neck, head, and limbs, causing
massive trauma and tissue loss.

The emerging field of regenerative medicine focuses on (1) restoring the structure and function

of tissues and organs that have been damaged and (2) finding methods of curing previously
untreatable injuries and diseases. Regenerative medicine holds great potential for healing military
personnel with debilitating, disfiguring, and disabling injuries. Scientists working in the area of
regenerative medicine use a number of different approaches to prompt the body to regenerate

"October 31, 2011 http.//www.defense.gov/news/casualty.pdf.
2 Owens, et al. J Orthop Trauma. 2007 21(4):254-7.
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cells and tissues, often using the patient’s
own cells combined with degradable
biomaterials. Use of a patient’s own cells
eliminates the possibility of tissue rejection.
Technologies for engineering tissues are
developing rapidly. The ultimate goal is to
deliver advanced therapies, such as whole
organs and engineered fingers and limbs, to
injured members of the military as well as
civilians.

Research Goals

The AFIRM is a multi-institutional, interdis-
ciplinary network focused on developing
advanced treatment options for severely
wounded warfighters. The mission of the
AFIRM is to accelerate the delivery of regen-
erative medicine therapies to treat the most
severely injured U.S. service members.
Clinical trials of several AFIRM products

are under way. Inclusion of military patients
in these trials is the first step in delivering
advanced technologies to wounded warriors.

The AFIRM Has Five Major
Research Programs:

Limb and Digit Salvage

Saving the limb, also referred to as “limb
salvage,” at a minimum requires (1) bridging
large bony defects to restore skeletal
integrity; (2) bridging soft tissues, such as
muscle, nerves, tendons, and ligaments,

to lend stability and enable movement;

and (3) covering the injured area with
healthy skin. The AFIRM Limb and Digit
Salvage Program is dedicated to developing
regenerative medicine therapies to help
health care providers save and rebuild injured
limbs. Enabling victims of severe extremity
trauma to recover rapidly, reliably, and
completely so they can return to productive
lives is the ultimate goal of the program.

Craniofacial Reconstruction

Massive bone and soft tissue loss to the face
and head due to blast forces is a devastating
injury. The AFIRM Craniofacial Reconstruction
Program is designing and developing thera-
pies that health care providers can use to heal
the wounded warfighter. These therapies will
(1) regenerate functional bone and cartilage
to levels of the face; (2) restore motor and
sensate competencies through muscle,
vascular, and nerve regeneration; (3) mitigate
scar formation; (4) prevent infection; and

(5) eliminate skin coverage deficits through
tissue engineering. The creation and delivery
of new polymers and tissues will preserve
and regenerate bone and soft tissue capable
of administering stem cells, growth factors,
bone derivatives, and therapeutic drugs.

W

A QCM-D (quartz crystal microbalance with dissipation) is
used by Rutgers-Cleveland Clinic Consortium researchers
to measure and quantify tethered bone morphogenetic
protein 2 to polymer surfaces.
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Using a fluorescent microscope, Nicole Wrice of the U.S. Army Institute of Surgical
Research analyzes adult stem cells used for tissue regeneration.

Scarless Wound Healing

Military trauma burns often heal with large
scars that may impair normal function and
cause significant disfigurement. Scars are
the result of the body's complex series of
wound-healing processes that begin at the
onset of injury and can continue for months.
This AFIRM program is investigating all
phases of wound healing and scar formation
to find new treatment options to prevent and
mitigate scars.

Burn Repair

Severe burns are associated with substan-
tial morbidity and mortality in spite of many
advances in medical care. The AFIRM Burn
Repair Program is leveraging regenerative
medicine technology to (1) prevent wound
infection, (2) prevent burn inflammation and
injury progression, (3) speed generation of a
viable wound bed and reduce reharvest time
of autograft donor sites, (4) improve skin
substitutes for burn wound grafting when

autografts are not immediately available, and
(5) prevent and manage scars.

Compartment Syndrome

Compartment syndrome is often a secondary
sequela resultant from blast injuries, severe
blunt or penetrating trauma, fractures, and
vascular injuries. Muscles are encased in
compartments of non-yielding tissue called
fascia. Bleeding or tissue swelling within a
muscle compartment raises the pressure

in the compartment that, if unchecked, can
become high enough that blood flow into

the compartment is reduced or completely
stopped. Prolonged interruption of blood flow
can destroy the nerves and muscles within
the compartment. Restoration of those dam-
aged or destroyed tissues has no satisfactory
solution with current surgical options. This
AFIRM program focuses on attacking the
problem of compartment syndrome through
regenerative medicine therapies to stabilize
tissue and reduce the onset of late effects of
nerve and damage.

I: Introduction
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History

In 2005, Dr. Anthony Atala presented some

of the latest advances in the field of regenera-
tive medicine at the Advanced Technology
Applications in Combat Casualty Care
Conference. This talk alerted the combat casu-
alty care research community to the near-term
potential for regenerative medicine products
that could make a substantial difference in

the care of our wounded warriors. The follow-
ing year, the Army’s Director of the Combat
Casualty Care Research Program, COL Bob
Vandre, developed the idea of a regenerative
medicine institute similar to the Department of
Defense’s (DoD's) Multidisciplinary University
Research Initiatives but aimed at near-term,
translational research. COL Vandre received
U.S. Army Medical Research and Materiel
Command (USAMRMC) approval in 2006 to
pursue funding for the project. He subsequently
briefed the DoD Technology Area Review and
Analysis panel, which reviews medical research
and development for the DoD. The concept
received high approval from the panel.

In 2007, USAMRMC, the Office of Naval
Research, the U.S. Air Force Office of the
Surgeon General, the National Institutes

of Health (NIH), and the Veterans Health
Administration of the Department of
Veterans Affairs (VA) agreed to co-fund

the new institute. Taking their funds and
adding in $10 million (M) from the 2007 War
Supplemental bill provided $8.5M per year in
funding for the AFIRM, which was deemed
sufficient to proceed.

A Program Announcement was released

in August 2007, and seven proposals were
received in October 2007. In December 2007,
two finalists were selected for oral presenta-
tions. Both received scores of “excellent” and
one was selected for funding. White House
staffers heard about the AFIRM and invited
representatives from USAMRMC to come and
discuss the new institute. After two meetings
and upon hearing that there was funding for

only one AFIRM finalist, the DoD was tasked
to provide funding for the second AFIRM final-
ist. Within 1 week, an additional $8.5M per
year was transferred to USAMRMC's budget
lines. Both AFIRM finalists signed USAMRMC
cooperative agreements in March 2008.

Funding - A Six-Way Partnership

The AFIRM is financed with basic research
through exploratory development funds and
is expected to make major advances in the
ability to understand and control cellular
responses in wound repair and organ/tissue
regeneration. The program is managed and
funded through USAMRMC with funding
from the following organizations:

e US. Army
e U.S. Navy, Office of Naval Research

e U.S. Air Force, Office of the Surgeon
General

e \eterans Health Administration
e Defense Health Program
e NIH

Total funding for the first 5 years of the
AFIRM amounts to more than $300M:

e $100M from U.S. government funding
(Army, Navy, Air Force, VA, and NIH).

e $80M from matching funds received
from state governments and participating
universities.

e $109M from pre-existing research proj-
ects directly related to deliverables of the
AFIRM from the NIH, Defense Advanced
Research Projects Agency, congressional
special programs, the National Science
Foundation, and philanthropy.

e $25M in additional funds provided by the
Defense Health Program.
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Structure

The AFIRM is composed of two independent
civilian research consortia working with the
U.S. Army Institute of Surgical Research
(USAISR) at Fort Sam Houston, Texas.
USAISR, which includes the San Antonio
Military Medical Center — North (formerly
Brooke Army Medical Center), serves as the
AFIRM's primary government component and
is home to the DoD'’s only burn unit. The two
AFIRM research consortia are responsible
for executing the management of overall
therapeutic programs and individual projects
within their consortia. One consortium is

led by Rutgers, the State University of New
Jersey, and the Cleveland Clinic, and the
other is led by the Wake Forest Institute for
Regenerative Medicine and the McGowan
Institute for Regenerative Medicine in
Pittsburgh. Each of these civilian consortia is
itself a multi-institutional network, as shown
in the following paragraphs.

Rutgers-Cleveland Clinic

Consortium

The Rutgers-Cleveland Clinic Consortium
(RCCC) is directed by Joachim Kohn, PhD,
Director of the New Jersey Center for
Biomaterials and Board of Governors

Professor of Chemistry at Rutgers University,
and co-directed by Linda Graham, MD, Staff
Vascular Surgeon at the Cleveland Clinic and
Professor in the Department of Biomedical
Engineering at the Lerner Research Institute
at Case Western Reserve University.

The RCCC consists of the following member
institutions:

e Rutgers/New Jersey Center for
Biomaterials

¢ Cleveland Clinic Foundation

e Brigham and Women's Hospital

e (Carnegie Mellon University

e (Case Western Reserve University

e Cooper Medical School of Rowan
University

e Dartmouth Hitchcock Medical Center/
Thayer School of Engineering

e Massachusetts General Hospital/Harvard
Medical School

e Massachusetts Institute of Technology

¢ Mayo Clinic College of Medicine

Construction continues on the new wing of the San Antonio Military Medical Center — North (formerly known as Brooke Army
Medical Center), Fort Sam Houston, Texas.
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e Northwestern University
e Stony Brook University
e University of Cincinnati

e University of Medicine and Dentistry of
New Jersey

e University of Michigan

e University of Pennsylvania
e University of Virginia

e Vanderbilt University

Wake Forest-Pittsburgh

Consortium

The Wake Forest-Pittsburgh Consortium
(WFPC) is directed by Anthony Atala, MD,
Director of the Wake Forest Institute for
Regenerative Medicine and Professor and
Chair of the Department of Urology

at Wake Forest University, and co-
directed by Rocky Tuan, PhD, Director

of the Center for Cellular and Molecular
Engineering at the University of
Pittsburgh.

The WFPC consists of the following
member institutions:

¢ \Wake Forest Institute for Regenerative
Medicine/Wake Forest University

e McGowan Institute for Regenerative
Medicine/University of Pittsburgh

e Allegheny-Singer Research Institute
e (Carnegie Mellon University
e (Georgia Institute of Technology

e |nstitute for Collaborative
Biotechnologies (includes University

Johns Hopkins University School of
Medicine

Oregon Medical Laser Center
Rice University

Sanford-Burnham Medical Research
Institute/University of California, Santa
Barbara

Stanford University
Tufts University
University of California, Berkeley

University of Texas Health Science Center
at Houston

University of Wisconsin

Vanderbilt University

Stem cell differentiation in an experiment by WFPC
researcher Dr. Aiping Lu is studied by fluorescent colors.
Cells carrying muscle markers appear in green while
macrophages appearin red.

of California, Santa Barbara;
Massachusetts Institute of Technology;
and California Institute of Technology)

AFIRM Annual Report 2011



Additional Collaborators to the AFIRM e Kensey Nash Corporation
AFIRM researchers have established a wide )

variety of both national and international * KeraNetics, LLC
partnerships with academia and industry,
which has contributed to the success of
the program to date. These have included e LifeCell Corporation
collaborations with:

e Lexmark, Inc.

e LifeNet Health
¢ Allegheny-Singer Research Institute _
e |onza Walkersville
¢ Armand Trousseau Hospital (France) S .
e Loyola University Medical Center
* Arteriocyte, Inc. _
e Maricopa Integrated Health Systems
e Avita Medical, LLC .
e Massachusetts Eye and Ear Infirmary
e Axonia Medical _
e MedDRA Assistance, Inc.
e Baylor All Saints Medical Center . o .
e Medical University of South Carolina
e Baylor College of Medicine _
e Medtronic, Inc.
e Baylor University Medical Center _ .
e Montefiore Medical Center
e Biologics Consulting Group _ _
e Morgridge Institute for Research
¢ Biosafe-America o
e Neodyne Biosciences
e BioStat International, Inc. N _
¢ Nitinol Development Corporation

e NOVOTEC

e BonWrx, Inc.

e Buffalo General Hospital _
e QOrganogenesis, Inc.
e (CVPath Institute, Inc.
e QOrlando Regional Medical Center
¢ Cynvenio Biosystems 0 o
e Osteotech, Inc.
e Emory University
e Pennington Biomedical Research Center,

e Fidia Advanced Biopolymers (ltaly) Louisiana State University
e GID Group, Inc. e PeriTec Biosciences, Ltd.
¢ Glycosan BioSystems, Inc. e Philadelphia University
e Healthpoint Biotherapeutics, Ltd./DFB * Proxy Biomedical

Bioscience , ,

e Queensland University of Technology

¢ |magelQ (Australia)
e |Integra Spine/Integra LifeSciences e Radboud University of Nijmegen Medical

Centre (The Netherlands
e Johann Wolfgang University (Germany) ( )
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Rockefeller University
Royal Perth Hospital (Australia)
St. Barnabas Medical Center

San Antonio Military Medical Center —
North (formerly Brooke Army Medical
Center)

Shanghai 9th People’s Hospital (China)
SimQuest, LLC

Special Operations Medical Commmand-

Fort Bragg

Stratatech Corporation

Stryker Corporation

Texas Tech University

Tolera Therapeutics, Inc.

Trident Biomedical, Inc.

University of Alabama at Birmingham
University of California, Davis
University of California, Los Angeles
University of Colorado, Denver
University of Florida

University of Indiana

University of Kentucky

University of Massachusetts, Lowell
University of Michigan

University of Minnesota

University of North Carolina at Chapel Hill

University of South Florida/Tampa General

Hospital

University of Tampere (Finland)

e University of Tennessee Health Science
Center

e University of Texas at Arlington

e University of Texas at Austin

e University of Utah

e University of Washington

e University of Wisconsin-Madison
e Virginia Commonwealth University

¢ Washington Hospital Center (Washington,
DC)

Programs and Projects

Within each consortium, research activi-
ties are organized into programs (Limb and
Digit Salvage, Craniofacial Reconstruction,
Scarless Wound Healing, Burn Repair, and
Compartment Syndrome). Scientists or
clinicians responsible for coordinating the
research activities of an entire program are
called Program Leaders. Each program con-
sists of numerous projects, and the scientist
or clinician responsible for a specific project is
called a project leader.

Consortium members evaluate all levels of
the operation annually to monitor progress
and guide the consortium’s activities. In
2009, the RCCC established a clinical trials
core to emphasize standardized approaches
to clinical trials at military sites and authored
documents to facilitate the generation of a
USAISR clinical trials manual. Active proj-
ect management by each consortium has
reshaped the programs, leading to the termi-
nation or reduced funding of some projects
and the addition of projects that are more
promising for accelerated development.
Additionally, information for the public, includ-
ing clinical trial opportunities, has been made
available through web sites developed and
maintained by the consortia.
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Rutgers-Cleveland Clinic Consortium researcher John Kinol at the laboratory bench.

In addition to the three core groups (RCCC,
WEFPC, and USAISR), intramural research-
ers from the NIH and/or the Veterans Health
Administration can participate in the AFIRM
although none have chosen to do so as of
yet. With the approval of a program leader,
these intramural researchers can lead
projects.

Management and Oversight
Day-to-day execution of the AFIRM's Science
and Technology and Translational Science
portfolio is managed by the AFIRM Project
Management Office (PMO), located within
the U.S. Army Medical Materiel Development
Activity at Fort Detrick, Maryland. The
AFIRM PMO works as part of an integrated
project management team, across the AFIRM
consortia, to incorporate the strategic, devel-
opmental, and tactical aspects of product
management. The AFIRM PMO also func-
tions as an accountability model to ensure
execution of the AFIRM portfolio.

The AFIRM is guided by a Board of Directors
(BOD) and an Integrated Project Team (IPT),
which contains a Steering Group. A Program
Synergy Group is responsible for research
coordination and communication between
the three components of the AFIRM. The
roles and membership of each of these enti-
ties are described as follows.

Board of Directors

The AFIRM's BOD is chaired by the
Commanding General of USAMRMC, and its
members are flag-level representatives from
the Army, Navy, Air Force, NIH, VA, Office of
the Assistant Secretary of Defense for Health
Affairs, TRICARE Management Activity, and
the Uniformed Services University of the
Health Sciences. The Principal Assistant for
Research and Technology of USAMRMC
serves as the Deputy Chair of the BOD. The
main purpose of the BOD is to provide high-
level guidance for the AFIRM by presiding
over the IPT and the Program Synergy Group.
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WEFPC researchers Dr. Burhan Gharaibeh and Michelle Witt present their research
findings at the Orthopaedic Research Society’s annual meeting.

Integrated Project Team

The AFIRM's IPT is chaired by the Director of
the USAMRMC's Clinical and Rehabilitative
Medicine Research Program (CRMRP). IPT
membership consists of a group of experts
who represent the interests of the funding
agencies, experts in military needs, external
scientists knowledgeable in regenerative
medicine, and specialists in contracting and
product development. The overall function of
the IPT is to ensure that the AFIRM meets
military needs, funds superior science, and is
well managed.

The specific responsibilities of the IPT are to:

e Approve the annual report and program
plans that are presented to the BOD.

Ensure that all AFIRM research projects
are aligned with military requirements.

Monitor and evaluate the activities and
progress of the AFIRM programs and
management and provide recommenda-
tions based on their expertise.

Facilitate the military’s evaluation and
purchasing of products developed by
the AFIRM.

Assist consortia Directors and
Management Teams in internal com-
munication within the DoD and in under-
standing and meeting DoD regulation and
reporting requirements relative to AFIRM
performance.

Facilitate the leveraging of AFIRM
resources by coordinating with other fund-
ing agencies that support closely related
research.

The IPT’s Steering Group has day-to-day
decision-making authority over the AFIRM
and recommends major changes in research
direction or funding to the voting members

of the IPT. This group is chaired by the
AFIRM Project Director and also includes the
USAISR Commander, the Combat Casualty
Care Senior Scientist, the Contracting Officer,
and the Directors and Co-Directors of the
RCCC and the WFPC. Among other activities,
the Steering Group ensures that all AFIRM
research projects are aligned with military
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reguirements, reviews AFIRM research allo-
cation, establishes decision points and contin-
uation criteria, assesses project and program
achievements in relation to milestones and
time lines, and recommends continuation or
termination of programs and individual proj-
ects to the IPT.

The IPT has additional members from the
Army, Navy, Air Force, and VA (one repre-
sentative from each of these organizations),
three representatives from the NIH (sharing
one vote), and four external scientists. The
IPT also has ex officio advisors from the
Judge Advocate General, the DoD Human
Research Protection Office, a commercializa-
tion expert, and a regulatory expert appointed
by the CRMRP.

The Steering Group and the additional IPT
members are voting members of the IPT.
They are assisted by the ex officio members
of the IPT and the Program Synergy Group to
ensure that the AFIRM is progressing toward
solutions for militarily relevant injuries.

Program Synergy Group

The Program Synergy Group includes repre-
sentatives from each of the major programs
in each of the consortia, members of the

NIH or VA intramural research programs

(as deemed appropriate), and USAISR. The
Program Synergy Group is chaired by one

of the consortia Co-Directors. It serves as a
conduit for information exchange among the
cores and seeks to build bridges between the
programs and projects. It identifies and pro-
motes opportunities to share or combine best
practices and to accelerate existing projects
or initiate new projects to bring therapies to
our wounded service members. The Program
Synergy Group reports its findings and rec-
ommendations twice a year to the Steering
Group.
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Background

Injuries to arms and legs following severe trauma often result in the loss of large regions of tissue
in the middle portion of the limb, disrupting the healing and use of the hand or foot. Despite many
advances in reconstructive surgery, current methods to reconstruct these tissues are inadequate
in many settings. The AFIRM Limb and Digit Salvage Program seeks to give wounded warriors
innovative solutions to the most severe, devastating limb injuries through regenerative medicine.
The goals of this program are to preserve and restore damaged or missing tissue following injury,
reduce the need for amputation, reduce the time and risk involved in recovery, and enable the
warrior’s return to an independent, fully functional life, and ideally a return to duty.

Rutgers-Cleveland Clinic Consortium (RCCC) researchers are working on a series of integrated
projects focused on developing tissue-engineering solutions for bone, nerve, vessels, fascia,
menisci, and skeletal muscle. They are collaborating with researchers funded by AFIRM's
Craniofacial Reconstruction Program in advancing methods of immunomodulation to enable limb
and face transplantation with minimal immunosuppression using composite tissue allografts when
salvage is not possible. RCCC researchers are also aligned with ongoing work in AFIRM’s Burn
Repair Program, developing therapies for restoration of massive skin loss, including in the limb.




II: Limb and Digit Salvage

Wake Forest-Pittsburgh Consortium (WFPC)
researchers are pursuing an interdisciplinary,
multipronged approach to the reconstruc-
tion/replacement of functional limb and digit
tissue. Approaches they are pursuing include
transplantation (composite tissue allografts),
epimorphic regeneration, tissue regeneration
by traditional tissue-engineering approaches,
and enabling technologies. These diverse
approaches represent the highly interdisci-
plinary background and experience of the
program team leaders and the level of exper-
tise required to address the challenging prob-
lem of limb and digit reconstruction.

Projects in the AFIRM Limb and Digit Salvage
Program have established numerous industry
partnerships in anticipation of commercializa-
tion, a critical step in delivering products to
wounded warriors.

Unmet Needs

The unconventional weapons used in current
conflicts in Irag and Afghanistan are result-
ing in unconventional wounds that demand
better solutions. Modern battlefield medicine
is saving wounded warfighters who, in previ-
ous wars, would not have survived. These
injuries often involve a massive loss of tissue,
including large defects in continuity of bone
(up to 20 cm), nerve, vessel, muscle, tendon,
ligament, and skin. Musculoskeletal/extremity
injuries are present in more than 80% of all
combat injuries; fractures are present in 26 %,
and 82% of these fractures are open and
complicated by extensive soft tissue loss.

Wounded warriors frequently sustain poly-
trauma (i.e., injury to several body areas
and/or systems). In fact, there is a mean of
4.2 wounds reported for each wounded war-
rior. Wounds almost always involve injury to
more than one tissue (e.g., bone, nerve, mus-
cle, tendon, and vessel). As a result, com-
bined approaches are envisioned. However,

most often, the injury to one particular tissue
becomes the limiting factor in salvage or
functional restoration, most often bone and
nerve, but vascular injury and muscle/ten-
don discontinuity are also common. Projects
in the Limb and Digit Salvage Program are
therefore targeted to make specific advances
in these important areas of critical unmet
needs: bone, nerve, artery, and soft tissue
as well as composite tissue injury repair and
transplantation.

Limb salvage is currently possible in a large
fraction of injured warriors, but many still

face amputation. Most of these are lower
extremity amputations for which well-
designed and well-tolerated prostheses are
available. However, 20% of amputations
involve the upper extremity and although
prosthesis technology is advancing rapidly,
fully functional, well-tolerated upper limb
prostheses are still not available. The tech-
nology to salvage these limbs is progressing
as evidenced by projects in this program.
However, when salvage fails, the capability to
provide an identically functional replacement
through engineering or transplant is crucial
for wounded warriors. The main obstacle to
successful transplantation of composite tis-
sue to repair segmental defects in a limb or to
replace a whole limb is control of the immune
response. Therefore, a critical need exists

to improve immunomodulation techniques

to reduce the obstacles to composite tissue
transplantation.

Injuries sustained by our warfighters can

be accompanied by extensive nerve loss.
Autologous nerve grafts have the benefit of
not being associated with immune rejection
since the nerve tissue is harvested from the
injured soldier’s body. However, seriously
injured individuals typically have very lim-
ited sources for donor material. In addition,
harvesting the autografts can result in mor-
bidity at the donor site (e.g., sensory loss,
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scarring, and neuroma formation). Hence,
alternatives to autografts are needed. Nerve
allografts (i.e., the use of nerve tissue from
an uninjured individual) represent a promis-
ing option. However, allografting requires the
patient to endure approximately 18 months
of immunosuppressive therapy as the nerves
grow across the graft. This puts the patient at
risk of developing infections or other compli-
cations. A need therefore exists to develop
allografts that can be used to repair nerve
defects in injured soldiers and that do not
require long-term immunosuppression.

The Mayo Clinic group recently completed

a systematic review of publications describ-
ing synthetic, nonbiodegradable and bio-
degradable conduits that have been used
experimentally. Overall, the clinical per-
formance of currently used conduits does
not match that of autologous grafts. Also,
commercially available nerve tubes are only
being used to repair small sensory nerves in
patients. The repair of motor nerves or larger
nerve defects is only sporadically reported.
Hence, a critical need exists for synthetic
nerve scaffolds that can support regeneration
across larger nerve gaps.
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Areas uf EmphaSIS and Regeneration, Composite Tissue Injury

Repair, and Epimorphic Regeneration (and

AFIRM researchers are pursuing a comple- associated methods). Additional details on
mentary mix of research projects focused projects in each of these topic areas can be
on various aspects of limb and digit salvage. found in Table II-1 and subsequent sections
Projects can be grouped into five “clini- of this chapter. AFIRM researchers are also
cal challenge” topic areas: Bone Repair working in the area of transplantation, which
and Regeneration, Soft Tissue Repair and has advanced to the clinical trial stage and is
Regeneration (excluding nerve), Nerve Repair covered in that section.

Table lI-1. Projects funded by RCCC and WFPC per clinical challenge topic area.

Clinical Consortium/ . . .
Challenge Institution Project No. Project Title
4.2.1 Advanced 3-D Scaffolds for Large Segmental Long Bone Defects
4.2.2 Optimizing Cell Sources for the Repair of Bone Defects
Bone Repair and Advancing Bone Repair Using Molecular Surface Design (MSD)
. RCCC 4.2.3a :
Regeneration and/or Oxygen Delivery Systems
Advancing Bone Repair Using Molecular Surface Design
4.2.3b (MSD): Biodegradable Scaffolds with Tethered Osteoinductive
Biomolecules
4.4.6 Oxygen-Generating Biomaterials for Large Tissue Salvage
WEFPC 458 Isolation and Expansion of Native Vascular Networks for Organ-
Soft Tissue Level Tissue Engineering
Repair and 432 Development of Tissue (Peritoneum) Lined Bioabsorbable and
Regeneration e Fracture-Resistant Stent Graft for Vessel Trauma
(excluding Functional Scaffold for Musculoskeletal Repair and Delivery of
nerve) RCCC 4.4.3a Therapeutic Agents
Functional Scaffolds for Soft Tissue Repair and Joint
4.4.3b .
Preservation
444 Peripheral Nerve Repair for Limb and Digit Salvage
WFPC 445 Modular, Switchable, Synthetic Extracellular Matrices for
Nerve o Regenerative Medicine
Repair and
Regeneration 4.41/4.4.2 Repair Segmental Nerve Defects
RCCC Cells and Bioactive Molecules Delivery to Enhance the Repair of
4.42a
Segmental Nerve Defects
Composite . L .
Tissue Injury WEPC 443 Spatial anq Temporal Control of Vascularization and Innervation
. of Composite Tissue Grafts
Repair
] . Epimorphic Regeneration Approach to Limb and Digit
Eplmorph_lc N Reconstruction
Regeneration WEPC
(and associated 4.47 High-Throughput Approaches Applied to Tissue Regeneration
thod
methods) 448 High-Purity Magnetophoretic Sorting for Transplant Therapies
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Bone Repair and Regeneration
Studies at RCCC

RCCC's bone program contains several
integrated projects designed to address criti-
cal gaps that currently limit medical therapy
options and outcomes for warriors with
injured limbs whose challenges include the
need to regenerate a segmental defect in an
extremity. The researchers are defining opti-
mal methods for bone regeneration, focusing
on synthetic scaffold development in com-
bination with a patient’s own bone-forming
stem cells to more rapidly, effectively, and
reliably regenerate bone tissue in large, post-
traumatic segmental defects.

In Project 4.2.1, the Muschler group at the
Cleveland Clinic, the Yaszemski group at
the Mayo Clinic, the Darr group at Rutgers
University, and the Griffith group at the
Massachusetts Institute of Technology (MIT)
are assessing and comparing several new and
highly promising degradable scaffolds that
can facilitate the generation of bone tissue.
During the past year, the researchers tested
mineralized cancellous allograft (MCA) in a
dog long bone multidefect model. They also
completed a competitive analysis of the best
available AFIRM scaffolds. They found that
MCA performed significantly better than any
polymer scaffold tested so far. MCA is there-
fore being advanced as the preferred scaffold
on which to evaluate cell-sourcing strategies
in Project 4.2.2. The researchers also suc-
cessfully created new calcium phosphate
(CaP)-based scaffold compositions for evalua-
tion and advancement during the upcoming
year. Notably, industry partners have licensed
the researchers’ tyrosine-derived polycarbon-
ate (TyrPC) and poly(propylene fumarate)
(PPF) scaffolds, which were created earlier in
the award period. Trident Biomedical, Inc., is
pursuing a 510(k) application on a TyrPC bone
pin. BonWrx, Inc., is establishing protocols
for the scale-up of the synthesis of PPF and

RCCC researcher Dr. Das Bolikal analyzes a polymer for its
molecular weight using gel permeation chromatography.
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the fabrication of porous three-dimensional
(3-D) PPF scaffolds via Good Manufacturing
Practice (GMP). The researchers anticipate
that an optimized bone-generating scaffold in
combination with technologies developed in
Projects 4.2.2 and/or 4.2.3 will be advanced
into prospective clinical trials in year 5.

Bone-forming stem/progenitor cells are
severely depleted in the region of a large
bone defect. The Muschler/Zborowski
group (Project 4.2.2) at the Cleveland Clinic
is investigating methods to optimize the clini-
cal harvest, intraoperative processing, and
transplantation of bone-forming stem cells to
enhance bone regeneration in large defects.
The researchers intend to provide surgeons
treating injured warriors with effective and
practical clinical methods to concentrate,
select, and transplant bone-forming stem
cells from a patient’s own bone marrow and
thereby enable and accelerate bone regenera-
tion with minimal risk. Three basic methods
for cell processing are being explored: density
separation, selective retention, and magnetic
separation. The researchers determined

that density separation devices are no more
effective than manual methods. They final-
ized the design of a bone marrow excavation
(BME) device that can increase the yield and
efficiency of marrow cell harvest. The device
can now be used for testing in the dog and
goat models. The researchers determined a
preferred MCA composition and tested it in a
dog long bone defect model. They success-
fully tested the hexapole magnetic separator
on dog and human bone marrow samples.
The research team’s methods for cell sourc-
ing and processing will be combined with
top-performing scaffolds from other AFIRM
projects and advanced into clinical trials,
most likely in collaboration with the Major
Extremity Trauma Research Consortium.

Placing a scaffold and optimal cell source in
a bone defect has been shown to improve

bone formation. However, under current con-
ditions most transplanted cells do not survive.
Rather, they die as a result of the profound
drop in oxygen within the transplant site
through a process of apoptosis (programmed
cell death). This challenge becomes pro-
gressively greater as the distance from a
transplanted cell to the nearest blood vessel
increases from 1-3 mm (in simple fractures
or small animal models) to 3—10 mm in larger
defects. The Muschler/Griffith group
(Project 4.2.3a) at the Cleveland Clinic and
MIT, respectively, and the Bushman group
(Project 4.2.3b) at Rutgers University are
developing methods designed to enhance
the survival and performance of transplanted
cells.

In Project 4.2.3a, the researchers have been
using MSD and oxygen delivery to achieve
cell survival.

e MSD is a biomaterials strategy that
involves tethering a growth factor or
signaling molecule onto the surface of
an implant to change the way that cells
interact with the material. This can change
cell attachment, migration, proliferation,
differentiation, or survival in a controlled
manner. The researchers have explored
tethering of growth factors and proteins
using both purely chemical strategies and
a binding strategy based on a biological
system. They selected epidermal growth
factor (EGF) for tethering since EGF is
known to help the growth of bone-forming
stem cells. They have been optimizing
the binding of EGF to B-tricalcium phos-
phate (TCP)-coated scaffolds. They have
also developed an improved assay for the
assessment of cell proliferation on these
enhanced scaffolds. In year 4 the research-
ers plan safety and efficacy testing for the
scaffolds tethered with EGF using a bone
defect dog model. This will be a critical
step in establishing a value proposition for
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a commercial partner. In year 5, a prod-
uct development effort could commence
that may include GMP manufacturing and
preliminary interactions with the U.S. Food
and Drug Administration (FDA).

¢ Oxygen delivery within an implanted
scaffold for bone repair is being devel-
oped using polymer methods that have
previously been used for controlled drug
delivery. Rather than using a drug, poly-
mers are being developed that will release
oxygen at very low levels over a few days
following implantation. Data generated
to date in this project have demonstrated
that even a small amount of local oxygen
delivery may have profound effects on
the ability of transplanted cells to survive
a rapid drop in oxygen levels. Methods
enabling sustained oxygen delivery over
96 hours in a formed scaffold were dem-
onstrated in vitro during the past year.
However, this approach will not be further
pursued during year 4 in part because a
more advanced oxygen delivery system is
being developed elsewhere.

In Project 4.2.3b, the researchers have com-
pleted work with chemically modified TyrPCs
to display a tethering molecule using a highly
efficient protocol. They demonstrated that
the chemical modification did not alter the
favorable polymer characteristics and fabrica-
tion potential. After developing and validat-
ing reproducible procedures to measure the
amounts of tethered molecules, the team
initiated animal studies (rabbit skull) to evalu-
ate the efficacy of tethered bone-forming
proteins in critical-size bone defects. In years
4 and b, studies will be focused on evalua-
tions of safety and efficacy in animal models.
Experiments will be conducted to determine
the necessary amount of the bone-forming
biomolecules to regenerate critical-size
defects in bone. Successful completion of
these studies will position this technology

toward GMP manufacturing and discussions
with the FDA.

Soft Tissue Repair and

Regeneration (excluding nerve)
Studies at WFPC

The Harrison group (Project 4.4.6) at
Wake Forest University is developing an
injectable biomaterial capable of generat-

ing oxygen—a particulate oxygen generator
(POG)—that would allow the delivery of
oxygen in controlled amounts to engineered
tissue scaffolds or pre-existing tissue. The
researchers tested the POGs for sustained
release of oxygen in vitro (i.e., injected into
muscles that have been removed from an
animal) and feasibility of injection in vivo (i.e.,
injected into intact muscles in an animal).
The research team demonstrated that the
POGs can improve the functional response of
hypoxic (i.e., oxygen starved) skeletal muscle
tissue in vitro. During the next 2 years, the
researchers will initiate in vivo animal studies
to evaluate the efficacy of the biomaterial.
POG technology will be tested in different
systems—skeletal muscle, bone, nerve, and
skin—to determine which areas would most
benefit from this approach. Optimization of
the most promising tissue systems benefit-
ing from the technology will continue in the
future along with identifying the best possible
clinical application. The researchers anticipate
that a clinical trial will be ready within the
next few years.

Numerous tissue engineering strategies begin
with the implantation of cells onto matrices
followed by the attempt to create a de novo
vascular system. However, researchers have
fallen short in creating a viable vascular net-
work outside of the body due to the complexi-
ties of blood vessel network formation in the
living organism. The Gurtner group (Project
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WEFPC researcher Janet Reing, a staff scientist, pipets samples in the laboratory.

4.5.8) at Stanford University has developed
novel strategies that utilize preformed native
circulatory networks that can be supported
outside the body during organ fabrication,
matured using stem cell-based techniques,
and then readily integrated into the systemic
circulation. The researchers have demon-
strated the feasibility of sustaining explanted
microvascular beds (EMBs) outside of the
organism for up to 7 days. They have char-
acterized the microvascular structure of the
isolated EMBs at the ultrastructural level by
scanning electron microscopy (SEM). They
have developed a procedure for removing
cells from the tissue while preserving the
matrix architecture and the macroscopic vas-
cular structure. The researchers have seeded
EMBs with murine stem cells, and preliminary
results indicate successful engraftment and
persistence of the cells in a functional capac-
ity for extended time periods. In the next 2
years, the researchers plan to optimize their
cell removal protocol. They will also optimize
their methodology to maximize engraftment

and persistence of stem cells in the EMBs.
Once their procedure has been fully opti-
mized, they will transition to human adipose-
derived stem cells (ASCs).

Studies at RCCC

Current metal stents are designed for the
treatment of late-stage peripheral vascu-

lar disease, leave young patients at risk for
graft failure due to fracture or the recurrence
of stenosis (narrowing of a blood vessel),
and are not designed to last the lifetime of
the individual. The Sarac group (Project
4.3.2) at the Cleveland Clinic is develop-

ing bioabsorbable and/or fracture-resistant,
tissue-lined stent grafts for minimally inva-
sive treatment of arterial and venous trauma
in young patients. The researchers tested
their fracture-resistant nitinol stent grafts in
a 30-day animal trial, which was successful.
They constructed five different prototypes of
a fiber-based, bioabsorbable, polydioxanone
(PDO) tissue-lined stent by varying the fiber
diameter and weave pattern. The research
team also developed a novel catheter
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RCCC researchers Drs. Sanjeeva Murthy and Nava Shpaisman examine polymeric drug delivery capsules.

delivery system. During the upcoming year,
the researchers will concentrate on the
regenerative component of this project, the
bioabsorbable stent graft. They aim to trans-
late the fracture-resistant stent graft design
for nitinol into PDO-based bioabsorbable
tissue-lined stent grafts.

Dermal (skin) grafts are commonly used

in clinical practice to repair abdominal wall
defects and hernias. However, the implanted
grafts tend to lose their integrity and strength
over time, which results in complications
such as bulging and hernia recurrence.
Hence, engineered improvements to bio-
logic grafts are needed to make them

more suitable for abdominal wall repair and
reconstruction. The Derwin group (Project
4.4.3a) at the Cleveland Clinic seeks to pro-
vide injured warriors with biological materi-
als for reconstruction of abdominal defects
through the generation of a fiber-reinforced
biological graft. During the past year, the
researchers identified a candidate material
for fiber reinforcement. They demonstrated

-

how fiber reinforcement can be used to alter
the mechanical properties of biological grafts
derived from extracellular matrix (ECM). In
year 4, they will focus on the development

of reinforced ECM constructs that maintain
mechanical properties post-implantation with
hopes to prevent the bulging and recurrence
of a hernia. The reinforced grafts will be
evaluated using burst and tensile tests. The
researchers will conduct proof-of-concept
studies to optimize fiber material and design
of reinforced ECM grafts for abdominal wall
repair applications. In year 5, the candidate
graft material(s) will be evaluated in a preclini-
cal large animal hernia model. In addition,

the team'’s industrial collaborator will conduct
manufacturing, toxicity, packaging, and shelf
life studies. As the device moves into product
development and a regulatory path is defined,
the industrial partner will initiate human trials.

Due to limited healing capabilities, injuries
to the meniscus (internal cartilage) of the
knee are often treated with resection. This
treatment generally leads to early symptom
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relief but frequently leads to the develop-
ment of degenerative arthritis of the knee.
The Gatt/Dunn group (Project 4.4.3b) at
the University of Medicine and Dentistry of
New Jersey is developing an off-the-shelf,
tissue-engineered meniscus scaffold that
can be used to replace a severely damaged
meniscus in an injured service member. The
scaffold is composed of an anatomically
designed, fiber-reinforced scaffold and a colla-
gen-based ECM similar to the native menis-
cus. During the past year, the research team
continued to develop and evaluate its second-
generation meniscus scaffold. The research-
ers determined that lower concentrations of
glycosaminoglycans (GAGs) increased the
compressive strength and decreased the per-
meability of the collagen matrix giving them
characteristics closer to the native meniscus.
The researchers also completed a rabbit
study with the second-generation meniscus
scaffold. Preliminary histological analysis
indicates that the scaffold is biocompatible.
During the next 2 years, the researchers will
conduct long-term meniscus reconstruction
studies in sheep using the second-generation
scaffolds reinforced with resorbable fibers.
They will also evaluate the efficacy of the
scaffolds in a partial meniscectomy model
since the medical device industry is inter-
ested in using the device to repair partial
meniscectomies. After the preclinical large
animal efficacy studies are complete, an
industrial partner will assist in the design and
funding of clinical trials.

Nerve Repair and Regeneration
Studies at WFPC

Following trauma, incomplete nerve regen-
eration and permanent demyelination
(damage to the protective sheath surround-
ing nerves) may result, leading to lifelong
disability. In Project 4.4.4, the Marra group
at the University of Pittsburgh, the Kaplan

group at Tufts University, and the Smith
group at Wake Forest University is develop-
ing a proactive biodegradable nerve guide/
conduit system that delivers chemical cues
(e.g., growth factors) and biophysical cues
(e.g., surface patterning) to regenerating
peripheral nerves. The researchers identified
a drug delivery strategy to deliver neuro-
trophic factors for up to 60 days in vivo in a
rat nerve defect model. They demonstrated
that their porous silk fibroin-based nerve
guides, infused with bioactive glial-derived
neurotrophic factor (GDNF) in a controlled
manner, represent a potentially viable conduit
for Schwann cell migration and proliferation
in the regeneration of peripheral nerves. The
researchers are now examining the use of ker-
atin-filled nerve guides to treat a 1 cm nerve
defect in the median nerve of nonhuman pri-
mates (NHPs). Their NHP results to date have
been promising, which has prompted further
evaluations in additional NHPs.

Functional limb and digit tissue restoration
involves a hierarchically defined process that
often requires precise spatial and tempo-

ral coordination among multiple biological
systems and processes. The Tirrell group
(Project 4.4.5) at the University of California,
Berkeley is pursuing an approach to induce
peripheral nerve growth following traumatic
amputation by modulating components of the
naturally occurring ECM (e.g., fibronectin and
laminin). The researchers are using synthetic
chemistry to construct peptide amphiphiles
(PAs) with controlled physicochemical and
bioactive properties, and testing their ability to
promote cell adhesion, migration, and nerve
regrowth. They developed several biologically
active PA gels with well-defined 3-D struc-
tures and found that the gels can incorporate
bioactive peptide sequences and/or growth
factors. In addition, they found that the 3-D
matrix system allows mammalian cell growth.
They recently developed a PA-based hydrogel
that contains histidine and serine, which they
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RCCC researcher Dr. Basak Clements images neurons on biodegradable nerve conduits.

plan to test in a rat nerve gap injury model

in collaboration with the Marra group at the
University of Pittsburgh. During the next year,
they also plan to enhance the bioactivities of
their PA-based hydrogels by linking short pep-
tide sequences and proteins (e.g., glial-derived
neurotrophic factor) to them.

Studies at RCCC

RCCC's Nerve portfolio is composed of

four parallel, synergistic, and interdepen-
dent projects (three are incorporated under
Project 4.4.1/4.4.2 and the fourth is Project
4.4.2a). In aggregate, these projects seek

to provide wounded warriors with injuries

to large sensory and mixed motor nerves
with an opportunity for recovery that does
not currently exist. Novel materials are being
developed, and their mechanical properties
are being tested to identify those best suited
to nerve repair. Biocompatibility is being
tested in vitro using standardized tissue cul-
ture model systems and in vivo using rodent
models.

In Project 4.4.1/4.4.2, the Windebank/
Yaszemski group at Mayo Clinic, the Kohn/
Schachner group at Rutgers University, and
the Anderson/Langer group at MIT have
developed a model for the early assessment
of promising scaffolds in a human setting
that involves the opportunity to repair defects
of the sural nerve (a small sensory nerve on
the back of the leg), which is routinely biop-
sied and left unrepaired during investigation
of possible nerve diseases. The researchers
established a standardized nerve defect and
tube implantation model system in the rat
that enables the competitive evaluation of
polymer scaffolds across the consortia. The
screening of more than 10 scaffold materials
was completed resulting in the selection of a
poly(caprolactone fumarate) (PCLF) tube as
the candidate scaffold to move into clinical
trials. The researchers developed a method
for incorporating aligned electrospun fibers
into the nerve scaffold in a uniform manner
with no fiber aggregation. They incorporated
anti-inflammatory agents in electrospun
fibers to decrease the inflammatory response
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to synthetic materials. They are currently
completing all regulatory pathways for the
initiation of a Phase 1 clinical trial that will be
focused on repairing large peripheral nerve
gaps in nerve biopsy patients using PCLF
tubes. (See Project 4.4.1a for details on this
trial.) In the upcoming year, the Mayo Clinic
group will introduce Schwann cells into the
PCLF nerve conduits to provide a source of
growth factors to promote nerve regeneration
across long nerve gaps.

Another recent accomplishment in Project
4.4.1/4.4.2 is the development by the Rutgers
University group of a braided nerve con-

duit that is fabricated from thin TyrPc poly-
mer fibers. These conduits have excellent
mechanical properties when both dry and
hydrated, and they display unique nonkink-
ing behavior when bent at large angles. The
Rutgers University team will characterize

and optimize these braided nerve conduits

in animal cohorts during the next 2 years.
The researchers will also continue to develop
bioactive peptide-conjugated hydrogel fillers.
They are screening the fillers for their ability
to promote nerve growth. They will evaluate
the most effective filler and braided conduit
combination in the rat sciatic nerve 1 cm
defect model in year 4. They expect to scale
up the conduit prototype for large animal test-
ing in year 5.

Bone marrow stromal stem cells (BMSCs)
comprise a heterogeneous population of cells
that contribute to the regeneration of multiple
body tissues. Notably, BMSCs can be placed
in an individual without the need for immu-
nosuppression, which is of value with regard
to allogeneic cell therapy. The Siemionow
group (Project 4.4.2a) at the Cleveland
Clinic seeks to improve nerve regeneration
by enhancing the performance of epineural
nerve sheath conduits with the addition of

BMSCs. Their results to date show that the
inclusion of BMSCs in allogeneic nerve con-
duits can lead to better functional outcomes
compared to saline-filled (control) conduits
and can bypass the need for immunosup-
pression. The researchers recently obtained
approval of their protocol for a study involving
the repair of a long nerve defect in a large
animal model (sheep). During the upcom-
ing year, the research team is planning to
complete the sheep study and, based on the
results, move into clinical trials.

Composite Tissue Injury Repair

Studies at WFPC

The Guldberg group (Project 4.4.3) at the
Georgia Institute of Technology seeks to
develop and test technologies that will enable
the restoration of limb function following
composite tissue trauma. The research-

ers have established promising regenera-
tive strategies for bone, nerve, and muscle
using nanofiber mesh spatial guidance and
sustained delivery of a clinically approved
inductive protein, bone morphogenetic
protein 2 (BMP-2). They have developed com-
posite injury models in the rat that simulate
bone/nerve, bone/vascular, and bone/muscle
injuries. They have used these models to
test nanofiber biomaterial delivery systems
(patents pending) that provide spatial and
temporal cues to guide improved bone and
nerve regeneration. Notably, the researchers’
rat segmental bone defect model has been
adopted and used by other AFIRM investi-
gators. The researchers next plan to initiate
large animal (sheep and goat) studies of the
most promising technologies. Once proof of
concept has been demonstrated in a large
animal model, the goal is to initiate a human
clinical trial pilot study in year 5.
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rat surgery.

Epimorphic Regeneration (and

associated methods)

Studies at WFPC

The Badylak group (Project 4.4.1) at the
University of Pittsburgh is investigating
mechanisms for recruiting large popula-
tions of stem cells to the site of limb and
digit injury and then developing strategies
to induce the formation of functional limb
and digit tissue to replace the damaged or
missing structures. The researchers have
established a model of digit amputation in
an adult mouse where the second joint of

a digit is amputated. In their mouse model,
they have shown that treatment with pep-
tides derived from ECM leads to the recruit-
ment of a population of cells that express
markers that are universally recognized as
markers of primitive stem cells (e.g., Sox2,
Rex1, and Scal). This is an important finding
because the essential first step to promoting
epimorphic regeneration is the endogenous
recruitment of a population of stem cells that

is capable of forming all of the tissues in the
missing limb or digit. During the past year,
the researchers have partially characterized
the source of the previously identified Sox2
cells recruited to the site of digit amputation
following ECM administration. They have
also shown that treatment with bioactive
ECM molecules results in functional tissue
formation such as bone at the site of amputa-
tion. Work in the upcoming year will focus
on identifying peptides that have the ability
to alter the recruitment and differentiation of
stem cells toward other important tissues in
the digits, such as muscle, nerve, and vascu-
lature. They will also work on controlling the
spatiotemporal pattern of treatment with the
bioactive peptides at the site of amputation
via a microfluidic device designed to cover
the site of digit amputation. In collaboration
with Dr. Peter Rubin at the University of
Pittsburgh, the research team is evaluating a
commercially available, FDA-approved pow-
der form of ECM for the treatment of distal
digit amputations.
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WEFPC researcher Vineet Agrawal, an MD/PhD student, in the laboratory.

The Stewart/Thomson group (Project
4.4.7) at the Morgridge Institute for Research
is studying tissue regeneration using high-
throughput technologies (microarrays and
next-generation sequencing). During the
past year, the researchers complemented
the work they had completed during the
first 2 years of the project by performing
next-generation sequencing on RNA from
the axolotl (a member of the salamander
family) as a model system for limb regenera-
tion. Certain species of salamanders and
newts, including the axolotl, have the ability
to fully regenerate an amputated limb as an
adult, which makes these animals important
models for limb and tissue regeneration. The
researchers identified a number of genes
that are upregulated in the axolotl blastema
(a mass of cells capable of regeneration into
organs or body parts). They also identified
three genes that are upregulated in a spatial
pattern along the axis of the axolotl limb.
They are now analyzing gene expression at
various locations in the adult mouse limb to
determine if a similar pattern of expression

exists in the nonregenerating mouse digit. It
is anticipated that these studies will reveal
genes that are regeneration specific.

The Soh group (Project 4.4.8) at the
University of California, Santa Barbara is
developing ways to sort and isolate cells from
complex mixtures of cells. They first devel-
oped a device that allows for the purification
of extremely rare cells from complex mix-
tures with superior cell recovery. During the
past year, the researchers developed a novel
microfluidic phage selection system, which
is capable of efficiently isolating peptides
with high affinity and specificity to target
cell surfaces. Compared to conventional
biopanning methods, microfluidic selec-

tion enables the more efficient discovery of
peptides with higher affinity and specificity
by providing a controllable and reproducible
means for applying stringent selection condi-
tions against minimal amounts of target cells
without loss. Overall, it is believed that these
devices will provide a critical technical solu-
tion for the isolation of the target stem cells
needed for clinical therapeutics.
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Clinical Trials

Several AFIRM Limb and Digit Salvage proj-
ects have technologies that are advancing
to the human clinical trial stage. Additional
details on these clinical trials can be found in
Table 1I-2 and subsequent sections of this
chapter.

While composite tissue allografts (e.g., hand
transplants) are now a clinical reality and have
been performed in multiple centers world-
wide, the procedure has not reached wide-
spread clinical use because recipients require
lifelong, high-dose multidrug immunosup-
pression to prevent graft rejection. The Lee
group (Project 4.4.2, \WFPC) at the Johns
Hopkins University School of Medicine and
the University of Pittsburgh is developing a
protocol for hand transplantation using donor
BMSCs in combination with novel fusion
proteins (the “Pittsburgh Protocol”) that will
minimize maintenance immunosuppressive
therapy. The researchers have shown that
their fusion protein can prolong the survival of
allografts in a preclinical hindlimb transplant
model in swine. The research team has also
achieved its clinical translation milestone by
performing hand transplants on five patients.
All patients have been maintained on a single
immunosuppressive drug at low levels, and
they continue to have increased motor and

sensory function of their transplanted hands,
which correlates with their level of amputa-
tion, time after transplant, and participation

in hand therapy. In year 4, the research group
aims to repeat and confirm some of its swine
experiments. Clinically, the researchers are
planning an optimized strategy that combines
targeted modulation of the immune system,
bone marrow stem cell/fusion protein induc-
tion, and topical migratory inhibitors to further
reduce maintenance immunosuppression
and allow weaning of systemic drug therapy.
The research team hopes that this regimen
will enable widespread clinical application of
hand transplantation for the reconstruction of
upper extremity amputations.

At the Mayo Clinic, 200-250 sural nerve
biopsies are performed each year. Whole
sural nerve biopsy results in predictable loss
of function in the sural distribution of the foot.
Reconstruction of the sural nerve in these
patients can potentially restore sensation

and prevent complications associated with
the biopsy. The Windebank/Yaszemski
group (Project 4.4.1a, RCCC) at the Mayo
Clinic is aiming to repair post-biopsy sural
nerve defects with a synthetic nerve conduit
constructed from PCLF. Since the nerve is
just below the skin, potential morbidity from
the conduit will be readily identifiable and the
device can be removed and analyzed. This

Table ll-2. AFIRM-funded Limb and Digit Salvage projects with pending or active clinical trials.

Project Title Consortium Project No. Trial Phase Current Status
Hand Transplantation for
Reconstruction of Disabling
Upper Limb Battlefield Trauma — BT i e Ui
Translational and Clinical Trials
Clinical Trial — Safety Assessment of a Submitted to
Novel Scaffold Biomaterial RCCC 4412 Phase 1 IRB*
Epimorphic Regeneration Approach .
to Limb and Digit Reconstruction — WEFPC 4.41a Phase 1 SUlel;ée‘j to
Clinical Trial

*Institutional Review Board
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WEFPC researchers Brian Sicari (left), a PhD student, and Ricardo Londono (right), an

MD/PhD student, in the laboratory.

will provide a platform for determining safety
and an indication of efficacy of scaffolds

for nerve repair. The researchers have been
working closely with BonWrx, Inc., to com-
plete this study. Their clinical trial protocol has
been reviewed and approved by the Mayo
Clinic's Department of Neurology research
committee and has been submitted to the
Mayo Clinic’s Institutional Review Board
(IRB) and Human Research Protection Office
(HRPQO). Patient recruitment will start as soon
as IRB and FDA approval is obtained.

The Badylak group (Project 4.4.1a, WFPC)
at the University of Pittsburgh is collaborating
with researchers at the U.S. Army Institute
of Surgical Research (USAISR) to initiate a
10-patient clinical trial. The proposed work
involves the treatment of patients who have
suffered from the loss of large amounts

of functional musculotendinous tissue as

a result of trauma. These patients will be
implanted with one of several different

forms of ECM. The clinical trial is currently in
review by the IRB. The lead in the trial will be
Dr. Joseph Hsu of the USAISR. A progress
report is not yet available for this study.
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Progress Reports: Bone Repair and Regeneration

Advanced 3-D Scaffolds for Large Segmental

Long Bone Defects

Project 4.2.1, RCCC

Team Leader(s): George Muschler, MD (Cleveland Clinic),
Michael Yaszemski, MD, PhD (Mayo Clinic), Aniq Darr,
PhD (Rutgers University), and Linda Griffith, PhD (MIT)

Project Team Members: Viviane Luangphakdy, MS, Hui
Pan, MD, PhD, Kentaro Shinohara, MD, PhD, and Tess
Henderson, BS (Cleveland Clinic); Ophir Ortiz, PhD,

Das Bolikal, PhD, and Matthew Laughland (Rutgers
University); Linda Stockdale, MAT (MIT); and Theresa

Hefferan, PhD, Suzanne Segovis, Mahrokh Dadsetan, PhD,

and Brett Runge, PhD (Mayo Clinic)

Collaborator(s): Sunil Saini (Integra Spine, Plainsboro,
New Jersey), Deborah Schmalz (Trident Biomedical, Inc.,
Somerville, New Jersey), Ralph Carmichael (BonWrx,
Inc., Phoenix, Arizona), and Dr. Racquel LeGeros (New
York University)

Therapy: Advanced regeneration of segmental bone
defects.

Deliverable(s): Advanced 3-D scaffolds for large
segmental bone defects.

Introduction

Repairing large bone defects and fracture
nonunion in extremity injuries represents an
ongoing challenge because high-energy blast
injuries from improvised explosive devices
are increasingly common. Military extremity
injuries traditionally comprise the majority of
traumatic injuries in the U.S. armed conflicts.
A significant proportion of these extremity
wounds are fractures, most of which are
open injuries. These fractures are frequently
comminuted and complicated by extensive

TRL Progress: Degradable Scaffold — 2009, TRL 3; 2010,
TRL 3; 2011, TRL 3; Target TRL 4

Mineralized Cancellous Allograft—2009, TRL9; 2010,
TRL9; 2011, TRL9; Target, TRL 9

Key Accomplishments: Researchers atthe Cleveland
Clinic completed an assessment of MCA in the canine
femoral multi-defect (CFMD) model. They also completed
a competitive analysis of the best available AFIRM
scaffolds and compared them to the MCA in the CFMD
model. Researchers at Rutgers University and the Mayo
Clinic successfully created new scaffold compositions for
evaluation and advancement into year 4.

Key Words: Bone, bone repair, bone regeneration,
bone defect, bone graft, osteogenesis, osteoinduction,
osteoconduction, calcium phosphate, allograft, polymer
scaffold, degradable, bone marrow, connective tissue
progenitors, canine femoral multi-defect

soft tissue loss, often with segmental bone
loss of 5-20 cm. The management of acute
bone loss still remains a challenge for sur-
geons, and methods to ensure or accelerate
fracture healing are still greatly needed.
Defects lacking the capacity for spontaneous
healing are common, and no single existing
treatment option is appropriate for all defects.

The contemporary standards of care for bone
defects and complex fractures in civilian
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and military practice include many options
for wound management, fixation, and bone
grafting. Graft options include autogenous
cancellous bone, allograft bone, addition of
bone marrow-derived cells (with or without
cell processing), local delivery of bone mor-
phogenetic protein or osteogenic protein 1,
and occasionally bone transport procedures.
These challenging settings frequently
demand the use of materials in applications
for which they were not specifically designed
or evaluated and are therefore considered
“off label,” “innovative,” or “out of the box.”
Success is not uncommon but neither is fail-
ure, and none of these options has provided
more than 90% success, even in relatively
common settings, particularly in large, com-
plex defects.

Polymer-based graft substitutes have been
proposed for bone replacement, such as
ceramic-based grafts. They avoid the need
for a harvesting procedure, subsequently
avoiding chronic pain at the harvest site, and
they offer structural diversity. The proper
design and application of these polymer-
based bone graft substitutes still remain
under a multitude of investigations. Thus, the
management of acute bone loss still remains
a challenge for surgeons, and methods to
ensure or accelerate fracture healing are still
greatly needed.

RCCC's Limb Salvage and Transplantation
Program will provide injured warriors with
one or more new clinical methods that sig-
nificantly improve the rate and reliability of
regeneration of bone defects over 3 cm or
bone nonunions. The goal of Project 4.2.1 is
to rapidly assess and compare several new
and highly promising osteoconductive scaf-
folds fabricated from degradable polymers
and to bring forward the best new technol-
ogy as a substrate that could be combined

with an optimized cell source (Project 4.2.2)
and an optimized modification using bioactive
factors (Project 4.2.3a and b) to transform
the treatment opportunities for large bone
defects.

Summary of Research Completed
in Years 1and 2

During the first year of the project, the
researchers identified, designed, and
fabricated four distinct families of copolymer-
based osteoconductive scaffolds for in vivo
testing. They synthesized new, second-
generation polyester and tyrosine-based
copolymers and their composites with osteo-
genic inorganic particles. They fabricated
complex 3-D printed scaffolds with controlled
porosities from several of the copolymers
and found them to be easily sterilizable. They
completed all animal surgeries planned for
year 1 along with micro-computed tomogra-
phy (CT) scanning for statistical analysis of
bone volumes and preparation of histology
samples for the initial evaluation of copolymer
and composite scaffolds. They achieved good
in vivo performance using tyrosine-based
copolymer and poly(alkyl ester) composites.

During the second year of the project, the
researchers completed fabrication and char-
acterization of three polymer-based scaffold
platforms. They completed competitive
assessment and downselection of scaffold
materials in the CFMD model. Among the
materials tested, the porogen-leached TyrPC
with B-TCP performed best. The research-
ers also established a defined track record of
historical performance standards that can be
used to rapidly benchmark the performance
of new or competing scaffold materials using
the CFMD model.
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Research Progress - Year 3

This project involves work performed across
four laboratories and institutions (i.e., the
Mayo Clinic, Rutgers University, MIT, and
Cleveland Clinic). The Cleveland Clinic serves
as the coordinating center and as the central
resource for in vivo testing using the estab-
lished CFMD model. MCA bone (canine) was
prepared by the Musculoskeletal Transplant
Foundation in the form of 3 x 3 x 3 mm?
chips using processing methods matching
established clinical practice. MCA testing
was added to provide a comparison and
benchmark to the current “gold standard”
bone scaffold. Quantitative image analy-

sis of micro-CT data was performed at the
Cleveland Clinic. Histological assessment
utilized resources at the Mayo Clinic, led by
Dr. Theresa Hefferan, supplemented by the
expertise of Dr. Tom Bauer at the Cleveland
Clinic.

Micro-CT analysis indicated that MCA,

with or without bone marrow, performed
significantly better than all other test materi-
als. Upon histological examination, defects
grafted with allograft were found to have
bridging bone. Active resorption of the
allograft bone by osteoclasts and deposi-
tion of new bone on the allograft surface

by osteoblasts was present throughout all
samples. The specimens stained with hema-
toxylin and eosin showed no evidence of
inflammation in response to MCA.

Two degradable scaffold materials, TyrPC

and PPF, were developed and tested in vitro
at Rutgers University and the Mayo Clinic,
respectively. TyrPC scaffolds containing a
small percentage of calcium minerals (as a
composite or as a coating) provided overall
the highest level of bone growth in the CFMD
model. TyrPC scaffolds are more than 90%
porous, soft, and pliable and are therefore
best described as a non-weight-bearing bone

void filler. TyrPC scaffolds have shown strong
bone regeneration performance in both limb
and craniofacial animal models.

PPF scaffolds are strong, slow degrading,
and partially weight bearing. These proper-
ties differentiate the PPF technology from the
TyrPC technology. The PPF scaffolds did not
perform well during year 2 in either of the ani-
mal models so year 3 efforts were devoted
to improving manufacturing. Since the two
scaffold technologies address different clini-
cal needs, a major development effort will

be undertaken to bring the PPF technology
forward pending results of studies currently
under way.

In consultation with Dr. Racquel LeGeros of
New York University, three new CaP miner-
als were produced, characterized, and then
used in the fabrication of scaffolds using both
TyrPC and PPF scaffolds as substrates. It is
hypothesized that optimizing this parameter
will result in an increase in new bone tissue
formation as compared to the currently best
performing TyrPC+TCP composite scaffolds.

At Rutgers University, the newly formed
CaPs and TyrPC+CaP composite scaffolds
were characterized using SEM, x-ray dif-
fraction (XRD), and micro-CT. XRD was
employed to confirm both CaP synthesis and
the incorporation of CaPs into the compos-
ite scaffolds. SEM was used for qualitative
assessment of CaP crystal morphology, pore
morphology, and pore diameter measure-
ments of composite scaffolds. SEM was also
performed to obtain crystal morphology and
size. The researchers performed micro-CT

to obtain quantitative information on porosity
and interconnectivity, and qualitative informa-
tion on mineral distribution. They fabricated
and characterized TyrPC+CaP composite
scaffolds with all four CaPs. They obtained
XRD scans for each type of fabricated com-
posite scaffold. Obtaining XRD data of the
CaPs is necessary to check for purity and
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confirm the presence of characteristic peaks
(fingerprints) for each of the CaPs. XRD
data were also obtained after the fabrica-
tion process was determined to confirm that
reproducibility was achieved.

The PPF scaffold (Mayo Clinic) surface-
coating procedures were performed in
consultation with Dr. LeGeros' laboratory
with two different coating materials: mag-
nesium-substituted B-TCP and carbonate
hydroxyapatite (synthetic bone mineral). After
the coating, the scaffolds were characterized
via SEM in Dr. LeGeros' laboratory and then
returned to the Mayo Clinic for further analy-
sis. The SEM images show that surface coat-
ing alters the surface topography. The coating
produces a rough surface, which resulted in
improved cell attachment to the scaffolds.

Key Research Accomplishments

Cleveland Clinic:
e Completed an assessment of MCA matrix
in the CFMD model.

e Completed a competitive analysis of the
best available AFIRM scaffolds and com-
pared them to MCA matrix in the CFMD
model.

Rutgers University:

e Synthesized CaPs with varying solubilities
and incorporated CaPs into TyrPC polymer
to produce composite scaffolds.

e |dentified characterization methods for
the composite scaffolds to ascertain
batch-to-batch reproducibility and scaffold
architecture.

e |dentified sterilization facilities and GMP
manufacturers for polymer synthesis.

Mayo Clinic:
e Fabricated CaP-coated porous scaffolds
for the rat femoral defect model.

e Established a surface-coating process in
collaboration with Dr. LeGeros of New
York University.

e Demonstrated enhanced in vitro per-
formance of the surface-coated porous
scaffolds.

Conclusions

A rapidly resorbing, porogen-leached TyrPC
scaffold containing TCP granules and a slowly
resorbing, structural PPF scaffold coated
with poly(lactic-co-glycolic acid) (PLGA) and
hyaluronan (HA) represent the best perform-
ing polymer scaffolds tested to date. MCA
performs significantly better than any poly-
mer scaffold tested thus far and results in
both pericortical bridging and an advanced
stage of bone formation and remodeling
throughout the defect in the CFMD model at
4 weeks. Efforts to improve the performance
of TyrPC or PPF bone scaffolds has led the
team to evaluate new composite scaffolds
using CaP minerals produced in consultation
with Dr. LeGeros at New York University.
Data summarizing the assessment of TyrPC
and PPF scaffolds with CaP surface coat-
Ings in in vivo animal models are expected in
the near future. These data will be used to
determine if one or more scaffolds should be
advanced into year 4 for in vivo assessment
in an appropriate biologically and clinically
relevant animal model in accordance with the
guidelines that have been established within
AFIRM for the use of in vivo models for bone
segmental defects. MCA bone matrix has
reached a level of performance where fur-
ther advancement of the allograft will require
testing in a more stringent biological setting
of advanced models such as the chronic
caprine tibial defect (CCTD) model (described
in Project 4.2.2). Animal models will be used
to determine if the addition of new CaP
surfaces has improved the performance of
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scaffold materials sufficiently to bring them
into the range of comparability to allograft.

Research Plans for the Next
2 Years

Results from the scaffold testing tourna-
ments have demonstrated that MCA bone
remains the best available osteoconductive
scaffold material, and as a result, it is being
advanced as the preferred scaffold on which
to evaluate cell-sourcing strategies in Project
4.2.2. These data also suggest that the addi-
tion of CaP-based materials can enhance the
performance of polymer scaffolds. In year

4, one or more TyrPC or PPF scaffolds with
CaP surface coatings are expected to demon-
strate in vivo performance equal to or greater
than that of MCA bone matrix. These materi-
als will subsequently advance as substrates
for further biological enhancement strategies
using cell sources in Project 4.2.2 and bioac-
tive peptides in Project 4.2.3a and b. It is
expected that an optimized osteoconductive
scaffold in combination with technologies
developed in Projects 4.2.2 and/or 4.2.3a and
b will be advanced into prospective clinical
trials in year b.

Planned Clinical Transitions

Industry partners that are currently working
toward commercialization of these technolo-
gies have licensed both the TyrPC and PPF
scaffolds. Trident Biomedical, Inc., is pursu-
ing a 510(k) application on a TyrPC bone pin.
This application will support subsequent bone
void filler regulatory filings. A 510(k) appli-
cation for a first-generation bone void filler
device will be pursued. Second-generation
products will include either soluble or teth-
ered biologics. These will require a clinical
trial and a Premarket Approval pathway. As
the commercial partner for the technologies
described previously, Trident Biomedical, Inc.,
is expected to pursue regulatory filings for
these devices.

The Yaszemski group is currently work-

ing with its industry partner, BonWrx, Inc.,
to establish protocols for the scale-up of

the synthesis of PPF and the fabrication of
porous 3-D scaffolds from this polymer via
GMP. Furthermore, testing required by the
FDA (e.g., toxicology) will be initiated in a
commercial testing laboratory. BonWrx, Inc.,
currently licenses several of the Yaszemski
laboratory patents from the Mayo Clinic.
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Optimizing Cell Sources for the Repair of

Bone Defects

Project 4.2.2, RCCC

Team Leader(s): George Muschler, MD and Maciej
Zborowski, PhD (Cleveland Clinic)

Project Team Members: Cynthia Boehm, BS, Tonya
Caralla, MS, and Powrnima Joshi, PhD (Cleveland Clinic)

Collaborator(s): Vince Hascall, PhD (Cleveland Clinic),
Joseph Wenke, PhD (USAISR), and G. Elizabeth Pluhar,
DVM, PhD and Joan Bechtold, PhD (University of
Minnesota)

Therapy: Advanced regeneration of segmental bone
defects.

Deliverable(s): Preferred clinical method for progenitor
cell concentration, selection, and delivery.

TRL Progress: Selective retention (SR) with allograft—
2009, TRL 3; 2010, TRL 3; 2011, TRL 3; Target, TRL 5

Magnetic separation (MS)—2009, TRL 2; 2010, TRL 3;
2011, TRL 3; Target, TRL5

Bone marrow excavation —2009, TRL 2; 2010, TRL 2; 2011,
TRL 3; Target, TRLS

Introduction

This project addresses the need to select

a clinically relevant method for harvesting,
processing, and transplanting the cells that
form bone tissue, known as osteogenic cells
(specifically, osteogenic connective tissue
progenitors [CTP-Os]), which are severely
depleted or missing in these bone defects
and surrounding tissues.

Successful bone repair or regeneration in all
settings requires CTP-Os. In settings where
the local population of CTP-Os is sufficient,

Key Accomplishments: The researchers assessed
mineralized cancellous bone and demineralized cortical
bone powder (DCBP) in vitro as substrates for SR
processing. They finalized the design of a BME device to
increase the yield and efficiency of marrow cell harvest.
The device is available for in vivo testing in the canine or
caprine models. The researchers demonstrated that MS-
processed cells were compatible with both SR processing
and “drip soaking” using an MCA matrix. They conducted
an initial in vivo assessment of MS processing using MCA
in the CFMD model, which is nearing completion. They
initiated a pilot in vivo assessment of SR processing using
MCA in the CCTD model.

Key Words: Connective tissue progenitors, magnetic
separation, cell sourcing, bone graft, hyaluronan, density
separation, selective retention

they may be effectively targeted using scaf-
folds or factors such as bone morphogenetic
proteins. However, in settings where the
local numbers of CTP-Os are suboptimal, as
in most injuries sustained by the wounded
warrior, optimizing the bone-healing response
will require transplantation of CTP-Os from an
alternative source.

Further advancement in CTP-O harvesting
and processing is needed to better control
the transplant environment and optimize
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the cells’ in vivo clinical performance (i.e.,
the cells’ attachment, survival, proliferation,
migration, and differentiation). Implantation
of fewer cells should improve CTP-O survival
by reducing the local metabolic demand,
which is expected to be an important variable
in large bone defects and fracture nonunion.
Improved methods for CTP-O concentration
and selection will enable surgeons to deliver
more CTP-Os in a given site. The Muschler
laboratory has demonstrated the value of

SR as a way of concentrating and selecting
marrow-derived CTP-Os. The clinically suc-
cessful Cellect™ System (Depuy) was based
on SR methods.

Project 4.2.2 was initiated to systematically
evaluate three methods for CTP-O concentra-
tion and selection within a fresh marrow aspi-
rate: (1) density gradient separation, (2) SR,
and (3) MS based on HA expression.

Density separation (DS) (e.g., centrifuge)
devices are available by modifying devices
designed for the clinical preparation of plate-
let-rich plasma. DS can be used to increase
the CTP-O concentration four- to eightfold;
however, DS processing concentrates all
nucleated cells and does not increase the
prevalence of CTP-Os.

SR involves passing a cell suspension through
a porous matrix. More adherent CTP-Os are
preferentially retained within the matrix while
nonadherent cells pass through the matrix
into the effluent solution. Some formulations
of clinically available scaffolds have been
shown to retain 80%-90% of CTP-Os and
only 20%-30% of other nucleated cells,
resulting in a three- to fourfold increase in the
CTP-O concentration and a two- to three-
fold increase in CTP-O prevalence. Further
improvement in SR requires more selective
surfaces or preprocessing steps.

MS systems tag cells of interest with mag-
netic beads and separate them in a magnetic

field. CTP-Os can be enriched or depleted
from a bone marrow aspirate using any
marker, which provides a method for specific
selection of CTP-Os. These systems are easy
to use, offer high throughput, and support
flexible antibody and bead combinations.

Each of these methods, alone or together,
offers significant potential value to the
wounded warrior by providing ways to effec-
tively repopulate or “re-seed” the region of
a bone defect with a large population of cells
that is capable of regenerating the missing
bone tissue.

Summary of Research Completed
in Years 1and 2

During the first year of the study, the
researchers defined methods to increase
the surgical yield of bone marrow harvest
procedures without an increase in morbidity.
Three practical methods were characterized
to enable the processing of human or canine
bone marrow: DS, SR, and MS.

During the second year of the study, the
researchers evaluated two DS devices for
concentration of bone marrow cells. They
tested one of the preferred degradable scaf-
folds from Project 4.2.1 and found that it
showed modest performance as a substrate
for SR. They downselected the option of
CD45 depletion as a means of enhancing the
prevalence of CTP-Os in favor of HA-positive
selection. They designed, fabricated, and
validated a new MS system for the selec-
tion of CTP-Os. The system is simple to use,
easily adaptable for intraoperative single-step
procedures, capable of processing 2 x 10°
cells (required for scale-up to the CFMD
model), and provides improved separation
over the small-scale commercial magnet
used previously.
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Research Progress - Year 3

Selective Retention

In year 3, the researchers focused on defini-
tively characterizing the performance of a
high-quality allograft in the CFMD model

so that AFIRM scaffolds (TyrPC and PPF)

or other scaffolds could be subjected to a
rigorous comparison against this standard.
As expected for a purely biological product,
the bone regeneration performance of MCA
bone was shown to be far superior to that of
the synthetic polymer scaffolds tested thus
far and remains as the gold standard against
which AFIRM scaffolds and other outside
scaffold options should be evaluated.

The project team obtained five canine mar-
row samples to complete in vitro SR process-
ing, comparing all three allograft formulations
using the same canine donor. The mean
selection ratios for MCA, MCA+DCBP, and
DCBP alone were 2.09 + 0.86, 2.08 + 0.81,
and 1.92 £ 0.75, respectively. These data
suggest that MCA chips alone provide a
preferred substrate for SR processing using
canine marrow. No advantage was found in
adding surface area using DCBP.

Advancing future work on allografts into the
caprine (goat) model, the research team
designed experiments to confirm whether
the findings regarding MCA as a preferred
allograft scaffold could be repeated using
caprine marrow. The researchers used mar-
row samples from four caprine subjects to
compare SR processing on two allograft for-
mulations: MCA and MCA+DCBP. The mean
selection ratios for MCA and MCA+DCBP
were 2.15 £ 1.75 and 1.79 = 0.62, respec-
tively. No benefit was seen in adding DCBP.

To further develop the BME device, the
researchers evaluated three rotating needle
designs. Preliminary testing in canines dem-
onstrated that BME, when performed with

a preferred prototype, significantly increased
the yield of bone and marrow-derived cells
and CTPs. A final prototype is now available
for further in vivo testing during euthanasia
of large animal subjects to refine and docu-
ment this tool for increasing the cell pool that
is available for intraoperative processing and
transplantation.

Magnetic Selection with the

Hexapole Magnetic Separator
The research team has successfully tested
the hexapole magnetic separator on canine
and human bone marrow samples. The
hexapole magnetic separator can process

2 x 10°% cells in 1 hour. The team designed a
new separation chamber to better match the
magnetic field geometry for high-throughput
operation using a flat-bottom geometry and a
central post to exclude cells from the central
area of the chamber where the field strength
is weakest. Cells located in the weakest area
of the magnetic field required long retention
times in the magnet to be retained against
the tube wall; this custom channel mini-
mizes the amount of time the cells require

in the magnet while still offering a large total
capacity.

The researchers loaded HA*** cells onto
canine MCA using either a drip soaking
method or a manual SR method. Both efflu-
ent samples contained significantly less
CTP-Os than the HA*** fraction. This result
demonstrated the important finding that
CTP-Os retain their ability to attach prefer-
entially to allograft matrix after MS process-
ing, resulting in an increase in concentration
and prevalence of CTP-Os. The researchers
selected the drip soaking method for use in
the first in vivo assessment of MS processed
cells. They obtained HA*** cells by hexapole
MS and loaded them by drip soaking onto
MCA. This result was compared in the CFMD
model to whole bone marrow loaded by drip
soaking. After loading there was, on average,
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1 CTP-0 per 2,770 nucleated cells retained in
the MS graft compared to 1 CTP-O per 6,242
cells in the marrow aspirate graft.

CFMD Model

Work in Project 4.2.1 during the past year
identified MCA as the preferred allograft
substrate for in vitro assessment of the SR of
processed cell populations. However, the in
vivo performance of MCA in the CFMD has
been found to be exceptionally good.

The research team completed an in vivo
assessment of magnetically separated HA*+*
cells transplanted on an MCA scaffold versus
heparinized marrow without MS processing
using the CFMD model as part of Project
4.2.2 on cell sourcing. The magnitude of
bone formation in both the pericortical and
intramedullary regions was slightly greater
using MS processed HA*+* cells; however,
these differences were not statistically
significant. These data also illustrate that a
well-processed allograft provides a consistent
and high level of performance in the CFMD
model. There is concern, in fact, that the
magnitude of the bone formation is now lim-
ited by a “ceiling effect,” making the CFMD
model insensitive to further increments of
improvement. It may also be true that the
CFMD model is not sufficiently limited by a
local deficiency of progenitor cells given the
relatively rich source of CTP-Os from local
periosteum, endosteum, and intramedullary
marrow and perivascular cells.

At the time of this report, the analysis of

the comparison of MS processed cells and
heparinized marrow is not yet complete.
Based on the micro-CT analysis and the initial
assessment of histology in two samples of
each material, the research team decided to
make an additional investment in completing
a quantitative assessment of histology from
all samples. This analysis will characterize
the relative area of new mineralized bone,

residual allograft, unmineralized osteoid,
fibrous tissue, fat, hematopoietic marrow,
and vascular spaces. If the review of these
data were to indicate that MS processed cells
were associated with a more advanced stage
of remodeling, enhanced reconstitution of
hematopoietic marrow, or reduced fibrosis,
then the recommendation would be made to
advance the development of MS processing
into assessment in the CCTD model.

Pilot Assessment of SR
Processing in the CCTD Model

In collaboration with Dr. Joseph C. Wenke
and colleagues at USAISR and Dr. Elizabeth
Pluhar, DVM, at the University of Minnesota,
the protocol for this pilot assessment was
designed and amended to fix the single
protocol that will be followed at the three
treatment facilities. The team completed the
series of pre-procedure surgeries for all 12
animals on April 18, 2011. The first treatment
procedure was performed on April 20, 2011.
The research team projects that collection of
all defect samples will be completed in the
near future.

Key Research Accomplishments

Demonstrated that DS devices were no
more effective than manual methods.
Therefore, future assessment of DS can be
done using manual methods.

e Fixed a BME device design that is ready
for in vivo use to increase the cell pools
that are available for processing and
transplantation.

e Fixed the allograft sourcing and design
specifications. Determined a preferred
MCA composition and tested it both in
vitro, using SR, and in vivo in the CFMD
model.
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e Demonstrated, via in vitro testing of mag-
netically separated cells, that there was no
loss of selective adherence behavior on
the allograft, suggesting that a combina-
tion of MS and SR processing is clinically
feasible.

e Achieved scale-up of protocols for the
magnetic cell separation hexapole mag-
netic separator system, enabling in vivo
assessment.

e Completed an in vivo assessment of
magnetically separated HA*** cells, trans-
planted on an MCA scaffold, versus hepa-
rinized marrow without MS processing,
using the CFMD model.

4 Bone formation using MCA with both
cell sources was robust and not dif-
ferent than the performance of MCA
alone.

4 Histological assessment is ongoing to
determine the extent to which differ-
ences in remodeling or marrow tissue
reconstitution may be present.

Conclusions

MCA is the preferred allograft substrate to
assess, in vitro, the SR of processed cell
populations. The in vivo performance of MCA
in the CFMD model appears to have hit the
ceiling effect after which further improve-
ment will be difficult to achieve or detect.
Therefore, the research team recommends
that further advancement in evaluation and
comparison of cell processing methods
should be performed in the more rigorous
CCTD model.

The research team'’s in vitro testing of mag-
netically separated cells demonstrated no

loss of selective adherence behavior on the
allografts, suggesting that a combination of
MS and SR processing is clinically feasible.

The team completed its in vivo assessment
of magnetically separated HA*** cells trans-
planted on an MCA scaffold, versus heparin-
ized marrow without MS processing, using
the CFMD model. Findings to date have
revealed that bone formation using MCA is
very robust, regardless of the cell source,
and is not different from the performance of
MCA alone in the CFMD model. This pres-
ents the likely limitation of a ceiling effect, as
discussed previously.

Histological assessment is ongoing to
determine the extent to which differences

in remodeling or marrow tissue reconstitu-
tion may be present. The decision regarding
whether and how to advance MS processing
into the CFMD model in year 4 will be based
on this assessment.

Research Plans for the Next
2 Years

In year 4, ongoing work will further refine the
preferred process parameters and loading
capacity for an optimized MCA substrate. In
vitro assessment of SR processing using the
calcium-coated AFIRM scaffolds being devel-
oped in Project 4.2.1 is also projected.

A BME device prototype will be used at the
time of euthanasia to refine and document
the use of this device as a tool for increasing
cell pools that are available for processing
and transplantation in CCTD studies and to
support the development of a clinical trial to
compare bone marrow aspiration and BME
methods.

The progress of MS processing is uncertain.
At the time of this report, analysis of the in
vivo comparison of MS processed cells and
heparinized marrow is not yet complete. The
research team expects that completion of
the histological analysis to compare sites
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engrafted with MS processed cells, versus
heparinized marrow alone, will reveal an
advanced state of remodeling and a more
effective reconstitution of the hematopoietic
bone marrow without inflammation or fibro-
sis. If so, the researchers hope to progress
into further development and testing of MS
processing using the CCTD model. If not, MS
processing will be downselected from fur-
ther funding in year 4 in favor of an exclusive
focus on products derived from BME and SR
processing.

Planned Clinical Transitions

The methods for cell sourcing and process-
ing described in this report will be combined
with top-performing scaffolds and advanced
into clinical trials, most likely in collaboration
with the Major Extremity Trauma Research
Consortium. Depending on the preferred

method, clinical trial methods involving
“minimal manipulation” of autogenous cells
could begin within the next year. The consor-
tium consists of a network of clinical centers
and one data coordinating center that work
together with the USAISR to conduct mul-
ticenter clinical research related to AFIRM
regenerative strategies in limb salvage.

Corrections/Changes Planned
for Year 4

As discussed previously, histological assess-
ment will determine if continued invest-
ment in MS processing is justified in year

4. This analysis will characterize the areas

of new mineralized bone, residual allograft,
unmineralized osteoid, fibrous tissue, fat,
hematopoietic marrow, and vascular spaces.
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Advancing Bone Repair Using Molecular
Surface Design (MSD) and/or Oxygen

Delivery Systems

Project 4.2.3a, RCCC

Team Leader(s): George Muschler, MD (Cleveland Clinic)
and Linda Griffith, PhD (MIT)

Project Team Members: Luis Alvarez, PhD, Jaime Rivera,
BS, and Linda Stockdale, MAT (MIT) and Vivek Raut, MS
and Chris Heylman, BS (Cleveland Clinic)

Collaborator(s): Sunil Saini, PhD (Integra LifeSciences)

Therapy: Advancing bone regeneration in large defects
using osteogenic cells, osteoconductive scaffolds, and
presentation of bioactive factors using MSD strategies.

Deliverable(s): Scaffold for bone regeneration
presenting tethered epidermal growth factor (tEGF)
and 02-generating substrate for tissue engineering
applications.

TRL Progress: 2009, Product 1;2010, TRL 2; 2011, TRL 2;
Target, TRL5

2009, Product 2; 2010, TRL 2; 2011, TRL 2; Target, TRL 5

Introduction

This project focuses on highly promising
methods to enhance the survival and perfor-
mance of CTP-Os, which can be transplanted
on a scaffold. Transplanted cells face a very
harsh wound environment in which oxygen
levels plummet and chemical signals tend to
drive cells to die via a path of necrosis or a
path of programmed cell death called apopto-
sis. Across three laboratories, Projects 4.2.3a
and 4.2.3b are developing practical methods
that will improve cell survival. At MIT and

Key Accomplishments: The researchers engineered
clinically relevant versions of the B-TCP binding peptide
(B-TCPBP)-EGF fusion protein, produced at high purity,
and demonstrated bioactivity. They developed two
crucial assays for accurate cell counting of human
mesenchymal stem cells (hMSCs) and canine/human
CTP-0s on two-dimensional (2-D) surfaces and 3-D B-TCP
scaffolds. They demonstrated in vitro performance of
B-TCPBP-EGF tethered scaffolds in CTP-0s; no in vitro
toxicity was observed. They demonstrated an increase

in concentration and prevalence of CTP-Os on 3-TCP
scaffolds, validating methods of cell loading on scaffolds.
Finally, they developed crucial assays for the in vitro
analysis of TheriLok I-B-TCP crosses with and without
B-TCPBP-EGF.

Key Words: Tethered EGF, connective tissue progenitors,
large bone defect, scaffolds, B-tricalcium phosphate
binding peptide, oxygen tension, hypoxia

the Cleveland Clinic (Project 4.2.3a), the
researchers are exploring two methods that
are described in this report: (1) MSD, which is
used to incorporate bioactive factors onto the
surface of a scaffold such that cells trans-
planted onto the scaffold receive signals from
these factors that will inhibit early cell death
and even stimulate early phases of regenera-
tion and (2) local oxygen delivery into the area
where cells are most threatened. In parallel,
researchers at Rutgers University (Project
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4.2.3b) are developing approaches for tether-
ing osteoinductive biomolecules.

MSD involves linking (tethering) bioactive
molecules to the surface of a biomaterial as

a means of improving control over the cell
and tissue response to the implant material.
Tethering ensures that the signaling molecule
does not easily diffuse away from the cells
and enables control over the concentration
and presentation of the signal so that the
effect can be optimized. In this project, EGF,
a pro-survival and mitotic bioactive factor,
was tethered to the surface of scaffolds that
contain CaP coatings (e.g., B-TCP) using high-
affinity, noncovalent bonding of a novel B-TCP
binding peptide (B-TCPBP).

Local oxygen delivery involves the use of
biologically compatible salts that, when
combined with water, will recombine to
release molecular oxygen (O,). In this proj-
ect, salts with this property are incorporated
into a degradable polymer in a form that
can be strategically placed into the area of a
large bone defect. By controlling the rate of
degradation of the polymer, oxygen can be
delivered over the course of a few hours to
more than a week.

Product 1: Tethered EGF Delivery
System

There are no current products designed to
enhance the survival and proliferation of
transplanted cells using the local delivery of
matrix-tethered EGF. The Infuse™ bone graft
with BMP-2, which is delivered by adsorption
on an implanted scaffold and rapidly released
in a soluble form, is thought to act on both
local and transplanted cells but is not consid-
ered to be a pro-survival factor. As a result,
methods for EGF delivery are projected to not
only enable more effective cell transplanta-
tion but also to be synergistic with the local
delivery of BMP-2 and other scaffolds and

signaling technologies in the highly compro-
mised bone defect environment.

Product 2: Oxygen Delivery
System

There are no oxygen delivery products on the
market. Dr. Benjamin Harrison at Wake Forest
University is an AFIRM investigator who is
also actively working on local oxygen delivery
strategies. There are some similarities in the
selection of salt reagents, but the polymer
platforms being developed for controlled O,
delivery are entirely different.

Summary of Research Completed

in Years 1 and 2

During the first year of the project, the
researchers fabricated 2-D scaffolds present-
ing tEGF and a fibronectin-derived peptide,
P12, that enhances new bone tissue forma-
tion. They developed and implemented a
protocol for spin coating 2-D scaffold surfaces
with and without comb coating to which
mesenchymal stem cells immortalized with
the hTERT gene attached and proliferated.
They were able to detect B-TCP on scaffold
surfaces. They also established methods

for the quantitative measurement of in vitro
cell response (i.e., attachment, survival,
proliferation, and migration) and methods/
protocols to characterize 2-D scaffold design
using radiolabeling and analytic chemistry
techniques. Additionally, they developed an
optimized B-TCPBP that incorporates multiple
B-TCP binding sites in fusion with EGF. The
researchers began in vitro MSD studies using
CTP-0O cells. They determined that tEGF can
exert a strong proliferative response in CTP-O
cells seeded on 3-D B-TCP scaffolds even
while cultured under osteogenic conditions.
They also determined that tEGF does not
reduce the early differentiation potential of
CTP-O cells as evidenced by sustained alka-
line phosphate levels at day 7 versus controls.
They determined that oxygen deprivation (as
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opposed to glucose deprivation) is the cause
of CTP-O cell death in a hypoxic cell environ-
ment. Finally, they successfully fabricated
oxygen-generating microbeads and con-
firmed oxygen delivery from the microbeads.

During the second year of the project, the
researchers showed that B-TCPBP-EGF
increased proliferation of h(MSCs, culture
expanded on B-TCP scaffolds, without
compromising the ability of hMSCs to dif-
ferentiate into osteoblasts. They found that
tEGF increased proliferation of MSCs while
preserving differentiation while soluble EGF
does not preserve differentiation of MSCs.
They employed B-TCPBP technology to
design new proteins for the survival and
protection of CTP-Os. They demonstrated
that tethered P12 increased CTP-O colony-
forming efficiency and migration as well as
the proliferation of hTERT cells. The research
team established a system for local oxygen
delivery using polymeric microparticles based
on drug delivery methods. They discovered
that slowing the rate of decline of oxygen is
sufficient to increase CTP-O colony-forming
efficiency and increase proliferation of cells
and colonies.

Research Progress - Year 3

Product 1: Tethered EGF Delivery
System

During the past year, the researchers at

MIT designed the clinically relevant ver-

sion of the B-TCPBP-EGF fusion protein (CR
B-TCPBP-EGF), which will be used in clinical
studies. The CR B-TCPBP-EGF protein was
engineered to reduce length, remove poten-
tially immunogenic epitopes, and simplify
in-house manufacturing. Significant advances
were made in the yield and purity of protein
expression such that the current products

are comparable to standards in the protein
production field. Validation of its bioactivity
(e.g., induction of proliferation, differentia-
tion, and survival of marrow stromal cells)
using hMSCs was completed, and a detailed
protocol for B-TCPBP-EGF surface prepara-
tion for use in in vitro and in vivo studies was
developed.

The researchers at the Cleveland Clinic
conducted a series of experiments to
develop a protocol for the in vitro analysis of
TheriLok |-B-TCP scaffolds with and without
CR B-TCPBP-EGF. This initial assessment
focused on the capacity of this construct to
support SR, colony formation, and prolifera-
tion of osteogenic cells.

Product 2: Oxygen Delivery
System

The researchers at the Cleveland Clinic
characterized CTP-O oxygen consumption

in a 2-D in vitro hypoxic environment. Data
suggest that oxygen consumption by the
progeny of CTP-Os will decrease as oxygen
tension falls in the graft site. This is predicted
and may suggest that the requirements for
local oxygen delivery that will be needed to
prevent necrosis or apoptosis of transplanted
cells may be much lower than that needed to
support maximal consumption. These results
were used in a mathematical model (previ-
ously described in year 2) to tailor the oxygen
release kinetics of the oxygen delivery device
to meet the changing needs of cell consump-
tion following transplantation. Further, the
release profile of oxygen-generating mic-
roparticles using existing oil-in-water meth-
ods were shown to be insufficient for deliver-
ing effective amounts of oxygen to CTP-Os.
New methods enabling the controlled release
of the oxygen over the desired time span of
96 hours have been developed and demon-
strated in vitro.
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Key Research Accomplishments

Product 1: Tethered EGF Delivery
System

Researchers at MIT:

e Engineered, produced, purified, and quanti-

fied the purity of five clinically relevant
B-TCP binding proteins: MBP-B-TCPBP-
C2-EGF, MBP-B-TCPBP-C1, MBP-B-
TCPBP-C1-EGF, MBP-B-TCPBP-HS, and
MBP-B-TCPBP-HS-EGF.

e Determined that the protein with the C1
coil has optimal properties for clinical
development.

¢ Developed two new assays to quantify
attachment, proliferation, and spatial dis-
tribution of hMSCs in 3-D scaffolds from
the time of seeding through more than
2 weeks of culture.

e Developed a protocol to determine the bio-
activity of B-TCPBP-EGF by dose-response

assay (pERK1/2).

e Continued to support Cleveland Clinic in
vitro studies of SR and proliferation of
CTP-Os on B-TCPBP-EGF-tethered B-TCP
Crosses.

Researchers at the Cleveland Clinic:

e Evaluated the in vitro performance of
B-TCPBP-EGF, protein-tethered, 3-D
TheriLok scaffolds and 2-D B-TCP cover-
slips using human and canine progenitor
cells. These assessments demonstrated
no evidence of toxicity associated with
exposure to B-TCPBP-EGF protein.

¢ Developed crucial assays for the in vitro
analysis of TheriLok |-B-TCP crosses with
and without B-TCPBP-EGF.

e Developed (in collaboration with MIT)
a new method to fabricate 2-D B-TCP
surfaces to provide a model system to

quantify CTP-O colony performance using
a colony-forming unit assay.

e Developed new imaging methods for
the quantification of CTP-O response
on TheriLok scaffolds and 2-D B-TCP
coverslips.

Product 2: Oxygen Delivery
System

Researchers at the Cleveland Clinic:

e Demonstrated that oxygen consump-
tion in human osteogenic human CTP-O
cells decreased as oxygen concentration
declines.

e Showed that oil-in-water emulsion tech-
niques for SPC encapsulation were
insufficient as a fabrication strategy.

e Demonstrated methods enabling sustained
oxygen delivery for more than 96 hours in
a formed scaffold.

* Exploring methods for increasing the
oxygen-carrying capacity of SPC micropar-
ticles by further limiting burst release.

Conclusions

Product 1: Tethered EGF Delivery
System

EGF is a bioactive molecule that has been
shown to increase proliferation of bone-
forming progenitor cells in vitro and likely in
vivo when tethered to the surface of a bio-
material. EGF was chosen for tethering and
MSD fabrication because it is a key effector
in bone development and regeneration. EGF
has been shown to be a potent mitogen for
osteoblastic progenitors and is both neces-
sary and sufficient to induce colony growth.
The EGF receptor is expressed by virtually
every cell type involved in bone and nerve
regeneration, including angiogenic cells.
EGF signaling also has potentially important
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antiapoptotic (pro-survival) effects on cells
under stress. EGF tethered to commercially
available B-TCP-containing scaffolds (available
from many different commercial sources) is
expected to improve healing in a large bone
defect. Methods for presenting EGF on the
surface of any scaffold containing B-TCP have
been established by creating a fusion protein
combining a B-TCP binding protein and EGF
in one molecule. A new protein construct
has recently been generated with a structure
that will simplify manufacturing and regula-
tory review. In an effort to define the effect
of coil sequence on B-TCP binding affinity

to obtain optimal binding, MIT produced the
original MBP-B-TCPBP-C1-EGF and three
versions of the clinically relevant binding
proteins (along with controls lacking the EGF
domain): (1) CR MBP-B-TCPBP-C1-EGF,

(2) CR MBP-B-TCPBP-C2-EGF, and (3) CR
MBP-B-TCPBP-HS-EGF. The high binding
affinity of the fusion protein with the C1 coil
made it the clear choice for the clinic. The
new 3-D cell quantification assays will allow
MIT to quantify proliferation of hMSCs on
B-TCPBP-EGF-tethered scaffolds over almost
three orders of magnitude and determine cell
distributions.

Product 2: Oxygen Delivery
System

A benchmark for sufficient oxygen delivery
was established by quantifying CTP-O oxy-
gen consumption as a function of oxygen
concentration. Oil-in-water methods for oxy-
gen-generating microparticles were shown
to be an insufficient fabrication strategy for
delivering effective amounts of oxygen to
CTP-Os. Methods enabling sustained oxygen
delivery for more than 96 hours in a formed
scaffold have been demonstrated, which can
be further advanced by additional increases
in long-term oxygen-carrying capacity that
further limit burst release.

Research Plans for the Next

2 Years

Product 1: Tethered EGF Delivery
System

MIT will continue to support Cleveland Clinic
in vitro studies of SR and proliferation of
CTP-Os on B-TCPBP-EGF-tethered B-TCP
crosses. Ongoing work will reverify the bio-
activity of this construct and test the efficacy
of B-TCPBP-EGF protein in vitro based on
effects on SR of osteogenic progenitors,
survival, and proliferation of CTP-Os under
hypoxic conditions (0.1% O2). The overall
goal of year 4 in vitro and in vivo studies is

to progress the tEGF technology from TRL

2 to TRL 4. Satisfactory performance in the
biologically relevant CFMD model in year 4
will position this technology for further test-
ing in a more rigorous, clinically relevant long
bone defect model. If TRL 4 is achieved and
sufficient funding is provided in year 5, future
work would focus on the refinement of GMP
manufacturing and FDA compliance of the
tEGF delivery system. This path would enable
consideration for an Investigational Device
Exemption (IDE) for Phase 1 clinical assess-
ment near the end of year b.

Product 2: Oxygen Delivery
System

This project will not be pursued further under
RCCC in year 4 in part because a more
advanced oxygen delivery system is being
developed elsewhere.

Planned Clinical Transitions

The technology transfer office of MIT is
actively engaged in commercialization efforts
around MSD strategies. Researchers at MIT
have filed an invention disclosure and for
patent protection related to the presentation
of tethered biomolecules and the B-TCPBP.
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Researchers at MIT and the Cleveland Clinic
recognize that proof of efficacy in an in vivo
setting is considered to be a critical step in
establishing a commercial value proposition
for a potential partner and have made plans
to advance into in vivo studies. A regulatory
pathway that includes a PME process must
be expected in this product class. Therefore,
MIT and the Cleveland Clinic have scheduled
a pre-IND meeting with a representative of
the FDA.

Corrections/Changes Planned
for Year 4

Project 4.2.3 has closely followed the initial
plan in rapidly screening potential ligands

and tethering strategies related to MSD.

Il: Limb and Digit Salvage
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The development of the B-TCPBP and the
opportunity to deliver tEGF using this ver-
satile platform is a significant advancement
over comb polymer methods described in
the initial proposal. Systems of metrics for in
vitro performance have been established to
demonstrate biological feasibility and bioac-
tivity. B-TCPBP-EGF offers a robust method
of MSD of B-TCP-containing scaffolds with
characteristics that afford cellular protection,
enhanced proliferation, and preservation of
osteogenic potential. This effect is expected
to have valuable clinical implications, increas-
ing the survival and performance of local
and transplanted progenitor populations and
improving the magnitude, rate, and reliability
of bone regeneration in the compromised
wound environment as a result.

¥
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Advancing Bone Repair Using Molecular
Surface Design (MSD): Biodegradable
Scaffolds with Tethered Osteoinductive
Biomolecules

Project 4.2.3b, RCCC Introduction

Team Leader(s): Jared Bushman, PhD (Rutgers Significant injuries to bone occur on a large

University) scale in military and civilian populations. It is
Project Team Members: Sven Sommerfeld and estimated that 60% to 90% of all traumatic
Richard Farias (Rutgers University) injuries sustained in armed conflicts involve

significant injury to extremities. A large sub-

Collaborator(s): None A
set of these injuries involves bone fractures,

Therapy: Advancing regeneration of bone in large some of which are accompanied by loss of
bone defects. surrounding soft tissue. Estimates of injuries
Deliverable(s): Improve control over the cell and in the civilian population vary, but hundreds
tissue response to an implant material by tethering of thousands of procedures are performed
osteoinductive biomolecules to the scaffold surface. each year to address significant defects in the
TRL Progress: 2009, TRL 2; 2010, TRL 2; 2011, TRL3; bones of extremities. Many of these injuries
Target, TRL4 can be treated with conventional methods

: o whereas some are too severe and face poor
K_ey Accomplishments: The researchers n_10d|f|e_d a prospects for recovery. The current meth-
biodegradable polymer so that large ostecinductive ods in bone repair and reqeneration for large
biomolecules can be efficiently tethered to the ) P . 9 ) 9
polymer surface. They confirmed that this polymer defects mvolve using 'mate”als that have not
could be fabricated into a scaffold material and that been designed specifically for large defects.
proteins could be efficiently tethered in a complex Despite some success, the failure of these

3-D scaffold. They also modified an osteoinductive
protein for tethering, purified the modified protein,
and showed equivalent activity.

materials is commonplace. The lack of prod-
ucts specifically designed for these injuries
is likely a reflection on the complexity of the
Key Words: Bone, scaffold, tether, bone injuries (i.e., common loss of surrounding soft
LG EHIB O 2 U ST e tissue) as well as the necessity to include
protein 7, platelet-derived growth factor . .

biological factors to regenerate large defects,
which in turn increase the regulatory burden.

RCCC is seeking to develop therapies to
treat injured warriors whose care requires
the regeneration of bone in large defects
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(5—20 cm). Projects 4.2.3a and 4.2.3b spe-
cifically seek to enhance the performance

of implanted scaffolds used for bone repair
by improving control over the cell and tissue
response to an implant material using MSD in
which specific bioactive ligands (i.e., recom-
binant osteoinductive proteins and small
peptides) are tethered on a scaffold surface.
These efforts are described in both this and
the prior report.

Tethering of such biomolecules via MSD to
scaffold surfaces has the potential to greatly
reduce the quantity of the biomolecules
required to achieve the desired biological
response. This would in turn reduce the
necessary amount of these factors, such

as rhBMP-2, rhBMP-7, or rhPDGF-BB, and
thereby decrease the cost and increase utili-
zation of the device. Tethering, as opposed to
adsorption or mixing, prevents biomolecules
from being wasted by diffusing out of the
injury site, reducing the potential for ectopic
bone formation that can occur when osteoin-
ductive proteins diffuse away from the target
area. Tightly tethered biomolecules would
also be less susceptible to receptor-mediated
endocytosis, which would prolong the time
for which they remain active in the injury site.

There has been much effort to develop a
device with tethered biomolecules, yet no
predicate devices exist. This is likely due to a
combination of the following issues: (1) inef-
ficiency of the tethering reaction; (2) slow
speed of tethering reactions; (3) high cost of
GMP biomolecules, particularly recombinant
proteins; (4) reduced potency of tethered
biomolecules; (5) difficulty tethering biomol-
ecules throughout complex 3-D scaffolds;
and (6) inflexibility of the tethering platform to
easily adapt to a variety of biomolecules and
scaffold devices. While some of these issues,
such as cost of GMP proteins, are unavoid-
able, many of the remaining issues must be

addressed to field a viable device with teth-
ered biomolecules.

The Rutgers University group is developing

a system that overcomes many of the previ-
ously described deficiencies of biomolecule
tethering. This approach modifies TyrPCs to
enable the tethering of bioactive molecules
to complex 3-D scaffolds. The major advan-
tages of the tethering mechanism developed
at Rutgers University are (1) protein tethering
is specific; (2) complete tethering is rapid and
occurs in just minutes; (3) tethering is effi-
cient, minimizing any waste to biomolecules;
(4) the tethering bond is extremely strong;
and (5) there is tremendous versatility as any
biomolecule (or combination of biomolecules)
can be tethered nearly regardless of its indi-
vidual chemistry.

Summary of Research Completed
in Years 1and 2

At the conclusion of year 2, the Rutgers
University group had found that TyrPCs could
be successfully modified to facilitate protein
tethering and that films synthesized with
these polymers bound elevated levels of a
fluorescent model protein as compared to
unmodified TyrPC.

Research Progress - Year 3

During the past year, the Rutgers University
group began an analysis of the TyrPC polymer
properties to assess for any changes rela-
tive to the unmodified polymer. Analysis of
the modified TyrPC found that it was similar
to that of the unmodified TyrPC. The glass
transition temperature and water contact
angles of modified TyrPC were all very close
to the values obtained for unmodified TyrPC.
The modification to TyrPC also did not disrupt
the favorable cell attachment characteristics
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of the unmodified TyrPC with an equivalent
proportion of primary hMSCs attaching to the
modified TyrPC.

In Projects 4.2.1 and 4.5.1, the researchers
have shown that TyrPC scaffolds are very
effective at regenerating critical-size bone
defects. To test whether the TyrPC modified
to facilitate protein tethering could be fabri-
cated into similar scaffolds, porogen leaching
was used to fabricate 15 mm x 2 mm scaf-
folds that were subsequently sterilized by
exposure to ethylene oxide. Measurements
of polymer molecular weight found that the
fabrication and sterilization processes simi-
larly affected the modified and unmodified
TyrPC polymers. The processes of fabrica-
tion and sterilization are known to decrease
polymer molecular weight, and the decreases
in molecular weight noted for the modified
TyrPC fell within an acceptable range of less
than 10%. Measurements of the dry and wet
moduli also support that sterilized scaffolds
fabricated from modified TyrPC are equal to

Modified TyrPC Un_modiﬁed TyrPC

unmodified TyrPC scaffolds in their potential
to handle compression stress, a key charac-
teristic for devices intended to regenerate
bone. Together, these data strongly indicate
that the scaffolds fabricated from modified
TyrPC will perform at the same high level as
those fabricated from unmodified TyrPC.

Sterilized scaffolds fabricated from modified
TyrPC were next evaluated by SEM to ana-
lyze the scaffold microstructure. Control scaf-
folds from unmodified TyrPC have both mac-
ropores and micropores that are important for
infiltration of bone-forming cells. SEM images
from unmodified TyrPC and modified TyrPC
showed that they had similar architectures
(Figure 1I-1). In the scaffolds made from

the modified TyrPC, structure was retained
for both macropores (approximately 300 um
diameter) and micropores (approximately

10 um diameter). These structural features
are thought to be integral for the thorough
infiltration of bone progenitor cells throughout
the scaffolds.

Micropores
.

AN e

Figure II-1. SEM images of scaffolds fabricated from unmodified TyrPC and TyrPC modified to enable protein tethering. Scale
bars on macropore images represent 100 ym, and micropore scale represents 10 pm.
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Although beneficial for cell infiltration, the
tortuous nature of porous scaffolds can

be a significant hurdle for tethering pro-
teins throughout such complex 3-D scaf-
folds. Using a simple syringe flow system,
the researchers tested the ability to tether
proteins in TyrPC scaffolds and found that
uniform tethering could be achieved on the
modified TyrPC scaffolds in only 30 minutes.
A fluorescently labeled model protein was
used in these experiments that would have
the same binding propensity as rhBMP-2,
rhBMP-7, or rhPDGF-BB to tether to the
scaffold. Fluorescent confocal microscopy
was used to determine the ability of the
model protein to tether to the scaffold sur-
face. The gain, offset, and exposure time
were kept constant between modified TyrPC
and unmodified TyrPC for each compara-
tive image. A strong fluorescent signal was

Tethered Protein

present from the tethered protein in all areas
of the modified TyrPC scaffolds (Figure 11-2)
but not on the unmodified TyrPC scaffolds.
Some macropores from unmodified TyrPC
scaffolds showed little to no fluorescent
protein whereas all macropores in modified
TyrPC scaffolds were brightly fluorescent.
These data show that tethering of the model
fluorescent protein to the modified TyrPC
occurs quickly and is thoroughly distributed
throughout complex 3-D scaffolds. When this
model protein was placed in a nontethering
scaffold, it adsorbed nonspecifically to the
scaffold surface but was not able to do so

in a uniform manner. Additional experiments
indicated that the tethering process devel-
oped at Rutgers University is also extremely
efficient where nearly 100% of protein that is
placed onto the modified TyrPC will specifi-
cally tether to the surface.

Unmodified TyrPC >

Modified TyrPC

Figure 11-2. High-affinity protein tethering versus nonspecific adsorption of a fluorescently labeled model protein in TyrPC
scaffolds. (A) Fluorescent protein abundance and distribution after adsorption to unmodified TyrPC scaffolds and tethering
to modified TyrPC scaffolds. (B) Images of a fluorescent model protein tethered to a modified TyrPC 3-D scaffold. Scale bar
equals 300 pm with the exception of 75 pm for lower image on panel B.
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Key Research Accomplishments

e Chemically modified TyrPCs to display a
tethering moiety and found that the chemi-
cal modification did not alter the favorable
polymer characteristics and fabrication
potential.

e Determined that biomolecules can be teth-
ered throughout complex 3-D scaffolds in
a highly efficient manner.

¢ |[nitiated animal studies to test the efficacy
of tethered osteoinductive proteins in
critical-size bone defects.

Conclusions

The Rutgers University group has shown that
TyrPCs can be chemically modified to enable
osteoinductive biomolecules, such as rhBMP-
2, thBMP-7, or rhPDGF-BB, to be tethered

to the polymer surface. The ability to tether
osteoinductive biomolecules to the surface

is expected to (1) increase the duration for
which the biomolecules remain active to
induce bone, (2) lower the dose of the costly
biomolecules necessary to regenerate bone,
and (3) control the localization of the osteo-
inductive biomolecules thereby minimizing
waste and lowering the potential for ectopic
bone formation. This technology is aimed at
developing bone regeneration scaffolds that
display osteoinductive biomolecules to allow
for regeneration of large bone defects.

Research Plans for the Next
2 Years

In years 4 and 5, studies conducted by the
Rutgers University group will increasingly
move toward in vivo evaluations of safety
and efficacy. Experiments will be conducted
to determine the necessary amount of the

osteoinductive biomolecules to regenerate
critical-size defects in bone. These same in
vivo experiments will also provide informa-
tion as to the overall safety of the devices
from the perspective of localized and humoral
immune responses. Steps will be taken to
address any concerns for the safety of the
device.

It is also anticipated that the protein-tethering
strategy with TyrPC could be used to act as a
scaffold for tissue interfaces. In these scaf-
folds, multiple inductive factors could be teth-
ered to a single scaffold in a spatially discreet
manner. Infiltrating cells would be induced

to become separate tissue types with an
overlapping interface. The Rutgers University
group will investigate this potential for creat-
ing bone-cartilage interfaces as are necessary
to regenerate segments of missing joints and
in damaged spinal cord.

Planned Clinical Transitions

Safety and efficacy studies conducted in year
4 will be instrumental in securing industrial
partners. Several promising discussions have
taken place with interested potential industrial
partners, but commitment of commercial-
ization interactions will likely be contingent
upon the results of the in vivo studies to

be conducted in the first months of year 4.
Successful completion of these studies will
prompt planning of GMP manufacturing and
discussions with the FDA.
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Progress Reports: Soft Tissue Repair and Regeneration (excluding nerve)

Oxygen-Generating Biomaterials for Large

Tissue Salvage

Project 4.4.6, WFPC:

Team Leader(s): Benjamin Harrison, PhD (Wake
Forest University)

Project Team Members: Catherine Ward, BS,
Sirinrath Sirvinsoot, PhD, and Zachary Haulsee, MS
(Wake Forest University)

Collaborator(s): George Christ, PhD, James Yoo, MD,
PhD, and Shay Soker (Wake Forest University)

Therapy: Supply temporary oxygen to hypoxic tissue.

Deliverable(s): Injectable oxygen-generating
materials for tissue salvage.

TRL Progress: Start of Program, TRL2; End Year 1,
TRL2; End Year 2, TRL 3; End Year 3, TRL 3

Key Accomplishments: The researchers have
created a controllable, injectable, oxygen-generating
biomaterial. They tested the oxygen-generating
biomaterial for sustained release of oxygen in vitro
and feasibility of injection in vivo. The research

team demonstrated that the oxygen-generating
biomaterial can improve the functional response of
hypoxic skeletal muscle tissue in vitro.

Key Words: Oxygen, tissue engineering, tissue
salvage, hypoxia, ischemia

Introduction

Replacement or restoration of tissue loss
caused by traumatic injury, congenital
defects, tumor removal, or severe burns is

a challenge. For example, current treatment
for reconstruction of volumetric muscle loss
(VML) is associated with donor site morbid-
ity and limited functional restoration. Tissue
engineering and regenerative medicine offer
the possibility of generating functional tissue
for patients.

However, there are some significant chal-
lenges for generating large volumetric
tissues. Metabolically active cells can only
survive up to a few hundred micrometers
away from a blood supply because of oxygen
diffusion limitations. In newly formed engi-
neered tissue, this supply is not present in
the early stages and the avascular engineered
tissue quickly becomes hypoxic internally.
Researchers have used biological approaches
to promote angiogenesis and while such
approaches are able to stimulate host tissue
responses associated with neovasculariza-
tion, the extended time needed to establish
the vascular network may be inadequate.

Preparing an injectable oxygen-generating
material would allow delivery of oxygen in
controlled amounts to engineered tissue
scaffolds or pre-existing tissue. The ability
to control the amount of oxygen delivered is
important because different cell types can
have different biological oxygen demands,
and different oxygen tensions can trigger dif-
ferent biological effects in cells.
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POGs are particles that have the ability to
release oxygen when placed in agueous envi-
ronments such as in culture or in the body.
These materials have previously been shown
to aid in providing oxygen in an ischemic skin
flap model in mice and in 3-D cell culture. The
researchers strive to determine if POGs could
provide a supplemental source of oxygen for
cells and tissue experiencing a hypoxic envi-
ronment similar to that seen in avascularized
skeletal muscle constructs or in damaged
skeletal muscle ultimately maintaining viability
of the cells during the time it takes for a vas-
cular network to be established or repaired.

The aims of the project include characterizing
the novel biomaterial both in vitro and in vivo
for optimal characteristics for tissue salvage
and regeneration to establish its utility as

an enabling technology providing oxygen in
several situations.

POGs may overcome one of the major
limitations in muscle salvage and tissue
engineering by acting as a supplemental oxy-
gen source in several regenerative models.
Therefore, the goal is to provide oxygen at a
therapeutic concentration and not necessarily
to replicate standard cell culture conditions.
The materials used are based on encapsu-
lated solid peroxides that decompose upon
contact with water to oxygen, water, and
other biocompatible byproducts. Examples
of the chemical equations governing oxygen
generation are as follows:

4Na,CO,*6H,0, — 8Na* + 4HCO, + 30, +
2H,0 + 40H-

Summary of Research Completed
in Years 1and 2

During the first year of the study, the
researchers produced an injectable solution
capable of in situ oxygen generation. They

demonstrated that oxygen production can be
sustained for up to 3 days. They also deter-
mined that the injectable oxygen-generating
material is nontoxic to cells. During the
second year of the project, the research-

ers began to use the technology developed
during year 1 to establish collaborations with
other AFIRM investigators and use the POG
technology in relevant in vivo models.

Research Progress - Year 3

During the past year, the researchers focused
on better defining the “product” that the
oxygen-generating technology would be most
applicable to the AFIRM. They have focused
on applying this technology for skeletal
muscle salvage and regeneration, specifically,
the treatment of ischemic skeletal muscle.
This task was accomplished by analyzing the
ability of injectable POGs to aid in diminish-
ing damage to skeletal muscle in a hindlimb
ischemia model and, in addition, by analyzing
the ability of 3-D POG constructs to provide
a supplemental source of oxygen in a VML
injury model.

The researchers first gained experience in a
model system where skeletal muscle func-
tion can be evaluated. Extensor digitorum
longus (EDL) muscles were removed from a
rat model and assigned to treatment groups:
no treatment, needle injection, saline injec-
tion, and POG injection. Muscles were
mounted to a transducer between two elec-
trodes for electrical field stimulation. Muscles
were stimulated in a normoxic environment
followed by stimulation in a hypoxic environ-
ment after some time. An important change
in the methodology compared to typical
muscle experiments of this type was the
perfusion of the organ bath with nitrogen.
Typically, oxygen is bubbled into the system
to maximize the longevity of the muscle
function. However, since oxygen generation
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Progress Reports: Soft Tissue Repair and Regeneration (excluding nerve)

Maximal Force Retained During In
Vitro Hypoxic Injury Protocol with
POG Treatments
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Figure lI-3. Functional assessment of treatment

groups. POG-injected muscles were able to maintain
approximately 83% of function in a hypoxic environment.
Future concentrations for POGs in skeletal muscle are
based on these values.

Figure 11-4. In vivo servomotor with foot pedal, illustrating
stimulus through electrodes positioned around nerve.
Contraction of hindlimb muscles (anterior crural
compartment) is measured as torque.

is the goal of the POG approach, this exter-
nal source of oxygen had to be eliminated.
Percentage of force retained by the muscle
was then calculated. POG concentrations
were calculated based on POG required for
skeletal muscle in the hypoxic environment
as shown in Figure 1I-3.

Hindlimb Ischemia Model with
Injection of POGs

In collaboration with the Soker group (Project
4.3.1, Compartment Syndrome Program), the
researchers began to use a model of induced
ischemia in the hindlimb of a rat using an
inflated cuff applied for 3 hours. After the
application of pressure by the cuff, treatment
groups included saline injections and POG
injections into the injured leg. Fourteen days
post-injury, both in vivo and in vitro functional
assessments were performed. Functional
recovery was observed in EDL muscles
tested in vitro.

In vitro muscle function was analyzed

using an organ bath system. Muscles were
mounted onto a force transducer between
two electrodes. Electrical field stimulation
was performed to measure force based on
increasing frequencies. To eliminate potential
handling complications of removing muscles
for in vitro testing, in vivo assessments leav-
ing the muscle in place were also performed.
In vivo functional assessments were taken
using a customized servomotor (Aurora
Scientific) with a foot pedal (Figure 1I-4).
Electrodes were placed in the limb, surround-
ing the common peroneal nerve, for muscle
contraction. The results of the effects of POG
on this compartment syndrome model 14
days after injury are shown in Figure II-5 and
Figure II-6.

The results did not show a significant dif-
ference between control and POG tested
groups. A potential reason for the lack of dif-
ference may be due to experimental design.
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It was observed by the Soker group in control
tests that improvement in muscle function
(i.e., less damage due to the pressure caused
by compartment syndrome) occurred when a
syringe needle penetrated the muscle during
the application of pressure. It is theorized that
the needle puncturing the muscle tissue may
be performing a similar function to a fasci-
otomy by allowing the compartment pressure
to be relieved.

In the future, improvement of the experimen-
tal design will be necessary to determine if
POGs can have a significant effect in this
model. In addition, a more extensive study
will require a higher sample size to determine
statistical effect. Finally, a supplemental study
is ongoing in which an ischemic injury is cre-
ated by occluding the femoral artery rather
than by inflating a cuff around the entire limb.
This study will allow for a more controlled
injury to specific tissue and reduce swelling,
which may have altered the results seen in
the previous studies.

VML Injury with Tibialis Anterior

Muscle Defect

Besides compartment syndrome, VML repre-
sents another significant muscle injury. In col-
laboration with the Christ group (Project 4.1.6,
Burn Repair Program), POG-containing scaf-
folds were created for implantation in a tibialis
anterior (TA) VML model. Scaffolds were
composed of fibrin gels with specific concen-
trations of POG for muscle cell viability.

The researchers created 3-D POG—fibrin
scaffolds to determine the ability of POGs
to maintain viability in a large construct that
would be used for implantation in a VML
injury. Based on prior experience, a POG
concentration was chosen that would be
compatible with cells. One cubic centimeter
scaffolds were seeded with C2C12 cells and
cultured under standard cell culture condi-
tions. At days 3, 7, and 14, scaffolds were

Isometric Force (relative to baseline)
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of EDL Muscles 14 Days Post-Injury
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Figure 1I-5. Functional assessment of EDL muscles from
injured hindlimb with a nonlinear fit curve. Electric field
stimulation was performed with increasing frequencies.
Control (or noninjured) muscles showed a characteristic
force—frequency curve for EDL muscle. POG-treated
muscles had slightly higher forces, and saline-treated
muscles had slightly lower forces.

In Vivo and In Vitro
Relative Isometric Force

14 Days Post-Injury
B3 Saline Treatment
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Figure 11-6. Relative functional assessments for in vivo
and in vitro analysis compared to baseline or control
measurements. Both groups performed similarly in vivo
when hindlimb was stimulated. With in vitro analysis,
POG-treated muscles exhibited a greater relative
isometric force when compared to control muscles.
Anincreased sample size (currently n = 3) is needed to
determine if the aforementioned trend is statistically
significant.

II: Limb and Digit Salvage



II: Limb and Digit Salvage

Progress Reports: Soft Tissue Repair and Regeneration (excluding nerve)

POG Fibrin Constructs:
Seeded with 1 million
C2C12 cells

Control Fibrin Constructs:
Seeded with 1 million
C2C12 cells

14 Days

Figure II-7. Proliferating cell nuclear antigen staining of
fibrin constructs illustrating live and proliferating cells.
Control fibrin constructs had no proliferating cells at 3, 7,
and 14 days in culture. POG—fibrin constructs exhibited
proliferation throughout the 14-day study, which is within
the time period it would take for this constructto be
vascularized.

sectioned and stained for proliferating cell
nuclear antigen to determine cell viability
(Figure 11-7). Muscle cell viability was evident
in constructs that contained POGs, suggest-
ing that these scaffolds may support cell
growth and allow for native tissue infiltration
as vasculature begins to support the area.

Current work is now focused on using the
POG-containing scaffolds in an in vivo model.
This will involve creating a VML injury model
(Figure 11-8) by making a defect in the TA of
a rat. POG scaffolds will then be implanted as
a supplement to current tissue-engineering
strategies once the model is established and
quantified.

Key Research Accomplishments

Demonstrated that the injectable oxygen-
generating biomaterial can improve the
functional response of hypoxic skeletal
muscle tissue.

Determined in vivo models for evaluating
POGs for treatment of skeletal muscle
damage.

Created 3-D POG-fibrin scaffolds for
implantation in a TA VML injury model,
seeded the scaffolds with cells, and deter-
mined that these scaffolds support cell
growth for at least 2 weeks post-seeding.

Conclusions

This project has focused on developing a
chemically based oxygen delivery system. As
this technology matures during year 4, the
laboratory has increasingly become focused
on testing the feasibility of delivering oxy-
gen to assist in skeletal muscle salvage or
regeneration. The results suggest that such
materials may aid in engineering large tis-
sue constructs that address the challenges
imposed by the limits of oxygen diffusion.

AFIRM Annual Report 2011



Figure 11-8. Digital images of a TA VML injury in a rat. (A) Isolation of the TA. (B) Creation of muscle injury using
a scalpel to remove a specified amount of tissue. (C) Injury site of TA. Scaffolds are formed to fit into the muscle
defect, sutured to tissue, and the wound site is closed. Functional assessments are taken weekly to determine the

recovery of injured muscle.

Research Plans for the Next
2 Years

During the next 2 years, animal studies will
be initiated to evaluate the efficacy of the
biomaterial. The technology will be tested in
systems were hypoxia may cause detrimental
effects and POGs may be beneficial. During
year 4, the POG technology will be tested in
different systems to determine which areas
would most benefit from this approach.
Because composite tissues are composed of
multiple cell types, several tissues systems
will be analyzed including skeletal muscle,
bone, nerve, and skin. Optimization of the

most promising tissue systems benefiting
from the technology will continue in later
years along with identifying the best possible
clinical application.

Planned Clinical Transitions

While no immediate human clinical trials are
currently slated under this AFIRM project,
options are being explored including multiple
pathways to incorporate into other AFIRM
research as well as to leverage other funds to
accelerate the time to clinic. It is anticipated
that a clinical trial will be ready within the next
few years.
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Isolation and Expansion of Native Vascular
Networks for Organ-Level Tissue Engineering

Project 4.5.8, WFPC

Team Leader(s): Geoffrey C. Gurtner, MD (Stanford
University)

Project Team Members: Michael T. Longaker, MD,
MBA (Stanford University) and Robert S. Langer, ScD
(MIT)

Collaborator(s): None
Therapy: Vascularized tissue engineering.

Deliverable(s): Hydrogel-encased vascularized
networks for organ-level engineering.

TRL Progress: Start of Program, TRL 1; End Year 1,
TRL2

Key Accomplishments: The researchers have
initiated experiments to isolate the vascular network
of rat superficial inferior epigastric artery flaps
using detergents and enzymes. They have begun
experiments aimed at defining the native matrix
surrounding the explanted vessels and plan to test
various decellularization strategies.

Key Words: Vascular engineering, hydrogel,
bioreactor

Introduction

Injured or missing extremities, failing organs,
and significant burn injuries continue to place
a huge burden on wounded soldiers and
society. Tissue engineering holds the promise
of creating replacement limbs and organs out-
side of the human body. However, two major
obstacles have hindered the development

of techniques to fabricate limbs and organs:
(1) the inability to adequately vascularize tis-
sue constructs in vitro and (2) the inability to
reintegrate these tissues into the systemic
circulation. Many tissue engineering strate-
gies start with cells implanted onto matrices
and then attempt to induce the formation of
a de novo vascular system. This approach
has proven difficult because the complexities
of in vivo neovascularization are difficult to
recapitulate ex vivo. In contrast, the Gurtner
team has developed novel strategies that
utilize preformed native circulatory networks
that can be supported ex vivo during organ
fabrication, differentiated using progenitor
cell-based technigues, and then readily inte-
grated into the systemic circulation.

The researchers hypothesize that a native
circulatory bed can be isolated and expanded
ex vivo using progenitor cell- and small-
molecule-based modalities to create a
fundamental vascular unit from which to
bioengineer limbs and organs. Their prelimi-
nary work has demonstrated the feasibility
of sustaining EMBs ex vivo for up to 7 days.
They have successfully transduced EMBs
with nonviral vectors and demonstrated
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post-reimplantation expression of therapeu-
tic peptides. In addition, they have seeded
EMBs with progenitor cells and induced
sustained differentiation ex vivo following re-
implantation. The technology has advanced
beyond proof of principle toward a flexible,
regenerative environment based on a biore-
actor system. This innovative approach has
allowed utilization of the pre-existing vascular
system as a scaffold that can be manipulated
ex vivo and subsequently reconnected to

the circulatory system in vivo using standard
microsurgical techniques.

Summary of Research Completed
in Year 1 (funded in 2009)

During the first year of the study, the
researchers initiated experiments to isolate
the vascular network of rat superficial infe-
rior epigastric artery flaps using detergents
and enzymes. They also began experiments
to define the native matrix surrounding the
explanted vessels.

Research Progress - Year 2

The researchers are refining their technique
for the isolation and maintenance of EMBs
based on the rat superficial inferior epigastric
vessels on an ex vivo bioreactor system to
maximize preservation of the microvascular
structures. They characterized the ultrastruc-
tural features of isolated EMBs using SEM
and demonstrated that explanted vascular
networks show a very fine and dense vascu-
larization with microcirculatory connections
between the feeding artery and vein (Figure
11-9), suggesting the suitability of EMBs for
progenitor cell seeding. They established an
in vitro decellularization protocol requiring sev-
eral chemical and enzymatic digestion steps
and achieved complete decellularization of tis-
sue while preserving the matrix architecture

Figure 11-9. SEM images of explanted native vascular
networks demonstrate the finely organized microvascular
structure. After explantation and preparation of feeding
vessels, the flap was perfused with a casting agent
(Mercox). The surrounding tissue was digested leaving

a negative cast of the microvascular architecture.
Scanning microscopy images demonstrate the very fine
and highly organized microvascular structure at different
magnifications.
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Progress Reports: Soft Tissue Repair and Regeneration (excluding nerve)

Figure 11-10. In vitro decellularization of explanted
vascular networks. (A) shows a photograph of the
explanted vascular network before the decellularization

process. After a multistep decellularization (B) the tissue

becomes blanched and translucent. The intact vascular
structures can still be seen macroscopically (black

arrows). (C) and (D) show hematoxylin and eosin stainings

before and after decellularization. While a fat globule-
dense structure with cell nuclei is visible in (A), the

decellularized matrix (B) appears to be more matrix dense

and does not show any remaining cell nuclei.
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and the macroscopic vascular structure
(Figure 11-10). They then successfully seeded
decellularized rat tissue flaps with mouse
ASCs and demonstrated engraftment and
persistence of these cells for extended

time periods (Figure 1I-11). The researchers
were also able to improve EMB oxygenation
through continuous perfusion with an oxygen
carrier protein (Figure 11-12).

Key Research Accomplishments

Isolated native vascular networks in rats
using microsurgical techniques.

Characterized the microvascular structure
on an ultrastructural level.

Established an in vitro decellularization
protocol that preserves the matrix and
vasculature while removing native paren-
chymal cells.

Improved EMB oxygenation through con-
tinuous perfusion with an oxygen carrier
protein.

Seeded processed rat tissue flaps with
mouse ASCs with engraftment and persis-
tence of cells for extended time periods.

I 5x10° cells
B 1x10% cells
o 2x10% cells

D1 D3 D5 D7

Figure 11-11. Bioluminescence imaging of luciferase* mouse ASCs. Rat tissue flaps were seeded with Luc* mouse ASCs at
different cell densities. Bioluminescence imaging was performed over a period of 7 days. Signal intensity increased with cell
density and was the highest in the group seeded with 5 x 10° cells. The signal declined over the course of the experiment but
was still above background levels on day 7. These data demonstrate that mouse ASCs can engraft and remain functional for
extended periods following seeding onto processed EMBs.
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Conclusions

The Stanford University group has success-
fully validated its protocol for the isolation
and maintenance of EMBs based on the rat
superficial inferior epigastric vessels on an
ex Vvivo bioreactor system. The researchers
have demonstrated that these explanted
vascular networks exhibit a microcirculatory
and macrovascular ultrastructure suitable
for progenitor cell seeding. They have devel-
oped an in vitro decellularization protocol that
achieves complete decellularization of tissue

while preserving the matrix architecture and . ) Ferusion o — HNOX (10mgimi)
the macroscopic vascular structure. They w | \ g T
have successfully seeded decellularized rat S e A

tissue flaps with mouse ASCs, and pre- g“’ '

liminary studies indicate that engrafted cells D

persist in a functional capacity for extended | b

time periods. el

Research Plans for the Next

Time (min)

2 Years Figure 11-12. Perfusion with oxygen carrier protein

i ) . improves oxygenation. After harvesting the SIEA flap, the
The Stanford University group plans to build artery and vein were surgically prepared and cannulated.
on its successful external cell seeding of Oxygen tension was recorded throughout the experiment
EMBs to develop a perfusion-based seeding using an oxygen tension device connected to a needle

protocol whereby stem cells are introduced probe inserted into the adipose tissue. A continuous
application of either the oxygen carrier protein (HNOX 1

directly through the afferent macrovascula- mg/mL, 10 mg/mL) or the control (saline) was established
ture. The researchers will further optimize using a syringe connected to the arterial cannula and a
their decellularization procedure to balance flow rate of 0.75 mL/minute over a period of 20 minutes.
the benefit of complete cell effacement with

maintenance of perfusion and optimize the

bioreactor system parameters to extend

this ex vivo perfusion period. They will seek

to integrate components of external and

perfusion-based cell seeding to maximize

engraftment and persistence of murine stem

cells. Once these procedures have been

fully optimized, they will transition to human

ASCs, first demonstrating their in vitro capac-

ity for osteogenic differentiation, and sub-

sequently seeding these cells into nude rat

EMBs for osteogenic evaluation by micro-CT.
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Development of Tissue (Peritoneum) Lined
Bioahsorbable and Fracture-Resistant Stent

Graft for Vessel Trauma

Project 4.3.2, RCCC

Team Leader(s): Timur Paul Sarac, MD (Cleveland
Clinic)

Project Team Members: Malika Satirraju, MS and
Michal Wiggins, PhD (PeriTec Biosciences)

Collaborator(s): None

Secondary Sites: Rod White, MD and Carlos
Donyare, MD (University of California, Los Angeles
Vascular Surgery); George Kopchak, MS (Lab
Biomed, University of California, Los Angeles); Peter
Gingras and Peter Mulroney (Proxy Biomedical); and
Craig Bonsignore (Nitinol Development Corporation)

Therapy: Treatment of arterial and venous trauma.

Deliverable(s): Fracture-resistant and
bioabsorbable tissue-lined stent.

TRL Progress: 2009, TRL 3; 2010, TRL 3; 2011, TRL 4;
Target, TRL 4

Key Accomplishments: The researchers have
constructed several bioabsorbable PDO fiber-based,
tissue-lined stent prototypes. They placed fracture-
resistant, nitinol-based, tissue-lined stents into
animals. All animal implants were successful after
30 days. The research team also developed a novel
catheter delivery system.

Key Words: Stent, peritoneum (tissue),
polydioxanone, mineral oil, blood vessel trauma,
delivery system, catheter

Introduction

During the past 15 years there has been a
transformation of vascular surgery toward
minimally invasive therapy. Currently, the best
minimally invasive therapy available to treat
injured blood vessels is a stent lined with

the synthetic material expanded polytetra-
fluroethylene (ePTFE). However, the long-
term success rates of these stent grafts are
suboptimal as they are highly susceptible to
infection and failure. There is no minimally
invasive stent graft specifically designed to
treat blood vessel injuries, taking into account
the particular issues related to the trauma
theater in combat and civilian populations.
This is even more important as published
reports from recent conflicts indicate that
blood vessel injuries to our troops are five
times higher than previously thought.

The purpose of this project is to develop stent
grafts specifically designed to meet these
needs. Year 3 goals were to develop a bioab-
sorbable and fracture-resistant, tissue-lined
stent graft for minimally invasive treatment

of arterial and venous trauma. The stent graft
has the requirement of being a durable, bio-
absorbable material and/or fatigue-resistant
metal structure with enough strength for the
short term to cover the injury and prevent
exsanguinations. Absorbable stent designs
are advantageous for as the stent absorbs,
the tissue heals into the arterial wall overcom-
ing long-term fatigue issues. The tissue lining
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utilized in this project (bovine peritoneum)

is known to be resistant to acute thrombo-
sis, intimal hyperplasia, and infection. The
fracture-resistant, nitinol-based stent design
may provide sufficient fatigue strength as a
stand-alone delivery system. The combina-
tion of bovine peritoneum and bioabsorbable
and/or fracture-resistant stent in this hybrid
technology is designed to allow the body to
incorporate the tissue into the vessel wall and
seal the injury immediately but also to over-
come long-term durability issues. The goals
of this project are to extend this technology
with specific development geared for long-
term durability of minimally invasive stent
grafts for blood vessel trauma.

Summary of Research Completed
in Years 1and 2

During the first 2 years of the study, the
researchers evaluated the tensile strength
of several polymers. They chose PDO as an
appropriate polymer for fabrication of a bioab-
sorbable tissue-lined stent to treat traumatic
arterial and venous injuries, with poliglecap-
rone as a second choice, and polyglactin as
a third choice. They identified a 3—-6-month
window for the degradation time line of the
polymers. They discovered that mineral oll
will serve as an effective storage emollient
for the stent graft. They developed proto-
types of two tissue-lined stent grafts and a

Figure 11-13. Fracture-resistant nitinol stent graft.

novel anhydrous solution for the storage of
bioabsorbable materials.

Research Progress - Year 3

The overall goal of this project is to have a
tissue-lined stent graft to treat arterial trauma
that lasts a lifetime. The aims for year 3 were
to design specific stents that would accommao-
date tissue and treat blood vessel injuries. The
specific aims were to design a fracture-resis-
tant, nitinol-based stent (Figure 11-13) that
would accommodate tissue and be able to

be used in animals, and a bioabsorbable PDO
stent (Figure 11-14) that would accommodate
tissue and also be used in animals. In conjunc-
tion, a minimally invasive catheter needed to
be designed to crimp the stent on the table to
be user friendly to deliver the stent.

Fracture-Resistant, Tissue-Lined
Stent

In conjunction with the Nitinol Development
Corporation, a fracture-resistant, nitinol-
based stent graft was designed specifically to
accommodate tissue. In year 2, accelerated
fatigue tests were performed, which docu-
mented that the design was successful. In
year 3, the design was extended to smaller-
length lesions (7 mm diameter and 40 mm
length), which would also be sufficient for an
animal iliac injury model. All animal implants
were successful after 30 days.

Figure 11-14. PDO bioabsorbable tissue stent graft.
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Bioabsorbable PDO Tissue-Lined

Stent

The first prototype bioabsorbable stent grafts
were designed and developed using a fiber-
based technique. Five different prototypes
were constructed by varying the fiber diam-
eter and weave pattern. Changes were made
in the design to accommodate tissue but also
to account for radial compressive force and
crimpability. It was not possible to crimp this
into an adequate 9-10F profile range to be
minimally invasive.

Delivery System

The first-generation catheter delivery system
consists of a 96-strand mesh, which allows
crimping of the stent into a cartridge, and
then screws on to a braided catheter deliv-
ery system. However, this system is time
consuming and cumbersome for a trauma
environment and commercial application.
Therefore, a second-generation catheter
system was developed. Prototypes of the
PDO system have been successful, and the
researchers are preparing for manufacturing.

Key Research Accomplishments

Manufactured fracture-resistant nitinol
stent grafts.

e Manufactured fiber-based PDO bioabsorb-
able stent graft prototypes.

e Completed a successful 30-day animal trial
for the fracture-resistant stent design.

e Developed a user-friendly, second-genera-
tion crimp and delivery system.

Conclusions

The proof of concept has been validated in
that a fracture-resistant nitinol stent graft can
specifically be designed to accommodate
tissue. This concept was successfully tested
in a 30-day animal trial. While many proto-
types of PDO stent grafts were successfully
produced, it has been more challenging to
crimp the stent into a desired smaller pro-
file. In one prototype, the fracture-resistant
stent design was translated into a polymer,
which can easily be crimped. The next stent
will be extruded using the desired polymer,
PDO, into tubes that can then be cut into the
desired fracture-resistant design. A success-
ful second-generation, user-friendly catheter
delivery system was also developed.

Research Plans for the Next
2 Years

The plan for the next 2 years is to translate
the fracture-resistant stent graft design

for nitinol into PDO-based, bioabsorbable,
tissue-lined stent grafts. The first step is to
manufacture lots of PDO, which takes several
months. Next, PDO tubes will be extruded of
appropriate dimensions that will be cut into
the fracture-resistant stent design. Following
this, the cutting of the stent with an athermal
laser will be tested. Otherwise, it may have
to be machine-tooled. Once this is complete,
the tissue will be sewed on the stents and
the radial compressive force of the stents
tested to be certain it could maintain lami-
nar blood flow. The last step before in vivo
implantation is to determine the degradation
of the stents in mineral oil as performed in
previous work. Finally, a 30-day animal trial
and histology will be completed, followed by
180-day Good Laboratory Practice studies
and histology. At this point a pre-IDE meet-
ing will be scheduled, working toward a
Humanitarian Device Exemption (HDE).
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Planned Clinical Transitions

Since this is a platform technology that is
applicable to arterial and venous occlusive
disease, dialysis access failure, and liver
transjugular intrahepatic portosystemic shunt
procedure, the entrance into the commercial
market will be hastened by using this area
for commercialization with an HDE special-
ized for trauma. This approach has worked
for predicate bovine pericardium and ePTFE-
lined balloon expandable stent grafts used
for coronary artery perforation after angio-
plasty. Currently, Peritec Biosciences has
supported the project, and continued devel-
opment efforts are expected. However, other
potential major industry partners have been
identified.

:_—{"_-.. r - '
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Corrections/Changes Planned
for Year 4

The major change during year 4 is to
specifically concentrate on the regenerative
component of this project, the bioabsorb-
able stent graft. The commercial partner will
continue to move the nitinol stent graft into

a viable product. The rationale for this is that
the bioabsorbable component is regenerative,
is the most futuristic and desired compo-
nent of the project as recommended by the
Executive Committee, and has the best long-
term potential for success in young soldiers.
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Functional Scaffold for Musculoskeletal
Repair and Delivery of Therapeutic Agents

Project 4.4.3a, RCCC

Team Leader(s): Kathleen Derwin, PhD (Cleveland
Clinic)

Project Team Members: Joseph lannotti, MD, PhD
and Sambit Sahoo, MD, PhD

Collaborator(s): Stephen F. Badylak, MD, PhD, DVM

Therapy: Scaffold for repair of large abdominal wall
defects and hernias.

Deliverable(s): A fiber-reinforced biologic scaffold
or a combination biologic plus synthetic scaffold.

TRL Progress: 2009, TRL N/A; 2010, TRL 3; 2011, TRL
3; Target, TRL5

Key Accomplishments: Inyear 3, the Derwin

group identified a candidate material for fiber
reinforcement. The researchers demonstrated

how fiber reinforcement can be used to alter the
mechanical properties of biological grafts derived
from ECM. They are currently assessing candidate
stitch designs and fibers using burst and tensile
tests while they await the arrival of new biaxial test
equipment. Their technology is being licensed to a
commercial partner.

Key Words: Extracellular matrix, abdominal wall,
hernia, allograft, xenograft

Introduction

Researchers have experienced major chal-
lenges in designing methods to repair
abdominal wall defects and hernias that result
from traumatic injuries, surgery, or chronic
diseases. Currently available synthetic and
biological grafts have demonstrated limited
success. Abdominal wall injuries sustained
during military trauma are typically large (with
massive loss of tissue) and infected, and one
of every three cases fails to heal. Abdominal
wall hernias also complicate 10% of all
abdominal surgeries in the civilian popula-
tion. While the use of synthetic meshes has
reduced the risk of recurrent hernias, these
repairs often require re-operation as a result
of infection, bowel adhesion, extrusion, and
fistulation. Significant complications can be
avoided through the use of biological grafts
for hernia repair. Dermal grafts are commonly
used in clinical practice since they possess
biomechanical properties similar to abdomi-
nal wall fascia. However, implanted dermal
grafts lose mechanical strength and integrity
over time, leading to complications such as
bulging and hernia recurrence. Hence, engi-
neered improvements to biologic grafts are
necessary to make them more suitable for
abdominal wall repair and reconstruction.

Summary of Research Completed
in Years 1and 2

During the first year of the study, the
researchers developed two new, clinically
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relevant bench tests for suture retention prop-
erties of scaffolds: the modified-ball-burst
test and the tension-with-side-constraint test.
They developed a rat subcutaneous model for
evaluating the in vivo host response, degrada-
tion, and loss of suture retention following
implantation of large (4 x 4 cm) scaffolds

and used the model in pilot studies. They
established a magnetic displacement tracking
system and a multiactuated mechanical test
system for human cadaver studies. Finally,
they developed clinically relevant surgical
methods for performing rotator cuff repair
with scaffolds on cadaver shoulders, includ-
ing a human cadaver model for testing the
extent to which augmentation with scaffolds
improves the biomechanical outcomes of
rotator cuff repairs.

During the second year of the study, the
researchers developed the design and test-
ing methods for the reinforced fascia patches
ECM-derived biological grafts. They finalized
the rat model for dorsal subcutaneous pouch
implantation. They also finalized the human
cadaver model for rotator cuff tendon repair
with and without scaffold augmentation.
Three critical feasibility studies for rotator
cuff repair are ongoing. The research team
also developed and validated a fluoroscopic
method for measuring tendon repair gap
formation.

Research Progress - Year 3

During the past year, the Derwin group dem-
onstrated that ECM-derived biological grafts
stretch significantly and irrecoverably when
loaded. The researchers showed that if the
grafts were fixed under pretension (simulat-
ing surgical implantation of graft under ten-
sion), their subsequent elongation on loading
was significantly reduced. The researchers

also demonstrated that a reverse-cutting
needle could suture thick grafts—apart from
being easy to use, it reduced graft elonga-
tion and did not predispose the graft to failure
upon repeated loading.

Using the group’s proprietary fiber-rein-
forcement technique, strips of ECM-derived
biological grafts were reinforced to signifi-
cantly reduce their elongation at physiological
loads. Fiber reinforcement also improved the
stiffness of graft patches at low loads and
increased the maximum load that could be
borne by the patches, supporting the concept
that fiber-reinforced biologic grafts could
prevent bulging and recurrence and improve
the long-term outcome of hernia repairs. The
Derwin group is now further developing the
reinforced biologic grafts to better maintain
their mechanical properties post-implantation
and provide longer-lasting mechanical support
to the repaired abdominal wall thus prevent-
ing its bulging and reherniation.

Key Research Accomplishments

e Demonstrated how fiber reinforcement
can be used to alter the mechanical prop-
erties of ECM-derived biological grafts.

Conclusions

ECM-derived biological grafts stretch sig-
nificantly with loading. Graft suturing using
a reverse-cutting needle, or graft fixation
after application of pre-tension, significantly
reduced the graft’s elongation on repeated
loading. Biological grafts could be fiber rein-
forced, using the group’s proprietary technol-
ogy, to improve their stiffness and reduce
elongation at physiological loads and also to
increase the total amount of load that the
graft could bear before failing.
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Research Plans for the Next
2 Years

In year 4, the Derwin group will focus on the
development of reinforced ECM constructs
that maintain mechanical properties post-
implantation with hopes to prevent bulging
and recurrence of the hernia. The researchers
will conduct proof-of-concept studies to opti-
mize fiber material and design of reinforced
ECM grafts for abdominal wall repair applica-
tions. The reinforced grafts will be evaluated
using both the burst/tensile and biaxial test
equipment. In year 5, the candidate graft
material(s) will be evaluated in a preclinical
large animal hernia model. In addition, the
industrial collaborator will conduct manufac-
turing, toxicity, packaging, and shelf life stud-
ies. The team expects a progression of TRL
from 3 to 5in years 4 to b.

Planned Clinical Transitions

In year 4, a clinical team will be assembled to
provide guidance for specific clinical indica-
tions and for the preclinical study that is
anticipated in year 5. As the device moves
into product development and a regulatory
path is defined, the industrial partner will initi-
ate human trials.

Corrections/Changes Planned
for Year 4

The year 3 Statement of Work had also
aimed to develop strategies to promote tis-
sue adhesion and functional integration of an
implanted graft with host tissues. This aim
has been terminated to focus only on the
primary objective: the development of a fiber-
reinforced biologic graft.
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Functional Scaffolds for Soft Tissue Repair

and Joint Preservation

Project 4.4.3b, RCCC

Team Leader(s): Charles J. Gatt, Jr., MD and Michael
G. Dunn, PhD (University of Medicine and Dentistry
of New Jersey and Rutgers University)

Project Team Members: Aaron Merriam, BS,
(University of Medicine and Dentistry of New Jersey
and Rutgers University)

Collaborator(s): Joachim Kohn, PhD and Sanjeeva
Murthy, PhD (New Jersey Center for Biomaterials
and Rutgers University)

Therapy: Regeneration of fibrocartilaginous tissue
such as the meniscus of the knee.

Deliverable(s): Animplantable scaffold composed
of biodegradable, polymer fiber-reinforced collagen
sponge for repair of knee meniscus.

TRL Progress: 2009, TRL 3; 2010, TRL 4; 2011, TRL 4;
Target, TRLS5

Key Accomplishments: The researchers continued
the development and evaluation of their second-
generation meniscus scaffold for the treatment

of moderate to severe meniscal damage. They
conducted a small animal study, which demonstrated
biocompatibility of the second-generation scaffold.
They are preparing/beginning a functional large
animal study with the second-generation scaffold.

Key Words: Meniscus, scaffold, degradable
polymeric fibers, collagen, regeneration, joint
preservation

Introduction

This project addresses a large burden to the
military and its personnel—injuries to the
musculoskeletal system, specifically, the
meniscus and cartilage of the knee joint.
Musculoskeletal injuries are the most com-
mon types of injuries seen in the military

and occur six times more than any other
injury type. A recent study on the reasons for
military medical evacuation from operations
found that the most common cause for evac-
uations was musculoskeletal and connective
tissue disorders, 24%, while combat injuries
only accounted for 14% of all evacuations.

Severe damage to the knee meniscus can
significantly impair the normal activity of a
military member. Due to limited healing capa-
bilities, meniscal injuries are often treated
with surgical resection. This treatment leads
to symptom relief but in many cases results
in the development of degenerative arthritis
of the knee. The pain associated with dam-
aged meniscal tissue as well as arthritis in
the knee can have a debilitating effect on the
ability of service men and women to perform,
inhibiting their operational capability in both
the short and long term.

The focus of this project is the development
of a tissue-engineered meniscus scaffold for
the treatment of moderate to severe meniscal
damage. The overall goal is to develop an off-
the-shelf clinical device that can be implanted
at the site of a meniscal resection and result
in knee joint preservation. The clinical role of
the device is twofold: (1) to provide symptom
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relief and rapid return of function for active
military personnel and (2) to prevent the pro-
gression to degenerative knee arthritis that
commonly requires costly total knee replace-
ment surgery later in life. Previous successful
implantations of a functional load-bearing
fibrocartilaginous structure in a sheep model
demonstrated implant survivability with good
tissue integration and biocompatibility. Based
on these findings, the Gatt/Dunn team is
advancing this material platform by creating
a second-generation meniscus scaffold with
improved geometries, mechanical strength,
and chemotactic properties.

Summary of Research Completed
in Years 1and 2

During the first year of the study, the
researchers developed a novel meniscus
scaffold consisting of high-strength, resorb-
able, tyrosine-derived polymeric fibers
arranged within a collagen matrix, which pro-
motes the synthesis of new, organized tissue
when implanted as a total meniscal replace-
ment in sheep. They completed full meniscal
scaffold implantation surgeries in sheep. Half
of the implants failed due to improper posi-
tioning of the posterior anchor attachment

of the scaffold; the researchers developed

a new surgical procedure to address this
issue. They demonstrated a new synthesis
of collagen at 8 weeks after meniscal scaf-
fold implantation, which tends to organize
along the longitudinal axis of polymer fibers.
Immune staining demonstrated the presence
of types | and Il collagen, which are major
constituents of fibrocartilage.

During the second year of the study, the
researchers designed, fabricated, and tested
a second-generation scaffold. They began

a nonfunctional small animal study with the
second-generation scaffold. The Kohn labo-
ratory obtained mechanical properties and
degradation profiles for five polycarbonates.
Significant enhancements using automated
synthesis accelerated the evaluation of wide
banks of polycarbonates for the meniscus
scaffolds.

Research Progress - Year 3

Altering the scaffold design will improve

the long-term outcome of the meniscus
replacement. This has been accomplished
by changing the collagen sponge portion of
the scaffold, altering the fiber pattern, adding
radial tie fibers, and improving the fixation
method of the scaffold.

Development of the Collagen

Matrix for the Meniscus Scaffold
The researchers evaluated several techniques
of altering the collagen sponge portion of the
meniscus scaffold. Altering the source and
concentration of the type | collagen along
with the addition of GAGs had the greatest
improvement on its compressive and visco-
elastic properties. Sponges fabricated with
bovine Achilles tendon were shown to be
mechanically superior to that used in the first-
generation scaffold (bovine dermis collagen).
The addition of GAGs to this new source of
collagen further improved the mechanics of
the sponges but only when added in small
concentrations (0.025%). Larger concentra-
tions (0.05%) did not significantly alter the
mechanics.
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Lower concentrations (0.025%) of GAGs In Vivo Nonfunctional Rabbit
increased the compressive modulus (Figure Model

11-15) and decreased the permeability (Figure
11-16) of the matrix, giving them character-
istics closer to the native meniscus. These
sponges also had significantly higher ultimate
tensile strength and toughness, when pulled
in tension to failure, compared to all other

sponge matrixes. Higher concentrations of Based on the mechanical results of the new
GAGs had little effect. collagen sponges, two new collagen matrixes

The objective of the nonfunctional rabbit
model was to observe the in vivo response
to the scaffold and determine its ability to
initiate cellular infiltration, proliferation, and
protein deposition within the construct.
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Figure 11-15. Modulus during confined compressive creep of collagen sponges. Qriginal matrix: 1% bovine
dermis collagen. All others: bovine tendon collagen with GAGs.
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Figure I1-16. Modulus during confined compressive creep of collagen sponges. Original matrix: 1% bovine
dermis collagen. All others: bovine tendon collagen with GAGs.
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were chosen for in vivo evaluation: (polymer
fiber/2% Achilles collagen/0.025% hyaluronic
acid) and (polymer fiber/2% Achilles col-
lagen/0.025% hyaluronic acid and 0.025%
chondroitin sulfate C). After implantation in
the synovial space, the rabbits were sacri-
ficed at 4 weeks (n = 5 per group, 2 groups)
or 8 weeks (n = 5 per group, 2 groups) after
surgery, and the implants were recovered for
histological evaluation.

Preliminary investigation of the implant
histology shows positive results for both new
collagen matrices tested. At 4 weeks there
was high cellular infiltration (mainly plasma
cells), collagen matrix breakdown, and periph-
eral tissue ingrowth. After 8 weeks, the
implants had become less cellular, new tis-
sue deposition had occurred throughout the
implant replacing the original collagen matrix,
and new vascularization had formed through-
out the implant. No noticeable differences
were seen between the two different GAG
treatments. The histology slides are currently
being evaluated and graded by a pathologist
at the University of Medicine and Dentistry of
New Jersey, and results are pending.

Key Research Accomplishments

e Continued to develop the second-genera-
tion meniscus scaffold.

4 Changed the fixation method to interfer-
ence screws for more rigidity.

¢ Determined that lower concentrations
of GAGs increased the compressive
modulus and decreased the perme-
ability of the collagen matrix, giving
them characteristics closer to the native
meniscus.

e Completed a nonfunctional rabbit model
study with the second-generation menis-
cus scaffold.

4 Performed all nonfunctional surgeries.

4 Recovered implants at 4- and 8-week
time points for histology.

4 Preliminary histological analysis
indicated biocompatibility of the sec-
ond-generation meniscus scaffold.

Conclusions

Overall, the researchers have shown that
their novel hybrid meniscus scaffold pro-
motes the synthesis of organized, new tissue
when implanted as a meniscal replacement.
Further optimization of the scaffold, as well
as the surgical protocol, will improve the in
vivo performance of the device and help
prevent the onset of degenerative changes of
the articular surfaces. The second-generation
meniscus replacement is currently being
implanted in a long-term sheep model. These
implants will be recovered and evaluated in
the upcoming year.

Research Plans for the Next
2 Years

The researchers are pursuing three objectives
during the next 2 years of this project:

1. Long-term total meniscus reconstruction
studies in sheep using second-generation
scaffolds reinforced with resorbable
poly(DTD-DD) fibers.

2. Long-term total meniscus reconstruction
studies in sheep using scaffolds reinforced
with resorbable fibers from the PLGA
family.

3. Short-term and long-term meniscus repair
surgeries in sheep using the scaffolds in a
partial meniscectomy or “plug” model.
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The first objective is a logical and necessary
continuation of the researchers’ previous
implantation studies, which have shown

that their novel fiber-reinforced meniscus
reconstruction scaffolds are efficacious at

2 and 4 months after implantation. These
studies are critical to determine long-term
efficacy and satisfy regulatory requirements.
The second objective is to evaluate second-
generation devices with the same design but
composed of polymers with a track record of
FDA approval. The third objective is to evalu-
ate both types of scaffolds in the "meniscus
plug” (partial meniscectomy) model with
sacrifices at 2 and 4 months post-operatively
to determine the amount and type of tissue
ingrowth and integration with surrounding
meniscal tissue.

The research plan will address potential
regulatory and commercialization hurdles

for the total meniscectomy model. Scaffold
efficacy in the plug model will be determined
because the medical device industry is also
interested in using this device to repair partial
meniscectomies.

Planned Clinical Transitions

The research team is already in discussions
and licensing negotiations with several

major orthopedic implant manufacturers that
specialize in sports medicine. The plan is to
partner with one of these large established
companies that will provide monetary support
and regulatory guidance to bring this technol-
ogy from TRL 4 through TRL 6 during approxi-
mately the next 3 years. After the preclinical
large animal efficacy studies are complete,
the industrial partner will assist in the design
and funding of clinical trials.
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Peripheral Nerve Repair for Limb and Digit

Salvage

Project 4.4.4, WFPC

Team Leader(s): Kacey Marra, PhD (University of
Pittsburgh), David Kaplan, PhD (Tufts University), and
Tom Smith, PhD (Wake Forest University)

Project Team Members: YenChih Lin, PhD, Mostafa
Ramadan, MD, Lauren Kokai, PhD, Amir Mahan Ghaznavi,
MD, Ryan Nolan, Samantha Beckowski, Danielle Minteer,
BS, Wesley Sivak, MD, PhD, and Jedidiah McAtee, BS
(University of Pittsburgh); Marie Tupaj and Alexander
Nectow (Tufts University); and Jonathan Barnwell, MD,
Zhongyu John Li, MD, PhD, Mark Van Dyke, PhD, and
Lauren Pace (Wake Forest University)

Collaborator(s): Tirrell Laboratory at University of
California, Berkeley; Harrison Laboratory at Wake Forest
Institute for Regenerative Medicine; and University

of Virginia Department of Orthopaedic Surgery (Hand
Surgery)

Therapy: Combined strategy for regeneration over long
(greater than 3 cm in human) peripheral nerve gaps.

Introduction

Approximately 1.9 million people are living
with limb loss in the United States as a result
of trauma, cancer, vascular problems, or
congenital defects. It is well known that the
presence of a copious nerve supply is a key
factor in the regenerative ability among some
amphibians following amputation. Peripheral
nerve regeneration is a critical issue as 2.8%
of trauma patients present with this type of
injury. Following trauma, incomplete nerve
regeneration and permanent demyelination
may result, leading to lifelong disability.
Several regeneration strategies are currently

Deliverable(s): Proactive biodegradable nerve guide/
conduit system for peripheral nerve regeneration.

TRL Progress: Start of Program, TRL 1; End Year 1, TRL 2;
End Year 2, TRL 3; End Year 3, TRL 3/4

Key Accomplishments: The researchers have established
methods for incorporating pores, patterned silk films,
electrospun silk fibers, growth factors, and electronics
into biodegradable custom-designed silk nerve guides.
They demonstrated that porous silk fibroin-based nerve
conduits, infused with bioactive neurotrophic factors
in a controlled manner, represent a potentially viable
conduit for Schwann cell migration and proliferation in
the regeneration of peripheral nerves. The researchers’
results to date with keratin-filled nerve guides in NHPs
have been promising, which has prompted further
evaluations in additional NHPs.

Key Words: Limb regeneration, silk fibroin, nerve guides,
drug delivery, keratin, functional electrical stimulation

being employed in this project, including bio-
physical guidance, biochemical applications,
and protein modification.

The researchers of this project are seeking

to utilize the expertise and facilities of all
three teams (Tufts University, University of
Pittsburgh, and Wake Forest University) to

(1) create a biodegradable nerve guidance
system that delivers neurotrophic growth
factors and biophysical guidance to regenerat-
ing peripheral nerves and (2) move this nerve
guidance system to the in vivo level.
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Summary of Research Completed
in Years 1and 2

During the first year of the project, the
researchers developed a novel biodegradable
conduit for nerve repair and conducted sev-
eral in vitro and in vivo studies. Specifically,
they examined nerve guides consisting

of FDA-approved materials (collagen, silk,
and polycaprolactone [PCL]) in a rat sciatic
nerve defect. Neurotrophic growth factors
(e.g., GDNF) were encapsulated in double-
walled polymer microspheres, resulting in an
extended, long-term release. These micro-
spheres were embedded in the walls of the
PCL and silk nerve guides. The researchers
began to conduct sophisticated functional
analyses on rats. Histological analysis of the
guides included axon counting and inflamma-
tory response evaluation. Preliminary results
from a rabbit study indicated that keratin-filled
collagen nerve guides could bridge a 2 cm rat
tibial defect in more than half of the animals
tested.

During the second year of the study, the
examination of polymer/growth factor guides
in a critical-size rat defect model demon-
strating enhanced nerve repair resulted in
the identification of a drug delivery strategy
to deliver bioactive neurotrophic factors for
approximately 60 days in vivo. The research-
ers also initiated NHP studies utilizing
keratin-filled nerve guides. They completed
preclinical testing of keratin biomaterials and
prepared a pre-IDE package for the FDA.

Research Progress - Year 3

The researchers are testing a variety of
nerve guides/fillers/drugs in this project
(Table 11-3).

Filler Gel Assessment
Incorporation of GDNF double-walled
microspheres into PCL nerve guides has
demonstrated an off-the-shelf product
alternative for the promotion of nerve
regeneration. The University of Pittsburgh
group received more keratin gels from the

Table II-3. Nerve guides/fillers/drugs that are being tested in this project. P = University of Pittsburgh; T = Tufts University;
W = Wake Forest Institute for Regenerative Medicine; U = University of California, Berkeley

Nerve Guide

Material Filler Drug (GDNF) Delivery Animal Model

PCL (P) Keratin gel (W) | PLGA double-walled microspheres (P) Landiia 1, 15 eln Sl roe
defect (P)

PCL(P) N/A PLGA double-walled microspheres (P) NHP, 1.0 cm median nerve defect (P)

. I . Lewis rat, 1.5 cm sciatic nerve

Silk (T) N/A Silk single-walled microspheres (T) defect (P)

PCL(P) Keratin gel (W) | PLGA double-walled microspheres (P) Lewis rat, 1.5 cm sciatic nerve
defect (P)

. . Macaca fasicularis, 1.0 cm median

PCL(P) Keratin gel (W) | PLGA double-walled microspheres (P) nerve defect (P)

02-Generating Lewis rat, 1.5 cm sciatic nerve

Biomaterials (W) N/A N/A defect (P)

Peptide . Lewis rat, 1.5 cm sciatic nerve

R ) PA gel PLGA double-walled microspheres (P) defect (P)
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Wake Forest University team. The PCL con-
duit was filled with keratin gel and examined
in a rat 15 mm sciatic nerve defect model. As
an indicator of recovery, nerve sections were
stained with S-100 and PGP9.5 antibody.
The researchers found that the PCL nerve
guides with GDNF-loaded, double-walled
microspheres filled with keratin gel repre-
sented a potentially viable guiding material
for Schwann cell and axon migration as well
as proliferation in the treatment of peripheral
nerve regeneration.

Neurotrophic Growth Factor and
Protein Incorporation into Silk
Biomaterials

Growth Factor Release Studies

During the past year, the Tufts University
group continued studies that incorporated
GDNF into silk biomaterials. Controlled GDNF
microsphere release studies were conducted
from silk in three ways: (1) GDNF micro-
spheres alone in solution, (2) GDNF micro-
spheres embedded in silk films, and (3) bulk-
loaded GDNF in silk films. GDNF release
kinetics from silk are summarized as follows:

e Group 1. Microspheres alone in solution
demonstrated a high burst release (approx-
imately 67% of GDNF was released by
day 1).

e Group 2: Microspheres embedded in
silk films exhibited a logarithmic release
profile.

e Group 3: After day 1, linear release of
GDNF was found in the bulk-loaded
growth factor group with approximately
270 pg/day being released over 14 days.

Therefore, the researchers found that GDNF
can be released in a controlled manner.
Additionally, this system allows for the con-
trolled release of multiple growth factors with
differential release profiles.
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Protein Incorporation onto Silk
Films and Neuron Response
Studies

The key challenge when developing a
neural-material interface is identifying

a neurocompatible material that can be
implanted and last long term up to the life-
time of the patient. This past year, the Tufts
University group worked on identifying a pro-
tein coating for its silk biomaterial that would
engender nerve (and glial) attachment over
the course of peripheral nerve regeneration.
The researchers deposited T mM laminin, 1
mM gelatin plus 1T mM laminin, 0.1 M poly-d-
lysine, or 1 M arginine-glycine-aspartic acid
(RGD) peptides (via adsorption or chemical
coupling) onto 8% silk films for the long-
term assessment of nerve cell attachment.
They found that silk coated with poly-d-lysine
exhibited properties for increased neuron
attachment over 12 days. The identification of
additional peptides and proteins that increase
neuron attachment has been continuing with
the coupling of neural cell adhesion molecule
to silk films.

Electric Field Device Design and

Neural Responses

Electric fields are innate and ubiquitous in
many organisms. For example, altering ion
channel expression regulates phenotype dur-
ing development in some animals, electric
currents flow out of wounds in amputated
newt and frog digits, changes in the elec-
tric properties of a tissue may be a sign of
disease, and electric signals are the basis of
communication and function in neuron and
cardiac cells.

During the past year, the Tufts University
group studied the effects on neurons
exposed to electric fields at a range of field
strengths. The researchers observed consis-
tently increased expression in mid-marker
nestin and late-marker B3-tubulin (p < 0.05,




day 6) on differentiating p19 neurons exposed
to capacitively coupled alternating current
fields for 45 minutes daily over 9 days.
Reverse transcriptase-polymerase chain
reaction (RT-PCR) assays on differentiating
neurons exposed to an inductively coupled
alternating current field for 5 hours daily

over 9 days revealed increased expression

in B3-tubulin from day 6 to day 9 (p < 0.05).
Increasing the field to 9 mT per day revealed
significantly decreased nestin and B3-tubulin
expression. Migration was consistently
observed by 6 hours of exposure to 70V, DC.

The researchers also developed methods

to incorporate electrodes onto flat and pat-
terned silk films. For fabricating patterned
electronic films (e-films), gold was deposited
using a sputter coater onto a mask and silk
film. Controllable e-film parameters included
pattern dimensions, electrode dimensions,
pattern/electrode orientation, and electrode
material. Silk films were approximately 20 um
thick.

Electrospun Silk Fibers and
Patterned Silk Films for Axon
Outgrowth and Alignment

It is well known that surface topography

may alter the interaction of cells, including
attachment, viability, or alignment, with a bio-
material substrate. The Tufts University group
has exploited surface topographies, such as
patterns and fibers, for the purpose of guiding
axon outgrowth. Fibers of 1-2 pm in diameter
were spun onto a wheel for 1 or 5 minutes
creating low- and high-density aligned fibers.
Unaligned low-density fibers and unaligned
high-density fibers (spin time 1 minute and

1 hour, respectively) were spun directly on a
mat. Patterns were designed through laser
etching “Pattern H” and “Pattern |” into the
glass. Pattern H had grooves with a width of
3.5 pm and a depth of approximately 342 nm.
Pattern | had grooves with a width of 3.5 um
and a depth of approximately 500 nm.
Neurons were seeded at 250,000 neurons/
cm?,
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Neuron axon alignment and outgrowth was
quantified for all groups. The researchers
found that aligned silk fibers supported the
greatest amount of axon outgrowth (45 um).
Pattern | revealed the greatest alignment of
61.5%, 0-10 degrees from the direction of
the groove. However, aligned electrospun
silk fibers had 90% alignment within 0-20
degrees from the direction of the fiber.

Silk Nerve Guide Development
Growth Factor-Incorporated Silk Nerve
Guide Designs

The researchers evaluated the efficacy of silk
fibroin-based nerve guides containing GDNF
in a long-gap-sized (15 mm) rat sciatic nerve
defect model. Four groups of nerve conduits
were prepared: (1) silk conduits with empty
silk microspheres, (2) silk conduits with
GDNF-loaded silk microspheres uniformly
distributed in the conduit wall, (3) silk con-
duits with GDNF-loaded silk microspheres

in a controlled fashion with the highest
GDNF concentration at the distal end, and
(4) isograft (Figure 11-17). After

6 weeks, the nerve grafts were
explanted, harvested, and fixed
for histological analysis. Empty
microspheres (without GDNF)
were evenly incorporated into silk
tubes. Microsphere guides were
constructed in two layers. For
the inside layer, silk microspheres
containing 1 ug of GDNF were
mixed with a 25% concentrated
silk solution and then rolled
around a 1.5 mm stainless steel
wire. The outside layer was gel
spun using a 25% silk solution.
SEM and confocal microscopy
images provided nerve guide
dimensions, microsphere distribu-
tion, and surface topography.

Nerve tissue stained with the
S-100 and neuroendocrine marker

PGP 9.5 antibodies demonstrated a signifi-
cantly increased density of nerve tissue in
the GDNF-treated groups compared to the
empty microsphere (control) group (p < 0.05).
GDNF-treated animals with a higher con-
centration of GDNF in the distal portion of
the conduit possessed a significantly higher
density of PGP 9.5 protein in the middle part
of the conduit compared to GDNF uniform-
treated animals (p <0.05).

Porous Silk Fibroin Nerve Guide Designs
Silk nerve guides (approximately 1.5 mm in
diameter, 10 mm or longer in length) were
constructed and then imaged for assessing
porosity. Groups included: gel spun nerve
guides composed of a 98/2 silk/polyethylene
oxide (PEQO) blend, dipped nerve guides com-
posed of a 98/2 silk/PEQ blend, dipped nerve
guides composed of a 90/10 silk/PEQO blend,
dipped nerve guides composed of a 80/20
silk/PEQO blend, and dipped nerve guides
composed of 75/25 silk/PEO.
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Figure 11-17. The design of a spatially controlled drug release systemin a
silk nerve conduit.
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Electrospun Porous Silk Fiber Nerve Guide
Designs

For electrospun silk fiber incorporation, high-
and low-density aligned electrospun silk
fibers were spun onto flat silk films. Fibers
were wrapped in a longitudinal direction
around a stainless steel post and then treated
with methanol. The outside layer was dipped
into 25% silk solution containing 90/10 silk/
PEO then methanol treated to induce b-sheet
formation. Electrospun silk fibers 1-2 umin
diameter were incorporated into silk nerve
guides.

Porous Patterned Silk Fibroin Nerve Guide
Designs

Three designs of porous patterned silk fibroin
nerve guides were constructed and then
imaged. Design 1 consisted of a 342 nm
width, 500 nm depth patterned silk film as
the inside layer with a 80/20 silk/PEO blend
as the outside layer. Design 2 consisted of a
342 nm width, 500 nm depth patterned silk
film as the inside layer with a 90/10 silk/PEO
blend as the outside layer. Design 3 consisted

of a 342 nm width, 500 nm depth patterned
silk film as the inside layer with a 80/20 silk/
PEQ blend as the outside layer.

Electronic Flat and Patterned Silk Nerve
Guides (e-guides)

External platinum wire was secured to all
e-films, for the purpose of an interface to
external power, by using silk e-gel. Silk e-gel
was formed by exposing a 25% concentrated
silk solution to a 5V DC field for 10-15 min-
utes. The electronic film was then wrapped
around a stainless steel post and methanol
treated. An outer nerve guide layer consisting
of 25% silk solution was created to increase
the mechanical integrity of the guide. To cre-
ate a porous outer layer, 7% PEO was mixed
in with the 25% silk solution. The nerve
guide was dipped into a 25% concentrated
silk solution having a 90/10 silk/PEO ratio.
Guides were left to dry overnight then soaked
in water for post removal. Guides were then
soaked for an additional 2 days for PEO
removal.
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Animal Studies
As of May 2011, there were three ongoing
animal studies at Wake Forest University.

Study 1

A NHP median nerve repair study was initi-
ated in November 2009 to evaluate long-term
functional recovery in a clinically relevant
model to obtain FDA approval for a clinical
trial. A group of four female cynomolgus
macaques underwent unilateral transection
and repair of a 1 cm median nerve defect
with a human hair keratin (HHK) hydrogel-
filled NeuraGen® nerve conduit. In September
2010, the protocol was amended to perform
bilateral median nerve repairs, and four addi-
tional animals were added to the study. This
group received an HHK hydrogel-filled conduit
and a saline-filled conduit. In February 2011,
two more animals were added to the studly.
They received bilateral saline-filled conduits
for a total of four uninjured controls, eight
HHK, and eight saline controls. The animals
underwent electrophysiology testing of the
median nerve conduction velocity (NCV) prior
to surgery and every 3 months as well as
dexterity testing of their pinch grasp with a
pegboard puzzle feeder every 6 weeks.

To date, the first four animals have been
taken off the study after a 12-month period.

NCV Group 1
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The nerves were tested by electrophysiol-
ogy and showed that the first group of HHK
hydrogel conduit-grafted median nerves had
an average NCV recovery, compared to the
contralateral, uninjured median nerve, of
76.3% (Figure 11-18). The nerves were then
harvested, and semi-thin sections were cut,
stained with 1% toluidine blue, and mounted
on slides for analysis by light microscopy.
Histomorphometric analysis for axon diam-
eter and myelin thickness showed a unimodal
distribution for the HHK nerves compared to
a bimodal distribution for native nerve con-
trols. Nerve area showed an average of 1.555
+ 0.8254 uym? (mean = s.d.) at the midpoint
of the conduit and 2.300 + 1.017 um? at the
area distal to the distal graft suture.

The abductor pollicis brevis (APB) muscles
(solely innervated by the median nerve) were
harvested and analyzed for neuromuscular
junction density and myofiber width. For neu-
romuscular junction density, 25 pm longitu-
dinal cryosections were double-labeled with
Alexa Fluor 568-conjugated alpha bungaro-
toxin and neurofilament light chain antibodies
(Figure 11-18). Bungarotoxin staining showed
that the acetylcholine receptor density was
significantly greater (p <0.01) in the control
muscles compared to the HHK group. Due

to the extremely small size of NHP hand

Figure 11-18. NCV on four monkeys (1 cm median nerve gap). The nerves were tested by electrophysiology and showed that
the first group of HHK hydrogel conduit-grafted median nerves had an average NCV recovery, compared to the contralateral,
uninjured median nerve, of 76.3% (left). Histology — The APB muscles (solely innervated by the median nerve) were harvested,
fresh frozen, and analyzed for neuromuscular junction density and myofiber width (right).
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muscles, atrophy was evaluated indirectly
by measuring the APB myofiber width using
Imaged software. Muscle analysis showed
that APB muscle fiber width was signifi-
cantly greater (p <0.001) in control muscles
although the HHK muscles had only 19.5%
atrophy after 12 months.

The second group of four animals is now at
36 weeks post-surgery. WWhen comparing
the HHK and saline groups at this time point,
the HHK group has an average percentage
recovery of the baseline median NCV of 45.5
+ 30 (n = 8) compared to 31.8 + 22.7 (n = 3)
for the saline group.

Study 2

Based on a biocompatibility study, the HHK
hydrogel inside the conduit is resorbed within
approximately 8 weeks. To assess the inter-
action of the HHK hydrogel with regenerative
and inflammatory cells at early time points
following surgery, the researchers random-
ized 30 male Sprague Dawley rats into saline
and HHK groups. Animals underwent sciatic
nerve transection and repair of a 1 cm defect
with a NeuraGen conduit. Nerves were
harvested at 3, 7, 14, 21, and 28 days, fresh
frozen, sectioned at 10 um, and analyzed by
immunohistochemistry. Results showed that
the presence of HHK in the conduit signifi-
cantly reduced the number of macrophages
at 3 days in the distal nerve stump with 329.3
+ 44.96 cells compared to the saline controls
with 452.0 £52.92 cells (n = 3 animals). This
trend persisted in the 3-day proximal tissue
although the differences were not significant.

Staining for neurofilament heavy chain (NF
200) at the 14-, 21-, and 28-day time points
allows visualization of the regenerating axons
from the proximal to the distal side of the
conduit. Axonal growth begins 14 days post-
injury for both groups but occurs more rapidly
and robustly in the HHK group. Quantification
of the NF 200 staining volume throughout

the conduit was performed in ImageJ, and
analysis showed a larger volume of regener-
ated axons at 21 and 28 days for the HHK
group although this difference was not sig-
nificant (n = 3). Cell infiltration was analyzed
with DAPI staining at 3, 7, and 14 days. The
HHK group had significantly more cells inside
the conduit lumen at 3 days following injury
with 13,429 + 3,470 cells/1 cm graft length
compared to the saline controls with 4,946 +
2,736 cells/1 cm graft length (n = 3). To bet-
ter characterize the identity of these cells and
elucidate a molecular mechanism of cellular
interaction with the HHK hydrogel leading to
enhanced nerve regeneration, additional ani-
mals will be added to the study in the sum-
mer of 2011.

Study 3

The third series of experiments examines the
natural time course of molecular and cellular
events associated with nerve regeneration fol-
lowing injury in young versus old individuals.

MCP-1 (Monocyte Chemotactic Protein 1)
Expression and Function During Wallerian
Degeneration

Wallerian degeneration occurs over the

first week following nerve injury and is
characterized by axonal breakdown, down-
regulation of myelin proteins, and Schwann
cell proliferation concomitant with infiltration
of hematogenous macrophages, both of
which play a significant role in the clearance
of myelin debris. The process concludes as
Schwann cells align to guide the regenerating
axons via bands of Blingner. Macrophages,
possessing a diversity of functions, play
important roles throughout this process.
Without the efficient phagocytosis of myelin
by macrophages, axonal regrowth is delayed.
Furthermore, macrophages have an extensive
profile of secretory molecules, including cyto-
kines, enzymes, growth factors, arachadonic
acid metabolites, and oxygen radicals.

The signaling and timing of macrophage
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recruitment and activation appear instru-
mental in the degenerative and regenerative
process.

MCP-1 is expressed primarily by Schwann
cells. MCP-1 peaks at 1 day post-injury during
Wallerian degeneration and persists at high
levels for several weeks. MCP-1 is a potent
macrophage chemotactic protein that binds
to the chemokine receptor (CCR2) on macro-
phages. The recruitment and entry of mac-
rophages to the peripheral nervous system
following injury correlates with the pattern of
MCP-1 expression. The recruitment of macro-
phages by MCP-1 in the early phase following
injury may be a key step for the initiation of
Wallerian degeneration. The rate of myelin
debris removal by macrophages determines
the length of Wallerian degeneration. Earlier
or increased expression of MCP-1 may lead
to the faster completion of Wallerian degen-
eration, leading to an enhanced healing poten-
tial of the peripheral nerve. The researchers
hypothesize that keratin hydrogels inside
conduits utilized for peripheral nerve repair
will lead to an earlier Schwann cell response
with increased levels of MCP-1, which will
shorten the length of Wallerian degeneration
and lead to an enhanced regenerative poten-
tial of the nerve.

In this series of experiments, young adult rats
with nerve injuries are being compared to old
rats (24 months old, equivalent to approxi-
mately 70 years of age in humans). Molecular
and histologic studies of both sciatic nerve as
well as spinal cord are under way. Techniques
for RNA extraction and real-time RT-PCR

in both sciatic nerve and spinal cord were
established in younger animals. Time points
of 24 hours, 3 days, and 10 days post-nerve
injury (crush injury) were selected to establish
temporal markers for key molecular events
associated with nerve regeneration. The
spinal cords of the rats are being studied

to provide insight into signaling responses

associated with the nerve cell bodies follow-
ing peripheral nerve injury. These studies are
comparing the spinal cord on the injured side
of rat to that of the uninjured side.

Key Research Accomplishments

Established methods for incorporating
pores, patterned silk films, electrospun silk
fibers, growth factors, and electronics into
biodegradable custom-designed silk nerve
guides.

¢ Combined methods to construct two-
layer multifunctional nerve guides.

¢ Characterized the properties of the
multifunctional silk nerve guide designs.

¢ Tracked growth factor release rates from
silk biomaterials and nerve cell responses
to attachment proteins and peptides (i.e.,
laminin, gelatin, RGD, and poly-d-lysine).

e Assessed nerve cell alignment on varying
silk surface topographies (i.e., patterned
silk films and electrospun silk fibers) and
axon outgrowth responses to electrical
stimulation.

e Developed tools, including a semi-
automated program for assessing axon
alignment.

e |mplanted PCL/GDNF guidesina 1.5 cm
rat sciatic nerve defect model and
assessed animals after 6 and 16 weeks.

¢ Results of the 6-week study indicate
that GDNF remains bioactive and suc-
cessfully recruits Schwann Cells.

¢ Results of the 16-week study indicate
functional improvement in the rats with
the GDNF microspheres.
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e Examined the use of HHK hydrogel-filled
nerve guides to treat a 1 cm nerve defect
in the median nerve of four NHPs.

4 Additional NHP studies are under way.

Conclusions

Overall, this study demonstrates that novel,
porous silk fibroin-based nerve conduits,
infused with GDNF in a controlled manner,
represent a potentially viable conduit for
Schwann cell migration and proliferation in
the regeneration of peripheral nerves. All
three research groups have made significant
progress during the past year:

e The Kaplan group at Tufts University uti-
lized silk biomaterial protocols and integra-
tive regenerative approaches to develop
a biodegradable nerve guidance system.
Regenerative approaches included incor-
porating biophysical cues (i.e., surface pat-
terning and electrophysiology applications)
and chemical cues (i.e., protein coatings
and growth factor incorporation) into the
silk nerve guides.

e The Smith group at Wake Forest University
examined the use of HHK hydrogel-filled
nerve guides to treat a 1 cm nerve defect
in the median nerve of four NHPs. Those
studies are completed, with promising
results, and a second group of six animals
is now at 36 weeks post-surgery.

e The Marra group at the University of
Pittsburgh identified the spatially controlled
drug delivery system and the benefit of
combining biodegradable gel filler with

nerve conduits in peripheral nerve regen-
eration. The researchers have obtained
promising results in the rat critical-size
sciatic nerve defect model. They have
received approval from their Institutional
Animal Care and Use Committee to test
peripheral nerve repair in NHPs, and they
have begun negotiations with both a drug
company and a biomaterials company to
manufacture GMP guides for the monkey
study (and eventual clinical trials).

Research Plans for the Next
2 Years/Planned Clinical
Transitions

The researchers will perform a 1 cm median
nerve resection in NHPs (rhesus macaques)
and will implant GDNF double-wall micro-
spheres combined with PCL nerve conduits.
They have scheduled surgeries on two ani-
mals in July 2011 and four additional animals
in November 2011. All three groups have
begun planning a pathway to clinical studies.
A multicenter clinical trial has been initiated
at Wake Forest Medical School with the
University of Virginia as a collaborator. IRB
approval has been obtained, and the trial is
awaiting FDA approval of the HHK material
for the nerve guide filler. FDA-approved nerve
guides (NeuraGen) filled with HHK provided
by KeraNetics® will be utilized. This trial will
study large segmental injuries in periph-

eral nerves. This project is being funded
through the Congressionally Directed Medical
Research Programs.
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Modular, Switchable, Synthetic Extracellular
Matrices for Regenerative Medicine

Project 4.4.3, WFPC

Team Leader(s): Matthew Tirrell, PhD (University of
California, Berkeley)

Project Team Members: Won H. Suh, MS, PhD, Katie
Megley, BS, Nickesh Viswanathan, BS, and Seema
Desai (University of California, Berkeley) and Brian
Lin, BS, MS and Dan Krogstad, BS (University of
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Collaborator(s): Kacey Marra, PhD (University of
Pittsburgh)

Therapy: Injectable synthetic ECMs for regenerative
medicine.

Deliverable(s): Task 1 (year 1) — Model PA synthesis
and characterization; Task 2 (years 1-2) — Employ
fibrous networks composed of worm-like micelles;
Task 3 (year 2) — Neural stem cell attachment,
proliferation, and differentiation; Task 4 (year 2) —
Shear responsive PA development; Task 5 (year 3) —
Additional PA construction; Task 6 (years 4—5) — Test
injectable synthetic matrices in animal models.

TRL Progress: Start of Program, TRL 1; End Year 1,
TRL1; End Year 2, TRL 2; End Year 3, TRL 2

Key Accomplishments: The researchers have
developed a peptide-based hydrogel system as
injectable ECMs with nanofibrous structures. The
3-D hydrogel system can incorporate bioactive
peptide sequences and/or growth factors and allows
mammalian cell growth.

Key Words: Synthetic extracellular matrix, peptide
amphiphile, nerve regeneration, tissue engineering,
micelles, vesicles

Introduction

The Tirrell group is developing injectable,
synthetic 3-D ECMs that are gel-like and
designed to aid in the regenerative processes
involved in peripheral nerve growth following
traumatic injury by modulating components of
the naturally occurring bioactive signals pres-
ent in proteins such as fibronectin, laminin,
and collagen. Utilizing chemistry-enabled
tools, the researchers construct PAs (lipo-
peptides) with controlled physicochemical
(i.e., defined stiffness) and bioactive (i.e., cell
adhesion and proliferation) properties and
produce injectable or moldable gel-like sys-
tems that can aid in the functional recovery of
animals with traumatic injuries (i.e., the nerve
gap injury model).

Summary of Research Completed
in Years 1and 2

During the first 2 years of the project, the
researchers synthesized double-tailed PAs
with controlled bioactive components and
found that double-tailed PAs that incorporate
RGD units can promote attachment, prolif-
eration, and differentiation of human neural
stem cells (hNSCs). They also developed

an alanine-rich peptide head group contain-
ing PAs (C16-WAAAAXAAAAXAAAAXA =
C16-W3X where X=Lys or Glu) that can have
modulated physicochemical and biological
properties based on electrostatics control,
shear force modulation, and compositional
changes.
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Research Progress - Year 3

The Tirrell group continued to work with

the Ala-Ala-Ala-Ala-X (X=Lys or Glu), incor-
porating PAs to make synthetic 3-D matri-
ces in year 3. The researchers focused on:

(1) developing a user-friendly and modular
PA-incorporating gel system that transforms
into an injectable gel within the time frame
that matches most biological system process-
ing conditions (e.g., animal surgery and cell
preparation for in vivo delivery) and (2) further
testing the PA formulations identified dur-

ing year 2 with regard to hANSC compatibility
via interfacing experiments with individual
hNSCs or neurospheres (Figures 11-19-11-21).
In addition, the group developed a multicom-
ponent hydrogel system that can incorporate
both HA and PAs (Figures 11-22-11-24). HA
systems have been well utilized in biomedi-
cal research involving in vivo injury model
studies.

During the past year, attention was also
directed to developing PAs with modified
head group peptide sequences that are not
alanine rich but are still able to produce robust
and hierarchical structures (after lipidation and
self-assembly processing) that are ideal for
sustaining cellular adhesion, proliferation, and
regeneration. The group applied a new mode
of peptide head group stabilization enabled
by controlling hydrogen bonding between
imidazole groups and primary alcohol side
residues after cooperative assembly and with
proton (H*) concentration modulation as such
controlled interactions are already present in
nature (e.g., ragworm jaw). In particular, it
was envisioned that PAs incorporating mul-
tiple histidine and serine amino acid groups
would transform from an injectable solution
to a stiffer scaffold-like macroscopic object
when exposed to physiologically relevant pH
ranges.

Figure 11-19. Morphological analysis of the charge-
mixed, alanine-rich PA system. Transmission electron
microscopy (TEM) analysis: (A) Worm-like nanofibrous
PA C16-W3K-RGD(S), (B) short, aggregated nanofibrous
PA C16-W3E, and (C) PA mixture of 70% C16-W3E and
30% C16-W3K-RGDS.
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Figure 11-20. Live cell imaging of an hNSC with PA
particles. A 12-minute time-lapse, live-cell confocal
microscopy captures images of a single hNSC interfaced
to PA particles formed with 80% C16-W3E and 20%
C16-W3K-RGD. Cell membrane traces are provided as
dashed yellow lines, and the masked areas have been
falsely processed using a graphics design computer
program to highlight the movement of the interfaced
single hNSC.
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Figure 11-21. Adherent stem cell compatibility of charge-mixed, alanine-rich PA system. (A) Experimental scheme of a PA
particle interfacing with hNSCs cultured on a laminin-coated glass surface. (B) Time-lapse, live-cell confocal microscopy
imaging snap shot of multiple hNSCs interfaced to PA particles formed with 80% C16-W3E and 20% C16-W3K-RGD (at 1 mg/mL
overall PA concentration). (C) Live hNSCs cultured on a laminin surface for 1 month (CalAM stains live cells; Hoechst nuclear
stain is blue). (D) Live hNSCs cultured for 1 month on a laminin surface interfaced to PA particles prepared with 70% C16-W3E
and 30% C16-W3K-RGD (treatment conditions: <100 pg/mL overall PA concentration; approximate initial cell density is 100,000
cells). For C and D, living cells are stained green with calcein AM while the cell nucleus is stained with a Hoechst dye (blue).
(E) DiD molecules were incorporated into PA particles prepared with 85% C16-W3E and 15% C16-W3K-RGDS. These particles
were biocompatible with hNSCs cultured on laminin. (F) Albumin-FITC proteins were incorporated into PA particles prepared
with 85% C16-W3E and 15% C16-W3K-RGDS. These particles were biocompatible with hNSCs cultured on laminin.
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Specific Key Accomplishments
for Year 3

1. The Tirrell group developed protocols
that allowed 70%-85% C16-W3E and
15%-30% C16-W3K-RGD(S) PA self-
assembled mixtures to form micron-sized
particles and incorporate other biomole-
cules such as proteins and lipids. Additional
procedures were developed that allowed
such PA particles to (positively) interface
with individual adherent hNSCs and neuro-
spheres. PA nanostructures were analyzed
using TEM (Figure 11-19). The group then
conducted adherent stem cell and neuro-
sphere compatibility experiments utilizing
charge-mixed alanine-rich PA systems as
outlined in Figures 11-20-11-22. Time-lapse,
live-cell confocal microscopy imaging
snapshots of multiple hANSCs interfaced to
PA particles suggest that long-term stem
cell experiments with or without support-
ing ECM proteins will be achievable in the
presence of PA particles for hNSCs (Figure
[1-20). It was also confirmed that DiD and
albumin-FITC molecules can be incorpo-
rated into PA particles formed with 70%—
85% C16-W3E and 15%-30% C16-W3K-
RGD(S) (Figures [1-20-11-21). PA particles
with and without foreign molecules were
stem cell biocompatible both in the short
term and long term.

2. The group also developed a new bioac-
tive fluorescent PA gel system that is fully
self-sustaining and has nanofibous struc-
tures (Figure 11-23). The particular peptide
sequence is KWAAAAEAAAAEAAAAEA.
The fluorescent alanine-rich PA gel sys-
tem transforms into a self-sustaining gel
at 60°C in 10 minutes and in 1.5 days at
37°C. TEM analysis confirmed that the
new fluorescent PA gel system also self-
assembles into high-aspect ratio nano-
structures identical to the nonfluorescent

(A) O 94: ;a:icles "

initial hNSC = 20 ym

Figure 11-22. Neurosphere compatibility of the charge-
mixed, alanine-rich PA system. (A) Experimental scheme
of PA particle interfacing to nonadherent hNSCs that
transform into neurospheres. (B-D) Confocal microscopy
imaging snap shots of multiple hNSCs interfaced to PA
particles formed with 80% C16-W3E and 20% C16-
W3K-RGD. (E-G) Confocal microscopy imaging snap
shots of multiple hNSCs interfaced to albumin-FITC
incorporating PA particles formed with (E, F) 100% C16-
W3E and (G) 80% C16-W3E and 20% C16-W3K-RGD. Live
cell imaging snap shot of (H) a neurosphere attached

to a glass surface and (I) a neurosphere interfaced

to PA particles. (J) PA (blue particles) incorporating
neurospheres can be passaged onto laminin-coated
surfaces.
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Figure 11-23. Physicochemical properties of the fluorescent, alanine-rich PA gel system. (A) The new
fluorescent PA gelled at 60°C in 10 minutes and (B) 37°C in 1.5 days. (C) TEM image of the new fluorescent
PA gel system showing high-aspect ratio nanostructures.

A Hyaluronan
(Hyaluronic Acid)
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0

Figure 1I-24. HA and PA combined gel system. (A) Chemical structure and molecular weight of the HA
utilized, (B) HA gel at 5 mg/mL concentration, (C) PA gel at 15 mg/mL forms a self-sustaining gel with 10
minutes of 60°C treatment, (D) HA and PA gel mixed in a tissue grinder, (E) NSCs growing inside an HA
gel, (F) hNSCs growing inside a hydrogel made with 70% HA and 30% PA.
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Figure 11-25. hNSCs cultured and interfaced to an HA—PA hydrogel system. (A) Five
hNSCs cultured inside a hydrogel composed of 67% HA and 33% PA. The overall gel
concentration is approximately 6 mg/mL. The PAs are green fluorescent and have
incorporated into the cell membrane and partially into the cytosol. The cell nucleus is
black indicating no PA internalization. (B) Bright field image of A, (C) merged image of
A and B.

versions introduced in the first 2 years of
the project.

. The self-sustaining PA gel system can be
combined with an HA hydrogel system to
afford a new optically transparent HA—-PA
gel system. Cell encapsulation and interfac-
ing experiments can be easily performed
utilizing this new gel system (Figure 11-24
and Figure 1I-25). The particular molecular
weight of the HA polymer is 1.72 MDa, and
the chemical structure is provided in Figure
[I-24. The HA gel is prepared at a con-
centration of 5 mg/mL in nanopure water
with sonication-induced solubilization and
gelation. The PA gel, on the other hand, is
first prepared at 15 mg/mL as a clear liquid
and then transformed into a self-sustaining
gel in 10 minutes at 60°C. The pre-gelled
HA and PA gels are freshly mixed in a tis-
sue grinder before interfacing experiments
are performed with hNSCs. The working
concentration formation for the new HA-
PA gel system is HA 70-100 wt. % and
PA 0-30 wt. %. The pre-gelation is impor-
tant for the generation of an optically clear
gel, which will enable facile microscopy-
based analyses including live cell confocal
imaging.

4. The Tirrell group’s newly developed

HA-PA hydrogel system allows the
incorporation of bioactive sub-domains,
such as growth factors, and fully enables
3-D and multiday cell cultures (Figures
[1-24-11-25). The hNSC media incorpo-
rates bioactive molecules, such as human
serum albumin, transferrin at the sub-
300 pg/mL concentration level, insulin,
heparin at sub-10 pg/mL concentrations,
and basic fibroblast growth factor and
epithelial growth factor at sub-0.05 ug/mL
concentrations. The HA-PA hydrogel's
gel-like property does not appear to be
affected to the extent where it no longer
qualifies as a hydrogel with hNSC media
supplementation.

. The group developed a new biocompatible

and pH responsive PA hydrogel system
that incorporates histidine and serine
amino acid units in the head group, which
will be referred to as HS PA or His-Ser

PA from this point forward. The serine-
histidine peptide combination is desirable
because serine possesses a side chain
capable of forming stable hydrogen bonds,
and the hydrogen bonding properties of
histidine are tunable in the physiological
pH range as its side chain pKa is 6. Below
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Figure 11-26. Physicochemical properties of pH responsive, histidine- and serine-incorporating PA gel
system. (A) Above pH 6.5, histidines are predominately basic and capable of forming strong hydrogen bonds
with serines, resulting in strong hydrogels. (B) Cryo-TEM image of PA fibers. (C) 2 mg/mL of hydrogel solution
castin a glass tube and its pH was subsequently adjusted. The high pH sample resulted in a self-supporting
gel, and the sample with low pH remained a liquid. Gelation is reversible with pH. The spectrum of stiffness
this gel can achieve resembles synthetic systems capable of selectively supporting the growth of different
cell types from neural to bone. (TEM imaging credit: D. Krogstad)

pH 6, histidines are predominately acidic
and form weak hydrogen bonds with
serines as proton donors. Above pH 6.5,
histidines are mostly basic and form strong
hydrogen bonds as proton acceptors. As

a result, the PAs form weak fibers at low
pH while strong fibers form above pH 6.5
(Figure 11-26). \Weak fibers in solution
resemble a low-viscosity liquid and strong
fibers form self-supporting hydrogels. Gel
formation is reversible. The stiffness of the
bulk hydrogel is tunable by controlling the
PA concentration. A stiff gel of 1 X 10* Pa
(G') is achieved at 1% by wt (10 mg/mL)
of PAs. The new HS PA system shows
great promise as an injectable cell niche
capable of simulating a wide range of
functional tissues; the stimuli-responsive
gelation properties and the stiffness
ranges are dynamic.

. The biocompatibility of hydrogels formed
with HS PAs was assessed with fibro-
blasts as a 2-D surface culture model
system. NIH 3T3 cell attachment was
observed in the absence of serum at

6 hours, and the cells remained attached
overnight although spreading was not

observed. Long-term proliferation studies
were conducted in the presence of 10%
calf bovine serum with an initial seeding of
5,000 cells/cm?. Cells became confluent
after 2 hours, and dead cells were scarcely
found using a live-dead cell assay. Cell
activity was similar on gels modified with
30% glycine-arginine-glycine-aspartic acid-
serine peptide.

Key Research Accomplishments

e Determined that electrostatically

controlled, alanine-rich PA particles can
positively interface to adherent or sus-
pension cultures of hNSCs. These stem
cell-compatible PA particles can also
incorporate other types of lipid molecules
and biomolecules such as proteins and
peptides.

Found that palmitoylated
KWA4EA4EAAEA peptides can form

a self-sustaining gel and can incorpo-
rate fluorescent molecules. This C16-
KWA4EAAEAAEA PA, after heat-induced
gelation, can mix well with HA hydrogels
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to form clear gels at concentrations of up
to approximately 30% PA in HA.

e Developed a new biocompatible and
pH-responsive PA hydrogel system that
incorporates histidine and serine amino
acid units in the head group.

4 Exhibited dynamic stimuli-responsive
gelation properties and the stiffness
ranges.

¢ Allowed fibroblast cell adhesion on a
pre-gelled surface.

Conclusions

This project continues to progress toward the
goal of developing an injectable gel system
that will set and fix at the injury site, in situ,
during the time domains critical for successful
nerve regeneration.

Research Plans for the Next
2 Years

During the next 2 years, the group will focus
on the development of the new His-Ser

PA-based hydrogel as a matrix material for
nerve damage repair. The plan is to pro-

vide enabling technologies in the form of
PA-based hydrogels that incorporate peptide
head groups instilled with histidine and ser-
ine. The new hydrogel system will be ideal for
in vivo testing of regeneration in a rat nerve
gap injury model in collaboration with the
Marra group at the University of Pittsburgh.
During year 4, efforts will be directed toward
enhancing the bioactivities of the PA-based
hydrogels by covalently incorporating short
peptide sequences such as RGD and IKVAV
to mimic the naturally occurring ECMs or by
supplementing the hydrogels with proteins
such as GDNF but without sacrificing gela-
tion properties. Biomaterial designs will be
further modified and updated based on the
biological testing results arising from the in
vitro Schwann cell work at the University of
California, Berkeley (Tirrell group) and the in
vivo rat injury model study at the University of
Pittsburgh (Marra group).
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Repair Segmental Nerve Defects

Project 4.4.1/4.4.2, RCCC

Team Leader(s): Anthony Windebank, MD and
Michael Yaszemski, MD, PhD (Mayo Clinic); Joachim
Kohn, PhD and Melitta Schachner, PhD (Rutgers
University); and Daniel G. Anderson, PhD and Robert
S. Langer, ScD (MIT)

Project Team Members: Robert Spinner, MD, Huan
Wang, MD, PhD, Brett Runge, PhD, Jing Rui, MD,
David Brogan, MD, Chandan Reddy, MD, Shuya
Zhang, Andrew Knight, PhD, Glenda Evans, and
Suzanne Segovis (Mayo Clinic); Basak Clements,
PhD, Jack Hershey, PhD, Mindy Ezra, Shirley
Masand, Jian Chen, MD, Melitta Schachner, PhD,
David Shreiber, PhD, and Joachim Kohn, PhD
(Rutgers University); and Paulina S. Hill, PhD and Hao
Cheng, PhD (MIT)

Collaborator(s): BonWrx, Inc., for Mayo Clinic,
Sanjeeva Murthy, PhD (Rutgers University), and
Christopher Pastore, PhD (Philadelphia University)

Therapy: Treatment of peripheral nerve injuries.

Deliverable(s): Polymer conduits suitable to repair
large motor nerve defects.

TRL Progress: 2009, TRL 3; 2010, TRL 4; 2011, TRL 4;
Target, TRL 6

Key Accomplishments: The researchers developed
and successfully evaluated braided nerve
regeneration conduits in the rat sciatic nerve model.
They developed modified biorubber conduits with
superior mechanical properties. They developed an
intraluminal scaffold composed of aligned fibers that
are capable of releasing anti-inflammatory drugs in
a controlled manner and showed that this promotes
functional regeneration in a rat sciatic nerve defect
model.

Key Words: Peripheral nerve, conduit, biodegradable
polymer, growth factors, braiding, tyrosine-derived
polycarbonates, biorubber, clinical trial

Introduction

Peripheral nerve lesions occur through a
variety of injuries ranging from the battlefield,
industrial, farm, and traffic accidents to vio-
lence and sports injuries. The current clinical
gold standard of repairing nerve defects is
the use of an autologous nerve graft, which
has several drawbacks. While the current
commercially available synthetic conduits
have proven successful in repairing small
gaps, they have shown little to no efficacy for
the repair of longer defects in either civilian
or military applications. The researchers in
this project are developing novel biodegrad-
able polymer nerve conduits suitable to
repair large motor nerve defects to substitute
autologous nerve graft.

Summary of Research Completed
in Years 1and 2

During the first year of the project, the
researchers effectively encapsulated and
released neuronal growth factors from
fumarate-derived polymer scaffolds and poly-
mer microspheres. The growth factors were
released in a biologically active form and with
a time course suitable to enhance peripheral
nerve regeneration. The research team also
showed that mesenchymal stem cells provide
a potential cell-based delivery platform for
growth factor delivery.

During the second year of the study, the
research team found that candidate poly-
mer PCLF and single-channel poly(xylitol-
co-sebacate) (PXS) conduits promoted
better functional regeneration than the
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FDA-approved collagen conduit. The
researchers synthesized a novel library of
polyesters to further optimize the nerve
guide material. They developed a method for
incorporating aligned electrospun fibers into
the nerve conduit lumen in a uniform manner
with no fiber aggregation. They encapsulated
anti-inflammatory agents in electrospun
fibers to decrease the inflammatory response
to synthetic materials. The researchers also
established a complex soft tissue injury
model and obtained approval for a clinical trial
for “repair of 6 cm peripheral nerve gaps in
sural nerve biopsy using PCLF tube.”

Research Progress - Year 3

The Mayo Clinic group has successfully
demonstrated that PCLF tubes can be auto-
claved. The autoclave did not significantly
change the material properties of the PCLF
tubes and thus has been selected as the
sterilization method moving toward FDA
approval and the clinical trial. IRB pre-review
of the clinical trial was completed, and IRB
materials and the clinical protocol have been
submitted for HRPO pre-review. Promotion
of vascularity was introduced by the con-
trolled release of the pro-angiogenesis factor,
vascular endothelial growth factor (VEGF).
VEGF-encapsulating microspheres have been
developed that retain VEGF bioactivity and
control VEGF release. The Mayo Clinic group
has explored the complex ischemia fibrosis
nerve injury model more characteristic of
traumatic injury and clarified deprivation of
soft tissue vascularity and its effect on nerve
regeneration. Second-generation conduits
were fabricated that allowed delivery of
electric stimulation and demonstrated that
electrical stimulation via a conductive poly-
mer promotes axon growth in vitro.

The Rutgers University team developed a
braided nerve conduit fabricated from thin

TyrPC polymer fibers. These conduits have
excellent mechanical properties when both
dry and hydrated, and they display unigue
non-kinking behavior when bent at large
angles. The conduits are porous to allow for
diffusion of nutrients and growth factors,
and polymers from a large TyrPC library can
be selected for fabrication to fine-tune the
degradation of the conduits to parallel the
rate of nerve regeneration. The conduits can
be fabricated in any length and diameter and
hold promise for effective bridging of large
nerve gaps in humans.

The MIT group successfully developed
modified biorubber conduits with superior
mechanical properties to the first-generation
PXS and poly(glycerol-sebacate) conduits.
The researchers demonstrated that encap-
sulation of anti-inflammatory agents into
electrospun fibers decreases the local host
immune response and results in considerably
less fibrosis around the implant. Intraluminal
scaffolds of these electrospun fibers were
tested in rat sciatic nerves and were found to
promote functional nerve regeneration. The
MIT team is also developing lipid-based drug
delivery scaffolds and has shown that these
biomaterials promote axon growth in vitro.

Key Research Accomplishments

Demonstrated that sterilization by autoclav-
ing is compatible with material properties
of PCLF conduits and will be the method
used for clinical trial.

e Developed and characterized VEGF-
encapsulating microspheres and showed
that these microspheres are capable of
controlled release of VEGF with retained
bioactivity.

e Developed new polymer conduits that are
conductive and showed that they support
robust nerve regeneration.
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e Completed a study of supplementing
PCLF tube with adipose-derived stem
cells (ASCs) and showed that the nerve
growth inhibitory effect of ASCs was asso-
ciated with the differentiation of ASCs into
mesenchymal cells, which induced the
development of nonfascicular tissue.

e Developed modified biorubber conduits
with superior mechanical properties to
first-generation polyester materials.

e Fabricated dexamethasone-encapsulated,
electrospun fiber sheets and showed that
they decrease inflammation at the site of
injury resulting in considerably less fibrosis
around the implant.

e Developed intraluminal scaffolds com-
posed of aligned fibers that are capable of
releasing anti-inflammatory drugs.

e Performed proof-of-concept in vivo test-
ing with aligned electrospun fibers and
showed that they promote functional
regeneration in a rat sciatic defect model.

e Developed lipid-based drug delivery
scaffolds and showed promotion of axon
growth in vitro.

e Fabricated and evaluated TyrPC braided
nerve conduits in a rat sciatic nerve injury
model.

e Characterized the influence of incorporated
bioactive peptides on functional recovery
after nerve injury.

Conclusions

During the first 3 years of this project, an
initial array of more than 10 polymer types
have been downselected to a single polymer
(PCLF) and fabrication method that is cur-
rently being translated into an accelerated
clinical trial. Transferring manufacture to a

GMP facility is under way, and supplemental
funding was obtained to initiate a clinical trial
of a 6 cm conduit in patients by the end of
2011. The regulatory pathway to final approval
is anticipated to be by the 510(k) route.
Development of new polymers and second-
generation tubes in the Mayo Clinic, MIT, and
Rutgers University laboratories is proceed-
ing with close cooperation and coordination
among the groups and continues to be sup-
ported by leveraged funding.

Research Plans for the Next
2 Years

The Mayo Clinic group will complete all of the
regulatory pathways for the Phase 1 clinical
trial (i.e., GMP up-scaling of PCLF tube manu-
facturing, filing an IDE for FDA approval of
clinical implementation of the PCLF tube, and
obtaining IRB/HRPO approval). Study sub-
jects will be recruited for this clinical trial. For
continuing studies outside of the clinical trial,
the Mayo Clinic group will introduce Schwann
cells into PCLF nerve conduits to provide a
source of neurotrophic factors to promote
nerve regeneration across long nerve gaps
and initiate discussions with the FDA about
the pathway for bringing the combination
product (cells and device) to humans.

The Rutgers University team is planning to
carry out sequential animal cohorts to charac-
terize and develop the braided nerve con-
duits fabricated from TyrPCs during the next
2 years. In AFIRM year 4, the team wiill build
upon the favorable mechanical properties of
these conduits and optimize them for nutri-
ent diffusion, suturability, flexibility, and kink
resistance over long gaps. TyrPC composition
will also be optimized for achieving desired
degradation time and physical characteristics.
Braided conduits will be fabricated using the
chosen polymer compositions and design
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criteria for evaluation in the rat sciatic nerve
model.

During year 4, the Rutgers University team
will also continue developing bioactive, pep-
tide-conjugated hydrogel fillers with the aim
of enhancing the speed and quality of regen-
eration by stimulating motor and sensory
axons to their proper distal targets. These
peptides and fillers are being screened in
vitro for efficacy and their ability to promote
neurite outgrowth, as well as in vivo in the
mouse femoral nerve model, which allows
the evaluation of preferential motor reinner-
vation. The most effective filler and braided
conduit combination will be evaluated in the
rat sciatic nerve 1 cm defect model during
year 4. The researchers expect to scale up
the conduit prototype for large animal testing
in AFIRM year 5. The conduits will be fabri-
cated to bridge long gaps (greater than 3 cm)
in the sheep or monkey models of peripheral
nerve injury. The goal is to show that the
braided conduits combined with the bioactive
fillers are superior to their clinically available
counterparts in bridging long gaps, and the
target is to finalize a definitive prototype and
prepare for FDA approval at the end of year b.

The MIT group plans to fabricate polyester
conduits with single-layer walls; optimize the
size, density, and degradation rate of elec-
trospun, drug-releasing fibers as intraluminal
scaffolds; perform in vitro controlled release
testing of drugs from electrospun fibers;

fabricate prototype microelectrode devices
for nerve:muscle interfacing; and screen opti-
mized materials in sciatic nerve defects and
atrophying muscle.

Planned Clinical Transitions

The Mayo Clinic group works closely with
BonWrx, Inc., a Mayo Clinic spin-off com-
pany that has a current Good Manufacturing
Practice (cGMP) facility and substantial
experience and track record in FDA filing. The
Mayo Clinic group will obtain IDE approval

for the clinical implementation of PCLF nerve
conduits in the Phase 1 clinical trial to test
the safety of PCLF tubes in the 6 cm nerve
defects in post-sural nerve biopsy patients.
The group will also apply for grants to sup-
port a double-blinded efficacy trial of PCLF
conduits versus industry best for repair of the
6 cm sural nerve gap.

The Rutgers University group has an exclu-
sive license with Trident Biomedical, Inc., for
the library of TyrPCs, and discussions have
begun to define required funding to advance
the planned animal studies. The group is also
working on the large-scale cGMP synthesis
of TyrPCs. During year 4, the group will also
be collaborating with medical device compa-
nies for the cGMP-grade fabrication of the
braided conduit. The regulatory strategy is to
accomplish a definitive prototype to prepare
FDA 510(k) regulatory action in year 5.
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Cells and Bioactive Molecules Delivery to
Enhance the Repair of Segmental Nerve

Defects

Project 4.4.2a, RCCC

Team Leader(s): Maria Siemionow, MD, PhD
(Cleveland Clinic)

Project Team Members: Amanda Mendiola, MD,
Maria Madajka, PhD, and Joanna Cwykiel, MSc
(Cleveland Clinic)

Therapy: Nerve gap repair.

Deliverable(s): Method of cellular therapeutics by
local administration of BMSCs into transplanted
epineural tubes (epineural sheath +/- cells).

TRL Progress: 2009, TRL 3; 2010, TRL 3; 2011, TRL 4;
Target, TRL 4/5

Key Accomplishments: The researchers developed
several biological nerve constructs and tested them
in a rat nerve repair model using a combination of in
vitro and in vivo methods. They identified the most
effective conduit and selected it for use in the repair
of a long nerve defectin a large animal (sheep)
model. Testing commenced in the sheep model in the
last quarter of year 3.

Key Words: Nerve repair, natural nerve conduits,
epineural tubes, autogenic nerve conduits,
allogeneic nerve conduits, bone marrow stromal
stem cells

Introduction

Current military conflicts and antiterrorist
actions have resulted in more than 30,000
wounded warfighters in the U.S. Army who
reguire substantial surgical intervention. A
major challenge in the reconstruction of these
soldiers is the extensive tissue loss in the
upper and lower extremities and face, and
the restoration of function of the repaired or
replaced tissues. In these multitrauma cases,
a regional loss of bone, muscle, and skin is
complicated by injury to the major nerves
responsible for motor and sensory function of
limbs and facial components. These seg-
mental nerve defects can commonly exceed
20 cm, limiting access to sources of autolo-
gous nerve grafts in patients already deficient
in donor tissues. Moreover, harvesting these
grafts results in donor site morbidity, such as
scarring, sensory loss, and neuroma forma-
tion with chronic pain at the harvest site.

Thousands of American civilians each

year are affected by paralysis, a devastat-
ing injury with annual costs of $7 billion.
Compared to spinal cord injury, damage to
peripheral nerves is considerably more com-
mon with the excess of 50,000 peripheral
nerve repair procedures performed each
year. Due to these facts, there is an urgent
need for an alternative to nerve autografts.
Nerve allografts provide an unlimited
source of nerve tissue with the potential
for enhanced functional recovery. However,
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allografting requires patients to be under
systemic immunosuppressive therapy for
approximately 18 months while regenerating
axons and Schwann cells across the graft.
Immunosuppression puts patients at risk for
infections and other complications. On the
other hand, levels of immunosuppressive
drugs that are too low may result in graft
rejection and hamper nerve regeneration.

To this end, a number of different natural
and synthetic materials have been explored
for use in aiding nerve regeneration. \While
synthetic scaffold conduits have shown
efficacy in repairing small gaps (i.e., 3 cm or
less), they have been largely ineffective for
the repair of longer nerve defects. Currently,
decellularized nerve allografts do not require
immunosuppression although they tend to
perform inferiorly to autografts in experi-
mental models. Epineural tubes are naturally
occurring conduits easily harvested from
allogeneic donor nerves, and they have low
immunogenic potential as they lack Schwann
cells. Moreover, epineural tubes provide
neuropermissive scaffolding by express-

ing laminin B2, a key ECM protein for nerve
regeneration.

BMSCs may provide an alternative source of
easily accessible and expandable neural sup-
port cells. BMSCs also express neurotropic
factors that support axon growth. Moreover,
BMSCs lack immunogenicity in nonimmuno-
privileged sites, which is of value with regard
to allogeneic cell therapy. In this project,

the researchers propose to introduce novel
conduits constructed from naturally occurring
allogeneic epineural tubes, filled with autolo-
gous or allogeneic BMSCs, as an alternative
to autograft and other means of peripheral
nerve gap repair.

Summary of Research Completed
in Years 1and 2

During the first year of the study, the
researchers successfully performed the
transplantation of the isogenic epineural tube
and the delivery of BMSCs into the trans-
planted tube. They began initial harvesting
of transplanted tubes with positive mea-
sures of functional outcomes. Preliminary
electrophysiological measurements using
somatosensory-evoked potential technol-
ogy showed successful regeneration over
the gap; however, no significant differences
between groups were noted. Preliminary
immunohistochemical data supported nerve
regeneration in the presence of transplanted
isogenic BMSC therapy. Histomorphometric
analyses indicated a positive effect of
isogenic bone transplantation on nerve
regeneration.

During the second year of the project, the
researchers completed a study on allo-
geneic epineural tube repair of a 2 cm rat
sciatic nerve defect. They demonstrated

that allogeneic epineural tube repair without
immunosuppression is a feasible method of
peripheral nerve gap repair. The researchers’
results were comparable to autograft repair
when an epineural tube was used in conjunc-
tion with local BMSC therapy.

Research Progress - Year 3

Fibrin Gel Construct

The use of fibrin gel in peripheral nerve
repair has been studied and published in the
literature. Studies have demonstrated that it
is a useful product for coaptation of nerves
and can reduce inflammation and suture
granuloma formation. It has also been shown
to decrease neuropathic pain and enhance
nerve regeneration. The Siemionow group
explored the ability of an epineural conduit
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filled with BMSCs suspended in a fibrin gel
to repair a 2 cm rat sciatic nerve gap. No
immunosuppression was given for any group.
Experimental groups were as follows:

Group 1:

A. Isogenic epineural sheath filled with iso-
genic (Lewis RT1) BMSCs suspended in
fibrin gel, evaluated at 12 weeks (n = 4).

B. Isogenic epineural sheath filled with
isogenic BMSCs suspended in fibrin gel,
evaluated at 24 weeks (n = 2).

C. Isogenic epineural sheath filled with only
fibrin gel, evaluated at 24 weeks (n = 8).

Group 2:

A. Allogeneic epineural tube (ACI RT1?) filled
with isogenic BMSCs (Lewis RT1') sus-
pended in fibrin gel, evaluated at 24 weeks
(n=86).

B. Allogeneic epineural tube filled with allo-
geneic BMSCs suspended in fibrin gel,
evaluated at 12 weeks (n = 3).

C. Allogeneic epineural tube filled with allo-
geneic BMSCs suspended in fibrin gel,
evaluated at 24 weeks (n = 3).

D. Allogeneic epineural tube filled with only
fibrin gel, evaluated at 12 weeks (n = 3).

E. Allogeneic epineural tube filled with only
fibrin gel, evaluated at 24 weeks (n = 3).

The Siemionow group additionally performed
11 nerve repairs with autologous nerve
grafts as a positive control at 12 (n = 8) and
24 weeks (n = 3).

Assessment methods included:
e Toe spread (TS) clinical motor evaluation

¢ 0 (no movement)
some movement)
abduction of toes)

abduction and extension of toes)

—_— e~~~ —

¢ 1
¢ 2
¢ 3

e Pinprick (PP) clinical sensory evaluation

¢ 0 (no withdrawal)

¢ 1 (withdrawal with PP above ankle)

¢ 2 (withdrawal with PP between toes
and ankle)

¢ 3 (withdrawal with PP at toes)

e Somatosensory evoked potentials (SSEP)
as an objective sensory evaluation

e Gastrocnemius muscle index (GMI) to
gauge muscle recovery

e Histomorphometry (axon diameter, myelin
thickness, G ratio, and axonal density)

In all animals, the transplanted tube appeared
to be intact and was bridging the nerve gap
with minimal fibrous tissue. All groups had
full sensory recovery at 12 and 24 weeks
with a PP score of 3. There was no statisti-
cal difference in TS between all groups at

12 weeks. The 24-week group was noted to
have contractures, which precluded the evalu-
ation of TS. With regard to the SSEP analysis,
no significant differences were observed at
12 or 24 weeks. The Siemionow team did not
find any statistical difference in GMI between
the different groups at their respective time
points. After finding no significant differences
in nerve regeneration based on the histomor-
phometry analysis, the study was stopped.

Stromal Cell Epineural Construct
The researchers created a stromal cell epi-
neural construct (SCEC) for the repair of

a 2 cm defect in a rat sciatic nerve. They
initially tested an isogenic model to assess
feasibility then moved on to an allogeneic
construct. No immunosuppression was given
in any treatment group. Experimental groups
in this study are shown as follows. Outcomes
were assessed as described for the fibrin gel
construct study.

AFIRM Annual Report 2011



Group 1:

A. Isogenic (Lewis RT1) epineural sheath
filled with isogenic BMSCs, evaluated at
6 and 12 weeks (n = 14).

B. Isogenic (Lewis RT1') epineural sheath
filled with saline, evaluated at 6 and
12 weeks (n = 14).

Group 2:

A. Allogeneic (ACI RT1?) epineural sheath
filled with isogenic BMSC, evaluated at 6
and 12 weeks (n = 16).

B. Allogeneic (ACI RT12) epineural sheath
filled with allogeneic BMSC, evaluated at 6
and 12 weeks (n = 14).

C. Allogeneic (ACI RT12) epineural sheath
filled with saline, evaluated at 6 and 12
weeks (n = 14).

The Siemionow group additionally performed
16 nerve repairs with autologous nerve
grafts as a positive control at 6 (n = 8) and
12 weeks (n = 8). Assessment methods
included TS, PP, SSEP, GMI, histomorphom-
etry, and immunostaining.

Isogenic SCEC Results

With regard to the isogenic groups, there was
no statistical difference in the PP score. The
6-week autograft repair had a significantly
lower TS score than the 12-week autograft
repair (p = 0.014). The saline/isogenic group
also had a significantly lower TS score than
the SCEC filled with isogenic BMSCs at

12 weeks (p = 0.002).

The GMI improved over time. The 12-week
groups had significantly higher GMI than

the 6 week groups. The saline had a lower
GMI at 6 compared to 12 weeks (p = 0.007).
Again, the isogenic SCEC had a significantly
lower GMI at 6 when compared to 12 weeks
as did the autograft (p = 0.023, p = 0.004,
respectively). The SCEC repair was

statistically comparable to the autograft repair
at their respective time points.

Regarding SSEP, the P1 latencies were
significantly longer in the isogenic SCEC
group than the autograft group at 6 weeks
(p =0.007). The P1 latency significantly
decreased over time with the isogenic SCEC
having a lower latency at 12 compared to

6 weeks (p = 0.043). The saline construct
had a significantly longer N2 latency at

12 weeks when compared to the autograft
(p=0.024). There was no significant dif-
ference in amplitudes among the different
groups. The isogenic SCEC had comparable
results with the autograft group at 12 weeks.

Histomorphometric analysis revealed no sig-
nificant differences between the groups for

G ratio or myelin thickness. The saline con-
struct had a significantly smaller mean fiber
diameter than the isogenic SCEC at 6 weeks
(p =0.041). The isogenic SCEC had compa-
rable axon density at 6 and 12 weeks with the
autograft repair.

Allogeneic SCEC Results

The construct created with the allogeneic epi-
neural sheath filled with isogenic BMSCs did
not demonstrate any appreciable regeneration
on histomorphometry so the results are being
reported with regard to the allogeneic epineu-
ral sheath filled with allogeneic BMSCs. The
6-week groups are still under observation.

Upon macroscopic observation, there were
no signs of rejection. There was a significant
difference between the saline, allogeneic
SCEC, and autograft PP scores. The saline
group had a significantly lower TS score than
the autograft repair where the allogeneic
SCEC was comparable. The autograft repair
had significantly better GMI than the saline or
allogeneic SCEC, indicating less denervation
atrophy. The SSEP showed comparable P1
and N2 latencies as well as similar amplitudes
among the three groups. Mean fiber diameter
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and myelin thickness were also statistically
similar across all groups. The autograft repair
had a significantly higher axon density than
the saline or allogeneic SCEC groups.

Long Nerve Defect Study

It was technically difficult to obtain and repair
a 4 cm defect in a rodent. Given that a large
animal model would move the project closer
to clinical trials than a small animal model, it
was decided that the long defect will be per-
formed in a sheep model. The sheep protocol
has been approved. Bone marrow harvesting
has been performed in the first animal, and
the first repair will soon be under way.

Key Research Accomplishments

e Completed a study focused on determin-
ing the ability of an epineural conduit
filled with BMSCs (isogenic or allogeneic)
suspended in a fibrin gel to repaira 2 cm
rat sciatic nerve gap without the need for
immunosuppression.

¢ No significant differences were
observed between the experimental
and control groups on the variety of
assessment methods conducted by the
researchers.

e Conducted a SCEC study of a 2 cm rat
sciatic nerve defect without the need for
immunosuppression.

¢ Initial results indicate the addition of
BMSCs to the conduit leads to better
outcomes than control (saline-filled)
tubes.

e (Obtained approval of the protocol for a
study involving the repair of a long nerve
defect in a large animal model (sheep).

Conclusions

The Siemionow team has proven that
allogeneic epineural tube repair without
immunosuppression is a feasible method of
peripheral nerve gap repair. The epineural
tube alone provides a neuropermissive envi-
ronment for nerve regeneration by express-
ing laminin B2, which is a key ECM protein
for axon growth. However, the addition of
BMSCs results in better functional outcomes
than the empty tube alone (i.e., there is a
tendency for better TS scores in the BMSC
groups and smaller nerve diameters in the
saline groups).

In summary, an allogeneic epineural conduit
combined with BMSC local therapy in a

2 cm rat sciatic nerve defect provides similar
results to autograft repair. The epineural tube
approach for nerve restoration is a promis-
ing new technique, which, specifically with
BMSC local therapy, can provide outcomes
that are comparable to autografts and supe-
rior to other techniques, including acellular
nerve grafts. However, further studies are
warranted to prove this efficacy in longer gap
in a large animal model.

Research Plans for the Next
2 Years/Planned Clinical
Transitions

The Siemionow group is planning to com-
plete a large animal study and, based on the
results, move into clinical trials utilizing two
groups:

e Group 1 will include patients (n = 10)
who will be considered for epineural tube
nerve reconstruction after a neuroma
resection when direct stump coaptation
is not possible (i.e., the gap is too long)
and autologous epineurium covering the
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lesion can be spared during surgery after
extirpation of the damaged neuroma fas-
cicles and used as an autologous epineural
conduit.

* Group 2 will consist of patients (n = 10)
with traumatic peripheral nerve gaps
longer than 3 cm. In this group, allogeneic
epineural conduit grafting supported with
autologous BMSCs will be performed.

Patients’ detailed medical history will be
collected with special attention paid to
comorbidities that may affect nerve regen-
eration after repair surgery (e.g., diabetes,
neuropathy, and alcoholism). Possible recipi-
ents will undergo preoperative neurological
evaluation of the affected limb, including
muscle strength, electromyography for
muscle denervation, and sensory function
testing (e.g., one-point, two-point discrimina-
tion; temperature; and light touch sensation).
Magnetic resonance imaging will be utilized

in patients from Group 1 to confirm the local-
ization, dimensions, and internal structure (if
possible) of the neuroma that is planned for
resection. In patients with traumatic nerve
gaps, magnetic resonance imaging will help
to localize the proximal and distal stumps,
especially in cases of proximal sciatic and
brachial plexus injuries.

Regarding bone marrow harvesting and
BMSC isolation and culture, the same
procedure will be utilized in both groups.
Between 2 and 3 weeks prior to the sched-
uled surgery, 40 mL of bone marrow will

be harvested from the recipients’ iliac crest
using a standard aspiration technique under
short general anesthesia. BMSC isola-

tion and culture will be performed using
standard methods. Based on the research
team'’s previous experience in the rat model,
1 x 10’ BMSCs suspended in 0.5 mL of solu-
tion will be needed per 1 cm of conduit of a
median nerve at the level of the wrist.
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Spatial and Temporal Control of
Vascularization and Innervation of Composite

Tissue Grafts

Project 4.4.3, WFPC

Team Leader(s): Robert Guldberg, PhD (Georgia Institute
of Technology)

Project Team Members: Barbara Boyan, PhD, Ravi
Bellamkonda, PhD, Yash Kolambkar, PhD, Nick Willett,
PhD, Brent Uhrig, Isaac Clements, and Angela Lin
(Georgia Institute of Technology) and Robert Taylor, MD,
PhD and Natalia Landazura, PhD (Emory University)

Collaborator(s): Dietmar Hutmacher (Queensland
University of Technology [QUT]), Andres Garcia

(Georgia Institute of Technology), David Kaplan (Tufts
University), Benjamin Harrison (Wake Forest Institute
for Regenerative Medicine), Shawn Gilbert (University
of Alabama at Birmingham), Thomas Clemens (Johns
Hopkins University), George Muschler (Cleveland Clinic),
and Josh Wenke (USAISR)

Therapy: Functional limb regeneration following severe
combined bone, nerve, and vascular injuries.

Introduction

Traumatic injury to the extremities in combat
is a significant problem for reconstruction and
restoration of function. Complicated frac-
tures and fragmented bone can cause loss
of limb function even if the limb is restored
esthetically. One reason for this is traumatic
injury to the nerve with resulting loss of the
musculature or bone tissue. Another reason
is the lack of adequate vasculature needed
to supply nutrients and connective tissue
progenitor cells. There is a clear need for

Deliverable(s): Develop composite injury animal models
that simulate complex military wounds. Establish and test
spatiotemporal delivery strategies for regeneration of
bone, nerve, and vascularity.

TRL Progress: Start of Program, TRL 1; End Year 1, TRL 1;
End Year 2, TRL 3; End Year 3, TRL 3

Key Accomplishments: The researchers have established
composite injury models in the rat that simulate bone/
nerve, bone/vascular, and bone/muscle injuries. They
have used these models to test nanofiber biomaterial
delivery systems (patents pending) that provide spatial
and temporal cues to guide improved bone and nerve
regeneration. They have completed dose-response and
clinical gold standard comparison testing. Notably, the
researchers’ rat segmental bone defect model has been
adopted and used by other AFIRM investigators.

Key Words: Bone, nerve, vascularization, composite
injury, animal model

regenerative technologies that enable the
restoration of limb function following compos-
ite tissue trauma. However, current preclinical
testing models generally involve injury to only
a single tissue type.

To address this limitation, a goal of this project
is to establish animal models of composite
tissue trauma that combine a massive seg-
mental bone defect in the rat with peripheral
nerve resection and/or femoral artery ligation.
Importantly, quantitative evaluation meth-
ods, such as 3-D micro-CT imaging, electro-
physiology, biomechanics, and gait analysis,
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have been integrated into these models to
provide comparison of competing regenera-
tive strategies. The models are being used to
quantitatively evaluate spatial and temporal
delivery of biological cues that direct nerve,
vascular, and bone growth in a synchronized
manner. In addition to regenerative technolo-
gies developed at the Georgia Institute of
Technology, these quantitative evaluation
models are being used to test technologies
developed in other AFIRM laboratories.

The specific aims of this project are to

(1) develop composite injury rodent models
and (2) quantitatively evaluate strategies for
delivering spatial and temporal information to
direct segmental bone regeneration, periph-
eral nerve repair, and vascular regrowth.

Summary of Research Completed
in Years 1and 2

During the first year of the project, the
researchers established a novel spatial (nano-
fiber mesh) and temporal (alginate hydrogel)
delivery strategy of a clinically approved
osteoinductive factor (BMP-2) that can fully
restore function to massive (8 mm) rat bone
defects. After just 12 weeks, the fixation
plates could be removed and the animals

New Mineral Volume (mm®)

could ambulate normally on their regener-
ated limbs. It is important to note that the

8 mm femoral defect is 60% larger than the
standard critical size (5 mm) for rat long bone
defects and thus represents a highly challeng-
ing model. It was shown that a perforated
nanofiber mesh design accelerates early bone
repair at 4 weeks by enhancing the ingrowth
of vascularity and/or osteoprogenitors from
the surrounding soft tissues. This observa-
tion supported the hypothesis that composite
tissue injuries would require a spatially and
temporally coordinated treatment approach.

During the second year of the study, the
research team established composite injury
models in the rat that simulate bone/nerve
and bone/vascular (Figure 11-27) injuries.
Results demonstrated that functional recov-
ery from composite injuries is significantly
more challenging than recovery from injuries
to a single tissue. Using quantitative outcome
measures, the researchers obtained promis-
ing results for highly translatable nanofiber
biomaterial delivery systems that provide
spatial and temporal cues to guide improved
bone and nerve regeneration. They demon-
strated that oriented nanofiber meshes can
guide functional axon growth across criti-
cally sized peripheral nerve defects and that
a novel nanofiber mesh/hydrogel protein
delivery system fully restores the mechanical
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Figure 11-27. Vascular image analysis of intact (left) and ischemic limbs (middle).
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function of massive long bone injuries at
lower doses than the current clinical standard.

Research Progress - Year 3

Over the past year, the Guldberg team made
significant progress on the composite mod-
els of limb injury and hybrid construct bone
repair technology. The researchers completed
a study focused on quantifying the effects of
ischemic injury on segmental bone repair. It
was hypothesized that local ischemic injury
within the thigh musculature would signifi-
cantly reduce bone regeneration following
the delivery of BMP-2 via hybrid nanofiber
mesh/hydrogel constructs. Contrary to their
hypothesis, the researchers found a stimula-
tory effect of hindlimb ischemia (HLI+) on
bone ingrowth into adjacent 8 mm femoral
bone defects. A follow-up, shorter-term study
in year 4 will focus on factors expressed in
the bone defect as a result of limb ischemia
(e.g., hypoxia-inducible factors) to help iden-
tify potential therapeutic delivery targets that
promote BMP-mediated bone regeneration in
a similar manner.

The Guldberg team has also established
a bone/nerve composite injury model by
combining the 8 mm segmental bone defect

Composite Injury

Bone Injury

| =

model with a peripheral nerve injury model.
A study to evaluate the effects of dual injury
compared to single bone or nerve injuries
treated using nanofiber delivery systems was
completed during the past year. The nanofi-
ber mesh/hydrogel BMP-2 delivery system
successfully regenerated bone defects even
with a 15 mm sciatic nerve injury (Figure
11-28). However, longitudinal gait analysis
demonstrated that composite bone and nerve
injury has a greater than additive effect on
functional deficit compared to the effects of
bone and nerve injury alone (Figure 11-28). A
third composite injury model involving a bone
and muscle defect has also been developed
and used to demonstrate that massive mus-
cle injury significantly impairs BMP-mediated
segmental bone repair (data not shown).

For peripheral nerve repair, the researchers
have shown that nanofiber-based guidance
channels promote robust levels of axonal
regeneration even across critical-length nerve
gaps. Significantly, this regeneration can
occur in the absence of any exogenous ECM
or trophic factors. The aligned topography of
the interposed nanofiber thin-films stimulates
endogenous repair processes, promoting a
sequence of regenerative events that nor-
mally fail to occur over critical-length nerve
gaps. The most recent studies indicate that a

120+
abc ab abc abc -+ Bl

-=- NI
».\
L5 -%- Cl

-

o

(=]
1

[=-]
o
1

n
w L) L)

Pre-injury 4 8 12 16
Week

Hind Paw Duty Cycle
(% of contralateral)
£ =]
(=] (=]
A1 1

(]
=]
L

Figure 11-28. Micro-CT images of bone repair at 12 weeks (left) and gait analysis results (right).
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single nanofiber membrane produces supe-
rior axonal growth and organization compared
to multiple membranes within guidance
channels.

The 8 mm model has also been used over
the past year to begin quantitatively testing
a technology being developed in another
AFIRM laboratory (Dr. David Kaplan, Tufts
University). The 4-week only results demon-
strate that silk hydrogel containing BMP can
promote bone formation within 8 mm defects
similar to that seen using alginate hydrogel
(Figure 11-29). The 8- and 12-week data,
including biomechanical testing results, are
pending.

Key Research Accomplishments

e Established a composite bone/nerve injury
model and completed a study showing
increased functional deficit associated with
the composite injury.
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e Established a composite bone/vascular
injury model and completed a study show-
ing that transient ischemia may promote
BMP-mediated repair of bone defects.

4 As part of this work, a method was
developed to assess the spatial distribu-
tion of vascular ingrowth into muscle
and bone and used to demonstrate a
gradient reduction in vascular ingrowth
from the proximal to the distal end of
limb injuries.

e Established a composite bone/muscle
injury model and completed a study with
leveraged funds showing that massive
muscle loss significantly impairs BMP-
mediated bone repair.

¢ |nitiated a pilot study of the nanofiber
mesh technology in a large animal model
(sheep) in collaboration with Dietmar
Hutmacher at the Regenerative Medicine
Institute at QUT.
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Figure 11-29. 1% and 2% silk hydrogels provide slower BMP release kinetics compared to 2% alginate. At 4 weeks, the BMP

groups had more bone formation than the delivery matrices alone.
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e |nitiated a collaborative study with
Dr. Kaplan (Tufts University) to test his silk-
based hydrogels for delivery of BMP in the
standardized 8 mm bone defect model.

Conclusions

Composite multitissue injury models have
been developed to simulate complex com-
bat injuries and test spatial and temporal
guidance strategies that take advantage of
synergistic interactions among the tissues
observed during development and repair. The
rat model was chosen since it provides the
opportunity for larger in vivo studies and is
amenable to highly quantitative assessment
methods (e.g., micro-CT assessment of vas-
cularization and bone formation). Variations
of the composite injury model include bone/
nerve injuries, bone/vascular injuries, and
bone/muscle injuries. These models are
available for testing regenerative strategies
developed by other AFIRM investigators.

At the Georgia Institute of Technology, the
researchers have established promising
regenerative strategies for bone and nerve
using nanofiber mesh spatial guidance and
sustained delivery of clinically approved
inductive protein (BMP-2).

Research Plans for the Next
2 Years

During the next 2 years, the researchers
aim to:

e |nitiate a large animal study at QUT to
test the nanofiber mesh/hydrogel BMP
delivery technology. Completion of this
study will allow transition to TRL 4. Once
the patent has been issued and the large
animal study is completed, the research-
ers will seek out a company to license the
technology.

e Perform a short-term (4 weeks) study in
the bone/vascular composite injury model
to assess mechanisms underlying the
enhanced bone repair associated with
ischemic injury.

e Complete the silk hydrogel BMP delivery
study as an alternative delivery matrix that
provides longer-term delivery.

e Complete a nanofiber mesh/alginate BMP
delivery study using a faster degrading
RGD functionalized alginate.

e Conduct follow-up studies aimed at
optimizing the nanofiber mesh perforation
pattern and the hydrogel degradation rate.

Planned Clinical Transitions

The next step is to initiate large animal
studies of the most promising technolo-
gies. Additional funds have been identified
for sheep defect studies from the Australian
Research Council. Contract details for this
study between the Georgia Institute of
Technology and QUT are in progress. A
Materials Transfer Agreement with Pfizer to
provide BMP for the large animal study has
also been initiated. Dr. Robert Guldberg will
also coordinate with Dr. George Muschler on
the development of a standardized goat bone
defect model within the AFIRM.

The intellectual property will be marketed

to members of the Georgia Institute of
Technology industry partners program. The
researchers have previously had success
licensing patent rights to industry partners fol-
lowing successful large animal studies. Once
proof of concept has been demonstrated in
the large animal model, the goal is to initiate a
human clinical trial pilot study in year 5.
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Corrections/Changes Planned
for Year 4

Large animal studies have been added to the
project plan to accelerate progression toward
clinical translation of the spatiotemporal deliv-
ery systems.
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Epimorphic Regeneration Approach to Limb
and Digit Reconstruction

Project 4.4.1, WFPC

Team Leader(s): Stephen F. Badylak, MD, PhD, DVM
(University of Pittsburgh)

Project Team Members: Vineet Agrawal, Scott Johnson,
Neill Turner, Alex Huber, Li Zhang, Janet Reing, and
Stephen Tottey (McGowan Institute for Regenerative
Medicine, University of Pittsburgh) and Ron Stewart
(University of Wisconsin)

Collaborator(s): Ron Stewart and Jamie Thomson
(University of Wisconsin); Susan Braunhut (University of

Massachusetts, Lowell); David Kaplan (Tufts University);
Eileen Moss and Muthu Wijesundara (The University of
Texas at Arlington); Karen K. Hirschi (Baylor College of
Medicine); and Peter Rubin (University of Pittsburgh)

Therapy: Treatment of digit loss with epimorphic
regeneration strategies.

Deliverable(s): A biologic scaffold-based strategy for
inducing epimorphic regeneration in limb and digit soft
tissues. A biomaterial that can facilitate epimorphic
regeneration in soft tissues (multiple forms, solid sheet,
gel, powder, etc.).

Introduction

The Badylak group is investigating mecha-
nisms for stimulating nonblastemal
epimorphic regeneration in tissues beyond
the very few that presently exist in adult
mammals. The liver, skin, bone marrow,

and intestinal lining of epithelial cells are
examples of tissues that exhibit nonblastemal
epimorphic regeneration in adult mammals.
However, virtually every other tissue does

TRL Progress: Start of Program, TRL 3; End Year 1, TRL 4;
End Year 2, TRL5; End Year 3, TRL5

Key Accomplishments: The researchers have shown in

a mouse model of mid second phalanx digit amputation
that treatment with bioactive molecules derived from
ECM can recruit endogenous multipotential stem cells to
the site of injury. During the past year, they have partially
characterized the source of the previously identified Sox2
cells recruited to the site of digit amputation following
ECM administration. Additionally, they have characterized
one of two isolated fractions of bioactive ECM molecules
that can also recruit multipotent Sox2+, Scal+, and Lin-
cells to a site of amputation. Finally, they have shown

that treatment with bioactive ECM molecules results in
functional tissue formation, such as bone, at the site of
amputation.

Key Words: Limb regeneration, extracellular matrix,
epimorphosis, multipotential cell cluster

not have this capacity as a component of

the default mechanism for wound healing.
The present work in large part is based upon
resurrecting this nonblastemal regenerative
capacity in alternative tissues. The signals

to facilitate this resurrection of nonblaste-
mal regeneration reside within the ECM.
Developing therapeutic strategies that can
take advantage of this matrix-based approach
is the fundamental objective of this project.
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Summary of Research Completed
in Years 1and 2

During the first 2 years of the project, the
research team used the C57BI/6 mouse digit
amputation model (Figure 11-30) to show
that treatment with bioactive homing signals
from ECM resulted in a denser cellular accu-
mulation at the site of amputation, which
expressed multiple markers of primitive,
multipotent stem cells (e.g., Scal, CD146,
and Sox2). These multipotential cells have
the ability to differentiate into tissues from all
three germ layers (i.e., ectoderm, mesoderm,
and endoderm) and cause a significant shift
in the wound-healing potential of mammals.

Research Progress - Year 3

Specific Aim 1: To identify a refined
“genetic signature” for cells that participate
in the formation of a blastema-like structure
as opposed to the gene expression profile of
cells that participate in default wound healing
and scar tissue formation.

Studies during the past year have focused on
further characterizing the Sox2+ population
of cells at the site of amputation since Sox2

Amputation Site

Distal Fhalanx {Clawd

Mddle Fhalanx

is a transcription factor associated with very
primitive, pluripotent stem cells.

Treatment with bioactive molecules from
ECM led to a greater number of Sox2+ cells
at the site of amputation on days 10, 14, and
18, post-amputation and treatment (Figure
11-31). Sox2 expression was confirmed by
microdissection and isolation of the cells.
Fluorescence-activated cell sorting (FACS)
analysis showed that the Sox2+ cells coex-
pressed mesenchymal stem cell markers
Sca-1 and CD90 but not hematopoietic stem
cell marker c-kit or dermal stem cell marker
CD133 (Figure 11-31). Nuclear expression of
phosphorylated histone H3 confirmed that

a subset of Sox2+ cells was proliferating,
indicating that the Sox2+ cells at the site of
amputation are functionally active.

To determine the source of the Sox2+ cells,
the researchers utilized transgenic Sox2
eGFP/+ mice and bone marrow chime-

ric mice. In Sox2 eGFP/+ mice, all Sox2+
cells expressed green fluorescent protein
(GFP). In the bone marrow chimeric mice,
only bone marrow- or circulation-derived
Sox2+ cells expressed GFP. Following digit
amputation of Sox2 eGFP/+ and bone mar-
row chimeric mice and treatment with ECM
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Figure 11-30. Site of P2 amputation in a mouse model.
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Figure 11-31. ECM treatment leads to a greater number of Sox2+, Scal+ and CD90 cells at 10, 14, and
18 days post-amputation.

bioactive peptides, the researchers isolated
the accumulated multipotential cell cluster on
day 14 post-amputation by microdissection
and dissociation. By FACS analysis, GFP+
(i.e., Sox2+) cells were found at the site of
amputation in Sox2 eGFP/+ mice, but no
GFP+ cells were found at the site of amputa-
tion in bone marrow chimeric mice. These

D Sox2eGFP-  Sox2eGFPs  GFP control data suggest that none of the Sox2+ cells

are bone marrow derived. The GFP+ and
GFP- cells were sorted, plated, fixed, and
. .. immunolabeled for GFP and Sox2 to confirm
F expression (Figure 11-32).
!c e . . . .
! BMT @
. sulfate precipitation, size exclusion chroma-
TEc tography, ion exchange chromatography, and
Figure 11-32. Sox2+ cells are not derived from the bone reverse phase chromatography. The isolated
marrow or circulation. chemotactic peptide was chemotactic in a

' A Sox2 eGFP/+
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Specific Aim 2: To identify in vitrobioac-
tive molecules that can instruct, facilitate,
or promote the formation of a blastema-like
structure following injury.

Anti-GFP

Pacific Blue

Anti-Sox2

During the past year, the researchers focused
on characterizing a single chemotactic peptide
isolated by successive rounds of ammonium

Pacific Blue

Merge
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Boyden chamber migration system for human
perivascular stem cells. The peptide was
identified to be a fragment of the C-terminal
telopeptide of the collagen llla molecule, a
highly conserved 12-amino acid sequence
among over eight species.

The 12-amino acid peptide sequence also
showed chemotactic activity for hNSCs
(Figure 1I-33A), human adipose stem cells
(Figure 11-33B), muscle myoblast progeni-

tor cells (Figure 11-33C), and Schwann cells
(Figure 11-33D). It showed relatively less
activity for more differentiated endothelial
cells (Figure 11-33E) and epithelial cells (Figure
[1-33F). In vivo, the chemotactic peptide
showed the ability to recruit Sox2+, Scal+,
and Lin- cells to a site of injury in an adult
mouse model of digit amputation (Figure
11-34C-E). At 7 days post-amputation, an
accumulation of cells was
observed at the site of ampu-
tation following injection of the
candidate peptide whereas
treatment with phosphate-
buffered saline (PBS) led

to scar tissue deposition
typical of the default response
to wound healing (Figure
[1-34A,B).

The isolated peptide from
Specific Aim 2 was further
characterized for its ability to
alter osteogenesis. In vitro,
the isolated peptide acceler-
ated osteogenesis of human
perivascular stem cells as
measured by Alizarin red
staining and alkaline phos-
phatase activity (Figure
11-35). Quantitative RT-PCR
showed that the peptide
increases expression of both
osteogenic and chondrogenic
genes in vitro (Figure 11-36).
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Figure 11-33. Migration of (A) neural stem cells,

(B) adipocyte stem cells, (C) muscle myoblast progenitors,
(D) Schwann cells, (E) differentiated endothelial cells,

and (F) differentiated epithelial cells toward the isolated
peptide.

Figure 11-34. Treatment with the chemotactic peptide
results in the recruitment of Sox2+, Scal+, and Lin- cells
at the site of amputation whereas PBS control treatment
results in scar tissue formation.
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Figure 11-35. The isolated bioactive peptide accelerates osteogenesis of human perivascular

stem cells in vitro.
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Figure 11-36. The isolated peptide induces chondrogenic
and osteogenic gene expression.

Finally, treatment with bioactive peptide in
an adult mammalian model of digit ampu-
tation resulted in the formation of a bone
nodule at the site of amputation (Figure
11-37) consistent with the location of Sox2+,
Scal+, and Lin- cell accumulation at day 7
post-amputation. Differential calcium dye
staining in vivo showed that treatment with
the isolated peptide resulted in more new
calcium deposition (red) as compared to old
bone (green). Staining with Alcian blue stain
showed that the new bone formation under-
went endochondral ossification with a largely
cartilaginous core that eventually matured
and ossified (Figure 11-37).

Specific Aim 3: To evaluate potentially
therapeutic molecules for digit reconstruction
in vivo.

In collaboration with the Automation and
Robotics Research Institute at the University
of Texas Arlington, work in the past year
resulted in a prototype device designated as
the BIODOME (Biomechanical Interface for
Optimized Delivery of MEMS Orchestrated
Mammalian Epimorphosis) that was devel-
oped for an adult mouse model of digit
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Figure 11-37. (A) Treatment with the bioactive peptide in an adult mouse model of digit amputation results in
new formation of calcified bone (arrow) at day 14 post-amputation. The bone nodule undergoes endochondral

ossification.

amputation. The device is currently in testing
in the mouse model, and optimization of the
design in the mouse model will inform future
designs for a BIODOME device to control
digit reconstruction in a human pilot study
(Specific Aim 4). The proposed work will
focus on utilization of the findings of Specific
Aims 1-3 and the mouse BIODOME to refine
a prototype for a human BIODOME.

Key Research Accomplishments

Established the phenotype and source of
Sox2+ cells as proliferating cells that coex-
press Sca-1 and CD90 that are not derived
from the circulation or bone marrow but

rather from tissue resident progenitor cells.

* |solated, sequenced, and synthesized a
potent ECM fraction derived from the
collagen Il molecule with chemotactic
properties for multiple progenitor cells in
vitro and in vivo.

¢ |dentified the osteogenic activity of the
isolated peptide in vitro for human perivas-
cular stem cells.

e Demonstrated bone tissue growth and
endochondral ossification at a site of
amputation following injection of the
isolated peptide.

¢ Designed a prototype BIODOME device
for controlling the microenvironment at the
site of amputation.

Conclusions

Progress throughout the past 3 years has
demonstrated that bioactive peptides derived
from ECM recruit a population of tissue
resident multipotent stem cells that express
markers such as Sox2, Sca-1, CD146, and
CD90. Additionally, specific bioactive pep-
tides have been identified with unique
properties for stem cell migration and dif-
ferentiation. These bioactive peptides are an
attractive therapeutic tool by which to influ-
ence the injury microenvironment and direct
local and circulating stem cells to migrate and
differentiate at the site of injury into functional
tissue.
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Research Plans for the Next
2 Years

The researchers will continue to fractionate
the ECM into constituent peptides that will
be screened for their ability to induce or dif-
ferentiate the multipotential cell cluster. Work
in the upcoming year will specifically focus
on two major aims: (1) identifying peptides
that have the ability to alter the recruitment
and differentiation of stem cells toward other

important tissues in the digit, such as muscle,

nerve, and vasculature and (2) controlling the
spatiotemporal pattern of treatment with the
bioactive peptides at the site of amputation
via a microfluidic device designed to cover
the site of digit amputation. Additionally, the
researchers would like to further develop the
concept of the BIODOME into a functional
device with an objective of eventual use in
human trials. The BIODOME now represents
the rate-limiting step to clinical translation.

Planned Clinical Transitions

In collaboration with Dr. Rubin at the
University of Pittsburgh, the research team
is evaluating a powder form of ECM for the
treatment of distal digit amputations. The
product being used is a commercially avail-
able FDA-approved form of powdered ECM.
The patients who are selected for the study
are treated based on the findings of the
work conducted during the researchers’ first
3 years with the digit amputation model.

Additionally, the researchers are attempting
to get a 10-patient trial started at USAISR.
The proposed work involves the treatment of
patients who have suffered from loss of large
amounts of functional musculotendinous tis-
sue as a result of trauma. The injury in these
patients must be such that either heroic
tissue transplantation procedures would be
required or amputation would be necessary
under the current standard of care. These
patients will be implanted with one of several
different forms of ECM. The clinical trial is
currently in review by the IRB. The lead in
that trial will be Dr. Hsu.

AFIRM Annual Report 2011
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High-Throughput Approaches Applied to

Tissue Regeneration

Project 4.4.7, WFPC

Team Leader(s): Ron Stewart, PhD (Morgridge
Institute for Research) and James Thomson, VMD,
PhD, Diplomate ACVP (Morgridge Institute for
Research, University of Wisconsin, Madison, and
University of California, Santa Barbara)

Project Team Members: Srikumar Sengupta, PhD
and Mitch Probasco, BS (Morgridge Institute for
Research)

Collaborator(s): Stephen F. Badylak, MD, PhD,
DVM (University of Pittsburgh) and H. Tom Soh, PhD
(University of California, Santa Barbara)

Therapy: The long-term therapy for this work will be
improved limb and tissue regenerative outcomes in
mammals (including humans).

Deliverable(s): (1) Whole transcriptome measures
on ECM-treated and untreated P2 amputated mouse

digits. (2) Whole transcriptome measures on axolotl
blastemas and portions of the axolotl limb.

TRL Progress: Start of Program, TRL 2; End Year 1,
TRL2; End Year 2, TRL 2; End Year 3, TRL 2

Key Accomplishments: During the pastyear, the
researchers complemented the work they had
completed during the first 2 years of the project by
performing next-generation sequencing on RNA from
the axolotl as a model system for limb regeneration.
They identified genes that are upregulated in the
axolotl blastema, including chromatin remodelers,
high-mobility group (HMG) genes, and oncogenes.
They identified three genes that are upregulated
along the proximal-distal axis of the axolotl limb.
They began pilot studies of the transcriptome of
portions of the adult mouse limb, and preliminary
data reveal patterns of gene expression along the
proximal-distal axis.

Key Words: Mouse, transcriptome, regeneration,
axolotl

Introduction

To complement the prior years’ work on
mouse digit regeneration, next-generation
sequencing using the lllumina GAIl has
been performed on RNA from the axolotl
(Ambystoma mexicanum) as a model sys-
tem for limb regeneration. The ability to

fully regenerate an adult amputated limb is
found in certain species of newts and sala-
manders including the axolotl. This ability

is unigue within the vertebrate phylum and
thus makes these animals important models
for limb and tissue regeneration. An axolotl
colony has been established in the Thomson
laboratory. The team has been investigating
tissue regeneration in the axolotl using high-
throughput, next-generation sequencing of
RNA (RNA-seq).

The research team has produced informa-
tion on all of the genes that are expressed
(the “transcriptome”) in the axolotl blastema
(the structure in the regenerating limb that
orchestrates limb regeneration) during regen-
eration over a time course spanning 0-28
days as well as transcriptomes of various
portions of the axolotl limb. The team also
produced a transcriptome of the adult blas-
tema. The longer-term purpose is to harness
this knowledge in conjunction with methods
from the team'’s prior work on the reprogram-
ming of cells to activate or deactivate appro-
priate genes and gene networks to foster
regeneration of mammalian tissues.
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Summary of Research Completed
in Years 1and 2

During the first year of the project, the
researchers completed a pilot microarray
study of mouse digit tips, which showed
that treatment with ECM factors designed

to enhance regenerative capabilities led to
the expression of ECM remodeling genes
and genes indicative of stem cell activity. In
addition, they developed methods for sample
preparation and RNA amplification from
small-quantity RNA samples for microarray
and next-generation sequencing analysis.
They established data analysis pipelines

for microarray and RNA-seq analysis. They
developed lentiviral-based methods for
reprogramming cells based on altering tran-
scriptional networks. They also established
methods for predicting gene networks based
on coregulation analysis.

During the second year of the study, the
research team successfully produced a tran-
scriptome of ECM-treated and untreated P2
amputated mouse digits over a 14-day time
course. The team exceeded the deliverable

in providing detailed information about the
most upregulated and downregulated genes,
including enriched Gene Ontologies that iden-
tified key groups of genes that are up- and
downregulated on treatment. This information
is useful in determining gene networks that
are activated after ECM treatment.

Research Progress - Year 3

The team performed gquality control test-

ing on all samples for RNA-seq. All samples
passed testing. Samples were processed

and submitted for sequencing on the lllumina
GAll sequencing platform. Figure 11-38
shows a diagram of the portions of the axolotl
limb used for analysis.

Proximal
Zeugopod

Distal
Zeugopod

Autopod

Figure 11-38. Portions of the axolotl limb that were
harvested for RNA-seq analysis.
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Data were analyzed to identify genes Some salient observations include:
enriched in the adult blastema. Identification
of blastemal-enriched genes is important as it
lays the groundwork for what is unique in the
axolotl blastema (which mounts a regenera-
tive response) versus the amputated mouse o
digit (which undergoes wound healing and

scar formation but does not mount a regen-

e HMG transcription factors (highlighted
in brown-orange) are highly statistically
enriched (p < 0.01).

Oncogenes (purple) appear on this upregu-
lated list. Note also that many HMGs are

: , oncogenes.
erative response). The team normally studies
all of the genes in the genome, but the e Polycomb repressor complex genes
preliminary analysis focused on transcription (green) appear on the list.

factors as these can set and maintain distinct
cell states. Transcription factors enriched in
the blastema (when compared to portions of
the adult axolotl arm) are shown in Figure
11-39.

e Many genes known to be expressed in the
blastema or mammalian limb bud (blue)
appear on the list.

Adult Blastema-specific TFs

1 symbol description Gene Rank (limb) Blastema/Pod
2 HMGA2 high moebility group AT-hook 2 height in humans 11.24315285
3 |PRRX1 paired related homeobax 1 52 7.88372982
4 |MYCN v-myc myelocytomatosis viral related oncogene, | 139 6.685514784
S5 |APEX1 APEX nuclease {multifunctional DNA repair enzyme) 1 6.126971645
6 TFDP2 transcription factor Dp-2 (E2F dimerization partner 2) 5.8213859846
7 HMGN2 high-mobility group nucleosomal binding domain 2 expr in limb buds 5.738047245
8 |HDAC2 histone deacetylase 2 5.644422167
9 SOx4 SRY (sex determining region Y)-box 4 5.626658105
10 [Suziz suppressor of zeste 12 homolog (Drosophila) 5.486570925
11 NCALD neurocalcin delta 5.285675573
12 FRDM16 PR domain containing 16 limb bud: http://www.sciencedirect. 4.694029559
13 |Cl4orfl06 chromosome 14 opeén reading frame 106 4.584721613
14 TWIST1 twist homolog 1 (Drosophila) 42 4.521737384
15 |LIMAl LIM domain and actin binding 1 4.345202481
16 #
17 HMGB2 high-maobility group box 2 4.085397099
18 TCF4 transcription factor 4 174 prepatterns limb muscle: http://ww 4.082481656
! 19 TNRCSA trinucleotide repeat containing 6A 3.749782035
! 20 TARDBP TAR DNA binding protein 3.615127452
| 21 |TRPS1 trichorhinophalangeal syndrome | 3.584016377
| 22 |suB1 SUB1 homolog (S. cerevisiae) 3.54759269
l 23 MLLT3 myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila); translocated to, 3 3.423886672
24 DRAP1 DR1-associated protein 1 (negative cofactor 2 alpha) 3.313491393
25 |1D2 inhibitor of DNA binding 2, dominant negative helix-loop-helix protein 3.224372814
26  UBE2V1 ubiguitin-conjugating enzyme E2 variant 1 3.163877073
TFAP2C transcription factor AP-2 gamma (activating enha 415 3.093388447
ZFPL1 2inc finger protein-like 1 3.088258587
above have a blastema over stylo plus auto ratio of at least 3. And have low variance, adj pvalue < 0.05

Brown--HMG (3 in top 16, pValue<< 0.01)

Green--Polycomb
Blue-Blastemal or Limb Bud

Figure 11-39. Blastema-enriched transcription factors.

AFIRM Annual Report 2011




These observations suggest that blastema
formation involves substantial chromatin
remodeling since oncogenes, polycomb
genes, and HMG genes are all chroma-

tin remodelers. The presence of many

known blastemal and limb genes on this list
increases confidence that the other genes are
indeed important for the blastemal cell state.
The team has performed analyses with Gene
Ontology and Gene Set Enrichment Analysis
that support with statistical rigor the observa-
tion of the enriched gene categories shown in
Figure 11-39.

When comparing the axolotl blastema to the
amputated mouse digit, several genes are
specifically enriched in the axolotl blastema
including HMGAZ2. These genes are candidate
genes for forced expression in the mamma-
lian system, potentially leading to improved
regenerative outcomes.

The team has also identified several genes
that are expressed more highly in the distal
region of the adult arm. This list includes
EMX2, KLF2, and XBP1. These three genes
are graded in their expression along the
proximal-distal axis with highest expression
in the digits (Figure 11-40). Notably, other
researchers have implicated EMX2 to play a
role in patterning in the newt.

These and other genes expressed in a
region-specific manner in the adult limb

are important in that they may play a role in
providing instructive cues to the developing
blastema as to what structures to regenerate.
Understanding how this pattern forms in the
axolotl is crucial to being able to reproduce,
mimic, and improve regenerative behavior

in the mammalian system. The team is in
the process of producing transcriptomes for
various portions of the adult mouse limb to
determine if a similar pattern of expression
along the proximal-distal axis exists in the
mouse. The team has performed RNA-seq
analysis in pilot studies of the mouse limb,

Distal-specific TFs: Digits /Stylopod (upper arm)

p-value=0.05696

Stylopod_mean
Prox_Zeugo_mean
Dist_Zeugo_mean
Autopod_mean
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Figure 11-40. Distal-enriched transcription factors.
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and preliminary data reveal patterns of gene
expression along the proximal-distal axis.

Key Research Accomplishments

¢ Completed RNA-seq analysis of axolotl
blastema time course samples, axolot!
adult blastema samples, and portions of
the adult axolotl limb.

e Performed detailed data analysis (included
gene enrichment and Gene Ontology
enrichment) of the axolotl RNA-seq data.

¢ |dentified genes upregulated in the blas-
tema, including chromatin remodelers,
HMG genes, and oncogenes.

e |dentified three genes upregulated along
the proximal-distal axis of the axolotl limb
(EMX2, KLF2, and XBP1).

e Began pilot studies of the transcriptome of
portions of the adult mouse limb.

4 Preliminary data reveal patterns of gene
expression along the proximal-distal
axis.

Conclusions

The potential implications of this work are
substantial. Identification of similarities and

differences in the active gene networks in
the mouse digit model system and the axolotl
blastema will provide information on the fac-
tors needed to modulate gene expression to
enhance limb/digit regeneration (and mam-
malian tissue regeneration in general). This
work has already identified many transcription
factors that are blastema enriched or enriched
in various portions of the adult axolotl limb.
Comparison of the axolotl data to data in

the mouse digit amputation model and the
mouse limb will provide clues to genes that
may be regeneration specific.

This work will inform the team on how to
manipulate the mouse model system to
enhance digit regeneration by activating
regenerative behavior within the mouse
digit. Even a partial activation of regenera-
tion would represent a substantial advance in
regenerative medicine.

Research Plans for the Next
2 Years

This project will conclude on December 31,
2011.
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High-Purity Magnetophoretic Sorting for

Transplant Therapies

Project 4.4.8, WFPC

Team Leader(s): H. Tom Soh, PhD (University of
California, Santa Barbara)

Project Team Members: David Bothman, Jinpeng
Wang, and Yi Xiao (University of California, Santa
Barbara)

Collaborator(s): James Thomson (University of
Wisconsin) and Erkki Ruoslahti, MD, PhD (Sanford-
Burnham Medical Research Institute)

Therapy: Improved transplant therapy outcomes
using novel microfluidic magnetophoretic cell sorting
devices.

Deliverable(s): Microfluidic magnetophoretic
cell sorting devices and systems for the isolation
of pluripotent, rare stem cells. Magnetophoretic
devices for the identification of new markers for
nuclear reprogramming.

TRL Progress: Start of Program, TRL 2; End Year 1,
TRL2; End Year 2, TRL 2; End Year 3, TRL 2

Key Accomplishments: The researchers have
developed a unique microfluidic phage selection
(MiPS) system that is capable of efficiently isolating
peptides with high affinity and specificity to target
cell surfaces. They performed de novo selection

of a T7 phage library expressing random, linear X7
peptides against PPC-1 cells using both conventional
biopanning and the MiPS platform. They achieved
efficientin vitro selection of T7 phage-displayed
peptides that recognize markers expressed on live,
adherent cells within a microfluidic channel.

Key Words: Magnetic cell sorting, microfluidics,
peptides, aptamers, stem cell transplant

Introduction

Cell sorting is a critical technology for cell-
based therapeutics wherein the rare target
cells must be isolated from complex mixtures
such as blood and homogenized tissue. The
performance of cell sorting is benchmarked
by three key metrics: purity (the fraction of
target cells among collected cells), recovery
(the fraction of input target cells success-
fully collected after sorting), and throughput
(the number of cells sorted per unit time).
To achieve high-performance sorting of rare
cells, two key technologies are required:

e High-performance microfluidic cell sorting
system. The current standard for rare cell
sorting is FACS. However, due to the serial
nature of its operation, FACS is inherently
limited in throughput, which is insufficient
for many clinical applications. Thus, the
challenge in high-performance cell sorting
is to decouple the three competing per-
formance metrics and to simultaneously
achieve high purity, recovery, and through-
put. Furthermore, to avoid contamination
by the production of stem cell products, it
is imperative to integrate the cell separa-
tion with expansion. These capabilities
are not currently available and need to be
developed.

e Affinity Reagents. To efficiently label the
target cells for sorting, there is a criti-
cal need for advanced technologies for
the generation of reagents that specifi-
cally target cell surface markers because
transmembrane proteins are notoriously
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difficult to express in recombinant form.
Conventional methods of hybridoma
production or phage screening are lengthy,
labor intensive, and expensive. Thus, there
is a need for novel technologies that can
rapidly generate affinity reagents that
target cell surface markers.

The Soh group has been developing a novel
MS system termed the Ultrahigh Gradient

Magnetic Activated Cell Sorter (UHG-MACS).

The main advantage of the UHG-MACS
technology is that through the unique fluidic
and magnetophoretic physics that occur only
at the microscale, one can control separation
forces with exquisite precision and repro-
ducibility. This enables exceptional purity
and ultrahigh recovery at high throughputs.
Furthermore, since the cell-sorting process
is performed in a disposable chip format,
multiple assay steps can be integrated into

a single, closed system. These features are
highly advantageous for stem cell transplant
therapies because they obviate the need for
system cleaning and maintenance, and elimi-
nate sample contamination.

Summary of Research Completed
in Years 1and 2

During the first 2 years of the project, the
researchers developed devices that (1) can
achieve, for the first time, the simultaneous
sorting of multiple targets at high levels of
purity, recovery, and throughput and (2) allow
purification of extremely rare cells from
complex mixtures with unprecedented cell
recovery. With their high-purity, multitarget
MS device, the researchers demonstrated
extremely high recovery of rare target

cells from whole blood (92% recovery of

10 cells/mL). In addition, they successfully
integrated in situ culturing capability within
the separation device for contamination-free
expansion of stem cell products. Finally, using
their microfluidic separation devices, they
obtained key results toward the rapid isola-
tion of aptamer reagents for stem cell surface
markers.
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Research Progress - Year 3

Development of CT-MACS Device

for Rare Cell Isolation

In collaboration with Cynvenio Biosystems,
the researchers’ UHG-MACS system was
used to successfully capture extremely
rare cells (50, 30, and 10 cells/mL) from an
excess of background cells (approximately
10° cells/mL) with exceptional recovery
(greater than 90%) (Figure 11-41).

The chip is optically transparent, which allows
for direct optical analysis after the separa-
tion—this is a unique feature that is not
available in commercial systems. In addition,
the small chamber volume (300 pL) naturally
offers low reagent consumption and reduced
reaction time.

Development of MiPS

The researchers report the first success-

ful directed evolution of phage libraries that
target live, adherent cell surfaces using micro-
fluidics technology (Figure 11-42). The ability
of this system to directly target membrane-
bound proteins on cell surfaces is significant
since most of these proteins are notoriously
difficult to produce using recombinant tech-
nology. They show that the MiPS system

Rare Cell Recovery from Whole Blood (%)

100 86 94 ng

80

60

40

20

offers significant advantages compared to
conventional biopanning methods. First, due
to the fact that the selection is performed
within a microchannel, significantly smaller
numbers of target cells are required. This
allows one to impose highly stringent mass-
action selection pressure (e.g., high molar
ratios between the library and target cells),
yielding peptides with higher affinity. Second,
control of the flow rate of fluids within the
microchannel provides a continuous and
reproducible means for efficiently remov-

ing weakly or nonspecifically bound phage,
resulting in low background binding with mini-
mal cell loss. The researchers demonstrate
that this leads to more efficient enrichment
of phage displaying high-affinity peptides

to the targeted cell surface marker. Finally,
they have integrated all major components
of the selection process—incubation, wash-
ing, cell lysis, and lysate collection—within
the MIiPS device thereby reducing the risk of
contamination and enabling full automation.
Importantly, using the MiPS system, they are
able to discover novel peptide sequences to
an important cancer biomarker neuropilin 1
(NRP-1) with superior affinity and specificity
to the best sequences discovered through
the conventional biopanning method.

Rare Cell Purity from Whole Blood (%)

100 &
80
60

40

) -
0

50 cells/mL 30 cells/mL 10 cells/mL

50 cells/mL 30 cells/mL 10 cells/mL

Figure 11-41. The UHG-MACS system demonstrates exceptional purification performance of extremely rare cells. As a model
system, a small number of MCF-7 cells spiked into whole blood (no preprocessing) and processed through the UHG-MACS
system in a single pass at a throughput of approximately 10 mL/hour/microchannel.
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De Novo Selection of a Random
T7 Phage Library

The researchers performed de novo selec-
tion of a T7 phage library expressing random,
linear 7-residue (X7) peptides (diversity
approximately 5 x 108) against PPC-1 cells
using both conventional biopanning and the
MiPS platform. After three rounds of selec-
tion in the MiPS chip, the phage from the
round 3 pool (R3) demonstrated approxi-
mately 700-fold higher binding to PPC-1 cells
on chip in comparison to the initial random
library (Figure 11-43). In contrast, conven-
tional cell suspension biopanning yielded a
100-fold enrichment presumably due to a
higher level of nonspecific background bind-
ing compared to the MiPS system (Figure
[I-43). The researchers believe the capability
of the MiPS system in applying highly strin-
gent mass-action selection pressure in com-
bination with its continuous-flow washing
within the microchannel offers an effective
means of rapidly enriching phage that display
peptides with higher affinity and specificity.

The research team investigated the com-
positional differences in the peptide motifs
enriched by these two selection methods by
randomly picking 21 individual phage clones
from each R3 pool and comparing their amino
acid sequences. Previous studies showed
that peptides with a C-terminal (R/K)XX(R/K)
sequence exhibited significantly higher affin-
ity for NRP-1-expressing cells than peptides
with a C-terminal arginine alone (XXXR). The
researchers found that the MiPS system
enables more efficient enrichment of phage
displaying this higher-affinity motif (Figure
[1-43B)—90% of the phage selected using
the MIPS system contained (R/K)XX(R/K)
motifs while 5% displayed lower-affinity
XXXR motifs. In contrast, conventional cell
suspension-based panning yielded at best
52% (R/K)XX(R/K) phage and 29% XXXR
phage.

Lol
i

e Start with
Iy phage library _ﬂ.ﬂ_ | _ﬂl
Incubation PEG/NaCl
in MiPS chip purification
Microfluidic
phage-displayed
peptide selection

Buffer T (3 rounds)
NG o
.-'_ﬂ_ﬂ_:'

Phage amplification

Continuous

in bacteria
vashig |

Lysis and elution

Figure 11-42. Experimental scheme for microfluidic
selection of phage-displayed peptides with high affinity
and specificity for adherent PPC-1 cells in the MiPS
system. 5 x 10" pfu of phage library (approximately 100
copies of each unique sequence) were loaded into the
device and recirculated at a flow rate of 1 mL/min for

3 hours at 4°C. The pump then delivered wash buffer at

a flow rate of 1 mL/min for 90 minutes. Finally, phage-
bound cells were lysed with 1 mL of 1% NP/LB solution
onice at a flow rate of 6 mL/min for 30 minutes, and

the lysate was collected in a tube. The collected phage
pool was amplified by infecting BLT5403 bacteria at

37°C for 2 hours followed by phage precipitation with a
polyethylene glycol/NaCl solution and purification by CsCl
gradient ultracentrifugation. The amplified phage pool
was used as the starting library pool for the next round of
selection.

II: Limb and Digit Salvage



II: Limb and Digit Salvage

Progress Reports: Epimorphic Regeneration (and associated methods)

>

I MiPS chip-based selection

800-

600+

400 -

200-

Phage enrichment fold

1 2

Selection rounds

I Cell suspension biopanning

3

MiPS device Cell_suspepsmn
biopanning

A1 RWEKVPR B1 RTPR

A2 TVKKNKR B2 STVRRRR
A3 KVSRPVR B3 AQVRGPR
Ad RGGRPAR B4 MKIRPPR
A5 VSERRPR B5 GRVRGVR
AB LDRRPPR B6 LKIERSPR
AT RGGRGFPR B7 AQVRGPR
A8 VMHKPAR B8 RRKR

A9 NKVRLPR B9 GKPRAKR
A10 GRSKAPR B10 AMKRVAR
A11 PSRRKLR B11 QRKGRR
A12 GTGKRPR B12 VRKFVIR
A13 GGKRLPR B13 TNRVRRR
A14 RKGRPSR B14 RGSQRAR
A15 GLTRGLR B15 KRLNSGR
A16 RVMRGPR B16 KMRSSLR
AT REGRVRR B17 IGQDSHR
A18 VMVRPPR B18 NETRSGN
A19 LGGKKKR B19 RKRRSVL
A20 GRKLKPR B20 EVEGCEL
A21 ATNAEPS B21 VGKKLP

Figure 11-43. Results from de novo selection with a random linear X7 peptide library and 2 x 10* target cells in the MiPS device.
(A) After three rounds of selection using the MiPS chip, the resulting phage pool (R3) demonstrated approximately 700-fold
higher binding to PPC-1 adherent cells in comparison to the initial random library. In contrast, three rounds of conventional
cell suspension-based bhiopanning yielded approximately 100-fold enrichment. (B) Sequences of peptides selected with the
MiPS device (left) and conventional biopanning (right). Clones containing the high-affinity (R/K)XXR motif are shown in red,
and sequences containing the weak-binding XXXR motif are displayed in blue. Clones that do not exhibit CendR motifs are
shown in black. Selection in the MiPS device yielded a significantly higher fraction of phage displaying the R/KXXR motif

(92%) compared to conventional biopanning (52%).

Specificity and Affinity of
Individual Phage Clones

The researchers measured the equilibrium
dissociation constants (Kd) of the peptide
sequences for binding to the NRP-1 pro-
tein. Due to the experimental challenges

in directly measuring the Kd of the native
peptides, they followed a two-step process
wherein they synthesized native and bioti-
nylated versions of each peptide sequence.
They first obtained the Kd of the biotinylated
peptide then performed competitive binding
assays to extract the Kd of the native peptide
using standard methods. More specifically,
to obtain the Kd of the biotinylated peptide
they incubated NRP-1 protein-coated wells
with different concentrations of biotinylated
peptide then added streptavidin-conjugated
horseradish peroxidase (HRP) to each well.
The optical signal from the HRP was fitted to
a kinetic model to obtain the Kd values. They

confirmed that biotinylated peptides with
RXXR motifs (e.g., Kd(RPARPAR) = 28.4 +
2.9 uM) exhibited higher affinity than those
containing XXXR motifs (e.g., Kd(VYKARTR)
=50.9 £ 6.4 uM) and verified that peptides
that do not follow the CendR rule, such as
GGRGARA and SMTARSV, show minimal
affinity for NRP-1. A number of biotinylated
sequences showed comparable or superior
binding affinities to the biotinylated RPARPAR
sequence, including NGARKPR (Kd = 28.8 =
3.5 uM), GGKRPAR (Kd =22.2 £ 0.3 pM),
and RIGRPLR (Kd = 18.8 + 3.2 uM).

To obtain the Kd of the native peptide
sequences, the researchers utilized a com-
petitive binding assay described in the
literature. They challenged NRP-1-coated
microtiter wells with mixtures containing vari-
ous concentrations of native peptides and a
constant concentration of biotinylated peptide
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then added streptavidin-conjugated HRP

to each well. Finally, they fitted the binding
signal using Prism software to calculate the
Kd values for each native peptide sequence.
Importantly, they discovered two sequences,
GGKRPAR (P4) and RIGRPLR (P7), which
showed superior affinity and specificity to the
well-known RPARPAR sequence (CR).

Key Research Accomplishments

* Developed the MiPS system, which is
capable of efficiently isolating peptides
with high affinity and specificity to target
cell surfaces.

e Performed de novo selection of a T7
phage library expressing random, linear X7
peptides against PPC-1 cells using both
conventional biopanning and the MiPS
platform.

¢ Achieved efficient in vitro selection
of T7 phage-displayed peptides that
recognize markers expressed on live,
adherent cells within a microfluidic
channel.

e Measured the Kd of isolated peptides and
discovered two peptide sequences with
superior binding affinity and specificity
relative to the well-known NRP-1-binding
RPARPAR peptide.

Conclusions

In the third year of the project, the research-
ers developed a novel microfluidic device that
allows unprecedented efficiency in generat-
ing affinity reagents that target cell surfaces.
Compared to conventional biopanning meth-
ods, microfluidic selection enables the more
efficient discovery of peptides with higher
affinity and specificity by providing a control-
lable and reproducible means for applying
stringent selection conditions against minimal
amounts of target cells without loss. Overall,
the UHG-MACS and MiPS devices provide a
critical technical solution for the isolation of
the target stem cells needed for clinical thera-
peutics. This project is scheduled to conclude
on December 31, 2011.
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Hand Transplantation for Reconstruction of
Disahling Upper Limb Battlefield Trauma -
Translational and Clinical Trials

Project 4.4.2, WFPC

Team Leader(s): W.P. Andrew Lee, MD (Johns
Hopkins University School of Medicine)

Project Team Members: Gerald Brandacher, MD,
Damon S. Cooney, MD, PhD, Justin M. Sacks, MD,
Stefan Schneeberger, MD, and Eric Wimmers, MD
(Johns Hopkins University School of Medicine) and
Vijay S. Gorantla, MD, PhD, Joseph E. Losee, MD, and
Xin Xiao Zheng, MD (University of Pittshurgh)

Collaborator(s): None

Therapy: Reconstructive transplantation of upper
extremity under a novel bone marrow/stem cell-
based immunomodulatory protocol.

Deliverable(s): Phase 1 (Translational/
Preclinical Trials): Novel immunosuppressive
protocol that combines systemic stem cell-based
therapy with local immunomodulation in a swine
heterotopic hindlimb model of composite tissue
allotransplantation. Phase 2 (Clinical Trial):
Reconstructive transplantation as treatment for
hand or forearm loss under a novel cell-based
immunomodulatory protocol.

TRL Progress: Start of Program, TRL 4; End Year 1,
TRL 4; End Year 2, TRL5; End Year 3, TRL5

Key Accomplishments: In Phase 1, CTLA4/Ig fusion
protein was shown to prolong survival of allografts
in the swine model. In Phase 2, all five patients who
underwent transplants to date have been maintained
on a single immunosuppressive drug at low levels,
and they continue to have increased motor and
sensory function of their transplanted hands, which
correlates with their level of amputation, time after
transplant, and participation in hand therapy.

Key Words: Hand transplantation,
immunosuppression, immunomodulation, swine

Introduction

Composite tissue allotransplantation (e.g.,
hand/face transplants) has become a clinical
reality and is currently performed in multiple
centers worldwide. To date, more than 65
hands have been transplanted globally includ-
ing 8 transplants performed in 5 patients by
this project team during the past 2 years.
Apart from excellent and highly encouraging
functional results, composite tissue allotrans-
plantation has not reached widespread clinical
use because recipients require lifelong,
high-dose, multidrug immunosuppression to
prevent graft rejection. These regimens carry
a high risk for serious side effects. In light of
these challenges, a protocol for solid organ
transplantation at the University of Pittsburgh
has utilized a minimization strategy consisting
of recipient conditioning (induction therapy),
donor bone marrow infusion, and monother-
apy maintenance immunosuppression.

This project has two phases:

e Phase 1 (Translational Trials): This phase
involves the development of a preclinical
model of heterotopic hindlimb transplanta-
tion in SLA-mismatched Yucatan miniature
swine.

e Phase 2 (Clinical Trial): This phase involves
the conduction of clinical trials of human
hand transplantation.
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Research trials are parallel and complemen-
tary, and work in each arm will be detailed
separately in this report.

Summary of Research Completed
in Years 1and 2

Phase 1: Preliminary work has shown
prolonged allograft survival using a three-
part immunosuppressive regimen: (1) pre-
transplant induction with whole-body and
thymic irradiation, (2) tacrolimus (FK506)
monotherapy, and (3) donor bone marrow cell
infusion. The optimal dose of bone marrow
cells to be infused has never been identified
in either solid organs or composite tissue
allotransplantation.

In year 1, bone marrow cell infusions of 15,
30, and 60 million cells/kg were tested in

the swine model. In vitro analysis including
chimerism testing by RT-PCR demonstrated a
statistically significant increase in microchime-
rism for the 60 million cells/kg group versus
the 15 and 30 million cells/kg groups. Stable,
long-term microchimerism was achieved at
all doses at experimental end points (1 x 109),
and there were no complications such as
infection or graft versus host disease.

In year 2, the optimal dose of bone marrow
cell infusion (60 million cells/kg) was utilized
with the addition of CTLA4/lg fusion protein.
Costimulatory blockade of the CD28/B7 path-
way with chimeric CTLA4/lg fusion proteins
has been shown to suppress alloimmune
responses. The researchers hypothesized that
the addition of the CTLA4/Ig fusion protein
would diminish the dependence on calcineu-
rin inhibitors, such as FK506, currently neces-
sary for long-term allograft survival. CTLA4/Ig
fusion protein was demonstrated to suppress
alloimmune responses in an alloantigen-
triggered baboon T cell proliferation assay

as well as in a pig antigen-triggered baboon
T cell proliferation assay. An enzyme-linked
immunosorbent assay (ELISA) for measur-
ing serum levels of fusion protein was also
developed.

Phase 2: Five patients’ hands have been
transplanted to date. Patients continue to
have increased motor and sensory function of
their transplanted hands, which is detailed in
the next section.

Research Progress - Year 3

Phase 1: Establish a protocol that combines
systemic stem cell-based therapy with local
immunomodulation enabling graft survival
and minimizing systemic immunosuppressive
treatment in a preclinical swine model for
composite tissue allotransplantation.

The optimal dose of bone marrow cell infu-
sion (60 million cells/kg on postoperative
day 0) was applied to subsequent experi-
ments evaluating the addition of CTLA4Ig
fusion protein (20 mg/kg intravenously on
postoperative days 0, 2, 4, and 6). Yucatan
miniature swine (n = 9) underwent hetero-
topic hindlimb transplantation and received
30 days of FK506 (0.5 mg/kg) treatment.
Group | (control, n = 3) received irradiation
and bone marrow infusion; Group Il (n = 3)
received irradiation, bone marrow infusion,
and CTLAA4lIg fusion protein; and Group Il (n
= 3) received CTLA4Ig fusion protein only.

Transplanted animals in Group | rejected the
skin portion of the allograft at 50, 52, and 53
days post-transplant. Remaining components
of the allograft (i.e., muscle, bone, nerve, and
vessel) survived indefinitely. Group Il animals
had unanticipated complications (unexplained
weight loss) leading to sudden death (n = 1)
or the need for euthanization at 28 and 35
days post-transplant. Group Il animals
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demonstrated significantly prolonged graft
survival beyond 150 days post-transplant
(Figure 1I-44 and Figure 11-45). Skin and
muscle histology in all long-term surviving
animals was normal without any perivascular
cellular infiltrates or C4d depositions.

The costimulatory blockade of the CD28/B7
pathway with CTLA4Ig fusion protein further
optimized induction therapy, reduced main-
tenance immunosuppression, and prolonged
graft survival. These data were unexpected
and mark a potential paradigm shift in the pro-
tocol as Group Il had prolonged graft survival
without the addition of bone marrow infusion.
To confirm this observation, it is scientifically
justified to repeat this experimental group.

In addition, because of the unanticipated

complications in Group I, this group also
needs to be repeated.

Phase 2: Establish hand transplantation as

a treatment strategy for reconstruction of
disabling combat injuries involving hand or
forearm loss using a novel bone marrow/
stem-cell based protocol (Pittsburgh Protocol)
to minimize immunosuppressive therapy.

Candidates for hand transplantation con-
tinue to be screened and are accruing via
an approved IRB protocol; however, no new
transplants have been performed since
September 2010. All of the five patients'
transplanted to date are maintained on a
single immunosuppressive drug at low
levels, and they are progressively achiev-
ing greater motor and sensory function of
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Figure 11-44. Survival of the muscle component of the allograft.
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Figure 11-45. Survival of the skin component of the allograft.

'In addition to the AFIRM, support for these transplants was provided by the Orthopedic Extremity Trauma Research Program
and the University of Pittshurgh Medical Center.
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their transplanted hands. Acute episodes of
skin rejection were infrequent and could be
reversed either with topical treatment only
or with short courses of steroids. Patients
demonstrated sustained improvements in
motor function (e.g., range of motion, intrin-
sic return, and grip and pinch strength) and
sensory return correlating with the time after
transplantation, level of amputation, and par-
ticipation in hand therapy. Side effects were
few and included transient increases in serum
creatinine, hyperglycemia managed with oral
hypoglycemics, minor wound infection, an
episode of hyperuricemia and bony nonunion
in two cases. No systemic infectious (bacte-
rial or viral) complications occurred.

Immunomonitoring revealed transient mod-
erate levels of donor-specific antibodies,
assessed by Luminex and ELISA, adequate
immunocompetence (Immuknow), and no
peripheral blood chimerism. Donor-specific
alloantibodies were detected in four of five
recipients and were associated with skin
rejection in most cases. Changes in DSAs
were limited to single specific haplotypes in
each patient except for Patient 1. This recipi-
ent, a former Marine who lost his hand in a
training accident while on active duty, initially
showed DSAs against DQ7, which resolved
with treatment but later recurred together
with DR4 and DQ5 DSAs. Such changes
coincided with an admitted period of non-
compliance with immunosuppression but
significantly subsided after compliance was
re-established (Figure 11-46). This patient’s
noncompliance with the immunosuppres-
sion regimen, immunomonitoring follow-up,
and hand therapy protocol has also resulted
in regression in active hand function since
the last project report (i.e., impaired motion
of the wrist, metacarpophalangeal, and
interphalangeal joints with stiffening and
reduced mobility of the hand associated with
skin dryness and soft tissue edema).
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Figure 11-46. Post-transplant donor-specific antibodies
assessed by Luminex in Patient 1. A significant downward
trend in mean fluorescent activity can be observed since
compliance was re-established.
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Importantly, imaging demonstrated patent
vessels and soft tissue structures with no
luminal narrowing/occlusion as an indirect
sign of chronic rejection. Most recent protocol
skin biopsies show no or minimal perivascular
cellular infiltrates and are negative for C4d.

Key Research Accomplishments

Determined that costimulatory blockade
of the CD28/B7 pathway with CTLA4Ig
fusion protein further optimized induction
therapy, reduced maintenance immuno-
suppression, and prolonged graft survival
in the swine model.

e Performed eight hand/forearm transplants
in five patients who are all maintained on
a single immunosuppressive drug at low
levels and continue to have increased
motor and sensory function of their trans-
planted hands correlating with the level of
amputation, time after transplantation, and
participation in hand therapy.

Conclusions

This project features the development of a
preclinical heterotopic hindlimb transplant
model for composite tissue allotransplanta-
tion using a novel immunomodulatory pro-
tocol. The optimal dose of bone marrow cell
infusion has been determined to be 60 mil-
lion cells/kg; this optimized dose has been
adopted in current animal studies. Stable
levels of microchimerism were achieved in
swine in all groups after bone marrow cell
infusion. The use of chimeric CTLA4/Ig
fusion protein in the hindlimb transplant
model to reduce the amount of chronic immu-
nosuppression and augment induction shows
promising early results; the animal groups
are currently being repeated to confirm these
data.

The results from Phase 1 studies have been
applied in performing human hand trans-
plantation using the Pittsburgh Protocol, a
novel immunomodulatory strategy that aims
to reduce maintenance immunosuppres-

sion necessary for successful composite
tissue allotransplantation. Five patients have
been transplanted with a follow-up ranging
between 7 and 27 months. All recipients

are maintained on a single immunosuppres-
sive drug at low levels and continue to have
increased motor and sensory function of
their transplanted hands correlating with the
level of amputation, time after transplant, and
participation in hand therapy. The success

of this experimental protocol will allow for
greater clinical application of hand transplanta-
tion for the reconstruction of upper extremity
amputations.

Research Plans for the Next
2 Years

Based on the striking data obtained in years
1-3, CTLA4Ig represents a potential shift in
the immunosuppression protocol; as such,
future groups may require significant adjust-
ment from the originally proposed plan. In
particular, if the dramatic success of CTLA4Ig
with regard to tolerance induction is con-
firmed in the current repeated groups, then
pursuit of targeted skin immunotherapy (as
originally planned) will need to be recon-
sidered. In addition to the aforementioned
repeat groups, year 4 trials will include
spaced dosing of tacrolimus monotherapy fol-
lowed by weaning attempted under the cover
of local immunotherapy.

Planned Clinical Transitions

In Phase 2 of this project, the goal is
to promote long-term hand transplant
acceptance while minimizing the need for
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immunosuppressive drug therapy. An opti-
mized strategy is planned combining targeted
immunomodulation, bone marrow stem cell/
fusion protein induction, and topical migra-
tory inhibitors to further reduce maintenance
immunosuppression and allow weaning of
systemic drug therapy. This regimen should
reduce side effects related to high-dose
immunosuppression and will hopefully enable
widespread clinical application of hand trans-
plantation for the reconstruction of upper
extremity amputations.

Corrections/Changes Planned
for Year 4

As of October 1, 2010, Dr. W.P. Andrew

Lee was appointed as the Chairman of the
Department of Plastic and Reconstructive
Surgery at the Johns Hopkins University
School of Medicine. This represents an excit-
ing and unigue opportunity for the composite
tissue allotransplantation team since the uni-
versity has invested significant resources to
ensure patient care and basic research in this
field at the highest level.

Research progress was delayed 8 months
in year 3 due to transitioning the large ani-
mal trial from the University of Pittsburgh to
the Johns Hopkins University. A thorough

transition plan was implemented to ensure
that this change in institutions does not
impact the proposed research/Statement

of Work. In this regard, the remaining four
hand transplantation surgeries for this project
will be performed at both universities: two
conducted at the Johns Hopkins University
and two performed at the University of
Pittsburgh. All remaining translational
research experiments will be conducted

at the composite tissue allotransplantation
Research Laboratory of the Department

of Plastic and Reconstructive Surgery at

the Johns Hopkins University. Codirected

by Dr. Lee and Dr. Gerald Brandacher, the
composite tissue allotransplantation labora-
tory has 1,800 square feet of state-of-the-art
bench and laboratory space.

Considering the researchers’ decision to
repeat Groups Il and Ill in the Phase 1 swine
study (described previously in Research
Progress — Year 3) as well as the 6-month
delay that occurred in year 2 due to the swine
vendor, Sinclair, mishandling the breeding
lines (described in detalil in the year 2 prog-
ress report), the decision was made to aban-
don the Sinclair swine and repeat the entire
year 2 groups utilizing a new strain of swine,
MGH miniature swine. These groups/trans-
plants are currently under way at the Johns
Hopkins University.
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Clinical Trial - Safety Assessment of a Novel

Scaffold Biomaterial

Project 4.4.1a, RCCC

Team Leader(s): Anthony Windebank, MD and
Michael Yaszemski, MD, PhD (Mayo Clinic)

Project Team Members: Robert Spinner, MD, Huan
Wang, MD, PhD, Mahrokh Dadsetan, PhD, Brett
Runge, PhD, Andrew Knight, PhD, Suzanne Segovis,
and Julia Lewis (Mayo Clinic)

Collaborator(s): BonWrx, Inc.
Therapy: Treatment of peripheral nerve injuries.

Deliverable(s): Neuralum, a tissue-engineered
scaffold suitable to repair nerve defects up to 6 cm.

TRL Progress: 2011, TRL 4; Target, TRL5/6

Key Accomplishments: The Mayo Clinic group has
worked closely with its IRB, the RCCC clinical trial
core, and its commercial partner (BonWrx, Inc.) to
achieve the milestones of the planned tasks.

Key Words: Peripheral nerve, conduit,
biodegradable polymer, GMP, FDA, clinical trial

Introduction

Autologous nerve grafts are the only options
for major traumatic nerve injuries with tissue
destruction. This type of graft has significant
drawbacks: (1) loss of function in the donor
sensory nerve distribution, (2) size mismatch
between the autologous donor nerve and the
injured nerve, (3) limited availability of donor
sites, and (4) donor site morbidity, pain, and
numbness.

As an alternative to nerve autografts, a
number of different synthetic materials have
been explored for use in repairing nerves.
The Mayo Clinic group recently completed

a systematic review of publications describ-
ing synthetic, nonbiodegradable and bio-
degradable conduits that have been used
experimentally. Current FDA/CE-approved
absorbable nerve conduits include NeuraGen
(type | collagen, Integra NeuroSciences),
NeuroMatrix and NeuroFlex (type | collagen,
Collagen Matrix Inc.), NeuroTube (polyg-
lycolic acid [PGA], Synovis), and Neurolac
(poly(65/35(85/15L/D)-lactide-g-caprolactone
[PLCL], Polyganics BV). However, the clini-
cal performance of these conduits does not
match that of autologous grafts. These
commercially available nerve tubes are only
used for repair of small sensory nerves in
patients mainly in the repair of digital nerves
in the hand. Repair of motor nerves is only
sporadically reported; thus, effectiveness in
repairing larger nerve defects or motor nerves
is inadequate. Hence, there is a critical need
for new synthetic nerve scaffolds to support
regeneration across larger nerve gaps.
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The current approach for the introduction

of nerve scaffolds typically involves both

in vitro analyses to measure the material
properties (i.e., degradation kinetics and
mechanical properties) and in vivo testing in
relevant preclinical models. The most com-
monly used small animal model is the rat

1 cm sciatic nerve gap. In the researcher’s
literature review, they identified 388 publica-
tions that described scaffold-based nerve
repair in animal models. Rat was used in 285
of these studies. The sciatic nerve was used
in 244 the gap was 10-20 mm in 200 of the
studies. Materials used in all of the commer-
cially available conduits were first used in this
model. The studies lasted up to 20 weeks
and because of the time required for tissue
processing and analysis, take 1-2 years to
complete. Typical large animal models involve
goats, sheep, dogs, cats, and primates with
nerve gaps ranging from 3-90 mm. However,
large animal studies are very expensive and
take 2—-4 years to complete. Eighty-one dif-
ferent materials have been reported in in vivo
preclinical studies. Only three (collagen, PGA,
and PLCL) have advanced to clinical use for
the repair of small nerve gaps.

The Mayo Clinic group proposes a different
approach using a carefully defined clinical
model. Whole sural nerve biopsies are carried
out in patients with suspected peripheral
neuropathy to establish definitive diagnoses
that may have treatment implications. An
adequate biopsy requires resection of approx-
imately 6 cm of nerve. Dyck and Lofgren
(Mayo Clin Proc 1966, 41(11):778-784)
introduced the technique and it has gained
widespread clinical use. The process results
in a completely predictable 6 cm nerve gap.
Sensory disturbance is expected. Long-
lasting neuropathic pain develops in about
10% of patients. At the Mayo Clinic, 200-250
sural nerve biopsies are performed each year.
About 25% of these patients have preserved
sural nerve function based upon nerve

conduction studies done prior to the biopsy.
Whole sural nerve biopsy results in predict-
able loss of function in the sural distribution
of the foot. Reconstruction of the sural nerve
in these patients can potentially restore sen-
sation and prevent complications associated
with the biopsy.

The researchers therefore propose to repair
post-biopsy sural nerve defects with a syn-
thetic nerve conduit constructed from PCLF.
Since the nerve is just below the skin, poten-
tial morbidity from the conduit will be readily
identifiable and the device can be removed
and analyzed. This will provide a platform for
determining safety and an indication of effi-
cacy of scaffolds for nerve repair.

Clinical Trial Status

GMP Scale-Up of PCLF Tube

Manufacturing

The Mayo Clinic group has been working
closely with BonWrx, Inc., over the past
year. BonWrx, Inc., observed PCLF nerve
conduit fabrication in the laboratory setting.
The Mayo Clinic group created a chemicals
and equipment list to be used as a check-

list for equipment and chemical purchase

by BonWrx, Inc., to enable manufacture of
PCLF and fabrication at its GMP facility in
Scottsdale, Arizona. The Mayo Clinic group
also created a video for the production of
PCLF scaffold and sent it to BonWrx, Inc.,

to be used as a guideline for setup and GMP
production. The two parties also discussed
the sterilization strategy, a critical step in gain-
ing FDA approval for clinical trial and human
use. The options discussed were gamma
radiation, electron beam irradiation, and auto-
clave. It was decided to try autoclave as the
sterilization for PCLF tubes due to its easy
accessibility, reliability, and cost-effective-
ness. The action items included testing the
feasibility of autoclaving PCLF and comparing
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the thermal, mechanical, and rheological
properties before and after autoclave steriliza-
tion. The Mayo Clinic group has initiated this
study.

Initiation and Progress of IRB

Approval

Although the Mayo Clinic IRB cannot put the
clinical trial protocol on the agenda for full
review without IDE approval, a comprehen-
sive “dress rehearsal” pre-review process
was initiated to avoid any potential delay.
Two IRB specialists, Julia Lewis and Michelle
Daiss, and the physician Chair of the IRB have
been working on this with the Mayo Clinic
group. The specialists have been on confer-
ence calls with the RCCC clinical trials core
team to get and provide real-time feedback.
The clinical trial protocol and consent form
were submitted to IRBe, the Mayo Clinic
online IRB review site. Pre-review by the IRB
has been completed. In addition, a conflict of
interest (COI) committee has reviewed the
clinical protocol and its monitoring strategies,
and a comprehensive COl management plan
has been implemented.

Initiation and Progress of HRPO

Approval

The Mayo IRB and HRPO have and continue
to pre-review and revise the proposal and
consent form in detail and in parallel. This
challenge has been mitigated as follows:

e Held a face-to-face meeting with Stan
Gerson’s RCCC clinical trials core group at
the AFIRM All Hands 2010 Meeting and
held subsequent clinical trial teleconfer-
ences. The clinical trials core also updated
the OnCORE database, communicated
HRPO requirements, and discussed FDA
clearance strategy.

e Satisfied HRPO requirements in the prepa-
ration of IRB protocol and consent forms.
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e Uploaded IRB submission materials to
WorkZone for review by the RCCC clinical
trials core.

e Converted pre-reviewed IRB documents
from IRBe to PDF files and submitted
them to the HRPO for review.

e Paula Glauber at the HRPO completed
U.S. Army Medical Research and Materiel
Command pre-review and recommended
minimal edits and changes before HRPO
final review.

Preparation of Upcoming Clinical
Trial

The clinical trial protocol has been reviewed
and approved by the Department of
Neurology research committee. Patient
recruitment can start as soon as IRB and FDA
approval are obtained. A clinical coordinator
has been identified for the protocol.

Key Research Accomplishments

e Mitigated the risk of potential delays often
associated with obtaining IRB and HRPO
approvals.

e Completed IRB and HRPO pre-review of
the clinical trial protocol.

e Converted the clinical protocol, consent
form, and other relevant materials from
IRBe to PDF files and submitted them to
the HRPO for pre-review.

¢ |mplemented a COl management plan.

¢ Received the approval of the Department
of Neurology research committee for the
clinical trial protocol, which will ensure the
prompt start of patient recruitment upon
regulatory approval.

e |nitiated GMP scale-up and optimization of
sterilization methods of the PCLF tube.




Conclusions

The researchers have worked closely with the
Mayo Clinic IRB, the RCCC clinical trial core,
and BonWrx, Inc., to achieve the milestones
of the planned tasks.
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Background

More than 25% of wounded warriors treated in U.S. military facilities during the current conflicts
have sustained maxillofacial injuries.! These injuries range from simple fractures to extensive
bone defects, severe burns, and soft tissue avulsion. A warrior with a significant craniofacial
injury has lost his or her interface with the world; when one’s face is gone, so is one’s identity. A
warrior with severe facial injury may lose the ability to communicate—speech may be difficult
to understand and facial expressions nonexistent—and even the ability to eat. Significant
disfigurement excludes one from society—a mangled, contracted, or absent face does not invite
interaction. These soft tissue and bony injuries to the face and cranium are excruciating physical
injuries with devastating psychological impact. Restoring form and function to these traumatized
warriors is critical to rehabilitation.

AFIRM’s Craniofacial Reconstruction (CFR) Program seeks to restore wounded warriors with
devastating, disfiguring facial injuries to fully functional lives, including integration with society
through the application of regenerative medicine technology. The CFR Program comprises a
multidisciplinary, multi-institutional collaborative research team conducting projects ranging
from single-tissue regeneration to complete face transplants, from emerging products in the

" Hale, Robert. Slide Presentation “The Regenerated Face for Maxillofacial Battle Injuries — Joint Theatre Trauma
Registry, Oct. 19, 2001 to Dec. 12, 2007,” presented May 19, 2010.




Ill: Craniofacial Reconstruction

early stages of bench research to prod-

ucts entering clinical trials. Drawing on the
strengths of each investigator on the team,
an optimal set of complementary technolo-
gies have been identified to achieve hard and
soft tissue regeneration. The CFR Program
will give wounded warriors a new face to
present to the world.

Unmet Needs

Current treatments in craniomaxillofacial
(CMF) reconstruction practices are inad-
equate to treat the unique and massive
craniofacial deficits resulting from blast
injuries. Presently, massive bone loss to the
craniofacial complex incurred in combat is
reconstructed with nonresorbable synthetic
materials, bone implants, or metallic devices
that restore anatomical form to some degree
and limited function. The currently available
synthetic bone materials, for example, do
not remodel or integrate with host tissue and
can become infected and require extensive,
multiple revision surgeries. A biodynamic,
biocompatible substitute for complex bone
defects is a critical need in facial injury.

Current techniques and therapies neither
mitigate against scar contracture nor achieve
complex soft tissue coverage aesthetics

of structures such as the ears and nose.
Allogeneic and autogenous grafts are options
with limited availability for the repair of inju-
ries in which a prosthesis is a possible but
suboptimal outcome. Current standard treat-
ments are hindered by high donor site mor-
bidity and poor long-term results. A readily
available, or readily generated, replacement
tissue for complex soft tissue structures is an
unmet need in facial injury.

In the most severe facial injuries, the loss

of tissue is massive. In such cases, there is
no satisfactory surgical approach for facial
replacement other than transplant. However,

composite tissue allografts (CTAs) that
constitute the face are highly antigenic and
require aggressive immunosuppression regi-
mens to prevent rejection of the transplanted
tissue. This puts the host at substantial risk,
both from the immunosuppressive agents
and from opportunistic infections, and has led
to a significantly shortened life expectancy
for all transplant recipients. Development of
a technigue or therapy providing modulation
of the immune response to allografts without
indiscriminate immunosuppression is neces-
sary to provide adequate treatment to severe
facial injuries in wounded warriors.

High-order explosive devices cause severe
blast injuries to unprotected craniofacial
tissue, including the small muscles of facial
expression and function. A severely dam-
aged orbicularis oculi prevents eyelid closure,
resulting in dry, painful, irritated eyes and
potential blindness. In the catastrophically
injured soldier, autologous donor sites for
soft tissue transfers may be missing or
compromised. Allogeneic donor muscle
transplantation represents the sole near-term
therapy option but requires lifelong immuno-
suppression with significant attendant risks.
Engineered skeletal muscle restores form and
function of critical tissues using a patient’s
own cells and fills an unmet need in facial
reconstruction.

Soft tissue deficits may be treated with
pedicled muscle and skin flaps and allogeneic
skin substitutes. But these treatments do

not restore myogenic and neurogenic com-
petence; the warrior's face may no longer
have large defects, but it does not move and
does not feel. The implications for indepen-
dence, communication, and integration are
substantial. Restoring facial nerve and muscle
competence is a critical need to significantly
improve the outcome for wounded warriors
with severe facial injuries.
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Finally, planning the complex reconstruction Areas Uf EmphaSIS

and regeneration needs of wounded war-

riors with severe facial injuries is a critical The Rutgers-Cleveland Clinic Consortium
need. AFIRM researchers are developing a (RCCC) and the Wake Forest-Pittsburgh
visualization tool for patient-specific wounds Consortium (WFPC) are pursuing a comple-
and injuries. This will help integrate specific mentary mix of research projects focused
tissue regeneration strategies both within the on various aspects of CFR. Projects can be
CFR Program and throughout AFIRM. The grouped into three clinical challenge topic
approach will be staged, proceeding from the areas: Bone Regeneration, Soft Tissue
least biomechanically challenging to the most Regeneration, and Cartilage Regeneration
challenging zones in the CMF complex. (with a focus on the ear). Additional details

of the projects in each of these topic areas
can be found in Table llI-1 and subsequent
sections of this chapter.

Table llI-1. Projects funded by RCCC and WFPC per clinical challenge topic area.

Clinical Consortium/
Challenge Institution

Project No. Project Title

Space Maintenance, Wound Optimization, Osseous Regeneration,

WEFPC 412 and Reconstruction for Craniomaxillofacial Defects
41.3 Novel Synthetic Bone for Craniofacial Application
Regeneration of Bone in the Cranio-Mandibulo-Maxillofacial
4.5.1a/4.5.7 Complex Using Allograft Bone/Polymer Composites and

Expedited Commercialization of an Injectable Bone/Allograft

Bone . Composite for Open Fractures
Regeneration

45.1b Regeneration of Bone in the Cranio-Mandibulo-Maxillofacial
RCCC "~ Complex

4.5.6 Vascular Tissue Engineering

Accelerating the Development of Bone Regeneration Scaffolds
4538 by 510(k) Application to FDA for Tyrosine-Derived Polycarbonate
Fracture Fixation Device

Soft Tissue Reconstruction/Injectable and Implantable

41.4/4.1.5 Engineered Soft Tissue for Trauma Reconstruction

WEFPC
11 Bioreactors and Biomaterials for Tissue Engineering of Skeletal
Soft Tissue 1.6 Muscle

Regeneration

4.1.2 Develop Innervated, Vascularized Skeletal Muscle
RCCC 431 Composite Tissue Allograft Transplantation Without Lifelong
e Immunosuppression
WEPC 111 Engineered (_)artllage-Covered Ear Implants for Auricular
. Reconstruction
Cartilage
Regeneration Engineering a Replacement Autologous Outer Ear Using a
4.5.4a .
(Focus: Ear) RCCC Collagen/Titanium Platform
4.5.4bh Regeneration of Ear Using Bioresorbable Polymers and Stem Cells
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WEFPC researcher Allan Henslee, a Rice University graduate student, prepares to characterize the
compressive mechanical properties of a material designed for bone regeneration.

Bone Regeneration

Studies at WFPC

The Mikos/Kasper and Wong group
(Project 4.1.2) at Rice University and the
University of Texas Health Science Center at
Houston, respectively, is developing porous
space maintainers that will maintain the
proper anatomical relationship of the tis-

sue adjacent to a craniofacial defect. The
researchers demonstrated in a rabbit jaw
defect model that animals receiving porous
implants, fabricated at the site of injury,
experienced enhanced soft tissue healing
and coverage compared to animals receiving
nonporous implants. They can now control
the level of antibiotic release and the amount
of porosity in their constructs through the
manipulation of tunable parameters of space
maintainer fabrication. They have made con-
siderable progress toward the clinical transla-
tion of their space maintainers as reflected

in the treatment of three patients with the
technology under physician-directed care.
The research team is also developing an “in
vivo bioreactor” technology that involves
producing a bone/soft tissue flap with a blood
supply at a site in the body away from the
wound and then transplanting it into a skeletal
defect once the wound has been optimized
for reconstruction. The team is collaborating
with investigators in China to determine the
efficacy of this approach. The researchers
will continue to explore this approach in a
sheep model to optimize parameters for bone
flap generation and to evaluate the durability
of repair of jaw defects upon transfer of the
bone flaps. They will also explore the delivery
of growth factors from degradable material
constructs to support bone regeneration and
aesthetic contouring. They will soon initiate a
formal clinical study of their space maintainer
technology (see the Clinical Trials section for
more information).
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The Sfeir/Beniash/Kumta group (Project
4.1.3) at the University of Pittsburgh is devel-
oping nanostructured bioactive bone cements
that contain the essential components to
mimic bone architecture, composition, and
mechanical strength while providing the
bone-generating characteristics required for
bone tissue regeneration. The researchers
first conducted in vivo screening experiments
to rapidly determine if nanostructured calcium
phosphate (NanoCaP)-containing materials
will be optimal in the proposed bone regener-
ation strategy either with or without the incor-
poration of the bone-inductive growth factors.
Their data showed that their NanoCaP-
containing bone cements were indeed very
good candidates for further assessment as a
therapy for bone regeneration. The research
team has developed injectable forms of its
bone cements. In vivo experiments in the
rabbit skull model revealed that the research-
ers' cements alone or with the addition of
bone morphogenetic protein 2 (BMP-2) had
the ability to regenerate bone. Continued
effort on the project will be focused on fur-
ther developing the bone cements to obtain
U.S. Food and Drug Administration (FDA)
510(k) clearance.

Studies at RCCC

The Guelcher group (Projects 4.5.1a and
4.5.7) at Vanderbilt University is focused on
developing and evaluating materials for treat-
ing traumatic bone defects. The researchers
are pursuing two projects in collaboration
with researchers at the U.S. Army Institute of
Surgical Research (USAISR) and Medtronic.
In the first project (4.5.1a), the researchers
are developing injectable biocomposite deliv-
ery systems that release growth factors, such
as recombinant human bone morphogenetic
protein 2 (rhBMP-2), in damaged craniofacial
bone to aid in repair. Preclinical studies in rab-
bit skull and jaw models of bone regeneration
show that the material supports rapid cel-
lular infiltration and new bone formation, and

that the material is a useful delivery system
for rhnBMP2. In the second project (4.5.7),
the researchers are developing an injectable
allograft (i.e., tissue that is transplanted from
another human donor) biocomposite bone
void filler for the repair of long bone defects.
They demonstrated that their injectable
allograft-based bone void fillers remodeled
and supported new bone formation in rabbit
models. Experiments in the upcoming year
for Project 4.5.1a will focus on developing
the formulations; testing their feasibility in a
critical-size defect (CSD), rat skull model to
determine the correct dose; and validating
the formulations in clinically relevant animal
models. Experiments in the upcoming year
for Project 4.5.7 will focus on revising the
formulation, validating it in rabbit and sheep
preclinical models, and conducting both cur-
rent Good Manufacturing Practice (cGMP)
manufacturing and International Organization
for Standardization (ISO) 10993 testing to
prepare for a regulatory filing with the FDA.

The Hollinger/Darr group (Project 4.5.1b)
at Carnegie Mellon University and Rutgers
University, respectively, is developing
biodegradable scaffolds containing tyrosine-
derived polycarbonate (TyrPC), which may
provide compelling therapeutic solutions for
the regeneration of craniofacial bone. The
researchers added a calcium phosphate
(CaP) surface coating to the TyrPC scaffolds
with the goal of increasing bone formation.
They found that the addition of rhBMP-2 to
the TyrPC+CaP scaffolds led to substantially
increased bone formation in a rabbit CSD
skull model in 6 weeks. They also found that
TyrPC+CaP, either with or without rhBMP-2,
promoted bone formation that was similar
to, if not superior to, a clinically utilized bone
void filler with rhBMP-2. They determined
that the TyrPC scaffolds were gradually
resorbed and replaced with new bone dur-
ing the 6-week period. During the upcoming
year, the research team plans to identify a
“frozen” composition of TyrPC+CaP, which
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RCCC researcher Dr. Aniq Darr designing experiments in the office.

may contain a minimal amount of rhBMP-

2, proprietary peptide, or blood component
(e.g., bone marrow aspirate). They will test
this composition using rabbit skull and radius
models, and goat CSD calvarial models. If the
researchers are successful with their rabbit
and goat models in year 4, they will complete
an FDA filing (e.g., 510[k]) and will design and
prepare for a Phase 1 clinical study protocol in
year b.

Large biologically compatible scaffolds are
needed to treat sizeable bone defects, and
the success of long-term engraftment of
engineered tissues in humans depends on
the growth from surrounding tissues of a
viable blood vessel (vascular) network. In
Project 4.5.6, the Anderson/Langer group
at the Massachusetts Institute of Technology
(MIT) is developing a novel biodegradable and
bioactive scaffold system that can support
stem cell growth and produce vascularized

bone tissues. During the past year, the
researchers optimized a scaffold system of
enhanced vascular engraftment. They iden-
tified an optimal biomaterial for effective
bone tissue engineering. They also optimized
human vascular endothelial growth factor
(hVEGF)-release microparticles for effec-

tive use in forming blood vessel networks

in the grafts. During the next few years, the
researchers will perform extended small
animal studies. They will monitor the biologi-
cal activity of scaffolds that have incorporated
either hVEGF or hydroxyapatite. Toward the
ultimate goal of using these scaffolds in

the clinical setting, the researchers plan to
perform appropriate large animal studies to
confirm the biocompatibility and safety of the
scaffolds. They will prepare an Investigational
Device Exemption (IDE) or Investigational
New Drug (IND) for clinical application upon
successful completion of the large animal
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RCCC researcher Dr. Ophir Ortiz analyzes the porosity and structure of biodegradable bone
regeneration scaffolds.

studies. The researchers plan to work with
Concordia Biomedical, a company with clini-
cally approved biomaterials, which will pro-
vide a GMP facility for fabricating scaffolds
for clinical trials.

The lovine/Schmalz group (Project 4.5.8)
at Rutgers University and Trident Biomedical,
Inc., respectively, is focused on pursuing a
510(k) submission for a TyrPC bone fixation
pin. The researchers developed and docu-
mented a robust synthesis process. They
completed the development of a model that
can be used to test efficacy, and they created
a quality system to oversee development
efforts. The researchers contracted with
vendors that are working in the areas of syn-
thesis, fabrication, packaging, and sterilization
of the bone pin. The vendors have formalized

the design of the pin and are in the process of
validating the production processes, devel-
oping the prototype production tooling, and
producing prototypes for evaluation against
specifications. During the next 2 years, the
research team will complete the set of tasks
required for a 510(k) submission. Once FDA
clearance is obtained for the tyrosine-based
bone pins, the researchers could begin mar-
keting a new line of synthetic, degradable
bone fixation devices (pins) that would be a
significant improvement over existing degrad-
able bone pins. These bone pins, while not
specifically targeted by the military as a high-
priority product, would nevertheless have

a positive impact on warfighters due to the
large number of bone fractures sustained by
military personnel during training and combat.
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WEFPC researcher Evangelia Bellas, a PhD student, prepares porous silk sponges with lipoaspirate for

soft tissue reconstruction.

Soft Tissue Regeneration

Studies at WFPC

In Projects 4.1.4 and 4.1.5, the
Rubin/Marra group at the University of
Pittsburgh, the Kaplan group at Tufts
University, and the Yoo/Lee group at \Wake
Forest University are seeking to develop and
deliver a clinically useful, engineered soft
tissue replacement that can be used as a
stand-alone therapy or integrated with com-
posite tissue regenerative medicine therapy
of burns, craniofacial injuries, and extrem-

ity injuries. The researchers are generating
silk-based scaffolds and injectable hydrogels
that contain autologous (the patient’s own)
adipose-derived stem cells (ASCs), combined
with carrier biomaterials, to achieve vascular-
ized soft tissues. They have demonstrated
the feasibility of using stem cell-seeded silk
scaffolds for long-term soft tissue restoration.
They found that silk scaffolds, either alone or

seeded with ASCs, maintain their shape and
size up to 6 months after implantation in the
rat. They observed increased blood vessel
ingrowth and new fat formation in even the
unseeded scaffolds at 6 months post-implan-
tation. During the next 2 years, the research-
ers plan to continue the development of silk
injectables (i.e., hydrogels, sponges, and
foams). They will also continue to conduct
small animal studies in which the various for-
mats will be tested. The researchers recently
began a clinical trial (see the Clinical Trials
section for more information).

The Christ group (Project 4.1.6) at the \Wake
Forest Institute for Regenerative Medicine
(WFIRM) is developing a technological tool
that preconditions and accelerates muscle
tissue maturation and function. The research-
ers have created and implemented a rodent
model of volumetric muscle loss (VML).

Their model has been designed to evaluate
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tissue-engineered skeletal muscle constructs
generated using an innovative bioreactor
system that mechanically stimulates the
constructs during development. Tissue-
engineered skeletal muscle constructs in

the research team’s initial preclinical study
demonstrated clinically relevant contractile
responses within 2 months of implantation,
and the submaximal contractile force gener-
ated by the constructs was indistinguishable
from the native muscle tissue. During the past
year, the researchers’ most important accom-
plishment was the illustration of approximately
75% functional recovery of an otherwise
irrecoverable functional loss in two distinct
models of VML injury within 2 months of
implantation of their tissue-engineered mus-
cle repair technology. The validation achieved
through the preclinical proof-of-concept
studies will facilitate the clinical translation of
the bioreactor technology for skeletal muscle
development to address the critical clinical
need for muscle constructs capable of gener-
ating clinically relevant forces in the craniofa-
cial complex. The researchers plan to pursue
a first-in-human Phase 1/pilot study of their
technology in a VML patient population and
anticipate submitting an IND application to the
FDA by the third quarter of 2013.

Studies at RCCC

More than 10% of blast injury survivors have
significant eye or eyelid injuries. Damage to
the orbicularis oculi muscle prevents eyelid
closure, which can result in blindness. The
replacement of damaged orbicularis oculi
muscles with engineered muscle will restore
eyelid function, prevent blindness, and restore
facial aesthetics. The Sundback/Vacanti
group (Project 4.1.2) at Massachusetts
General Hospital (MGH) is collaborating

with researchers at Rutgers University and
the Massachusetts Eye and Ear Infirmary

to engineer skeletal muscle with physiologi-
cal connections to the host’s neurovascular
(nerve and blood vessel) network using

biodegradable polymer scaffolds. The
researchers engineered three-dimensional
(3-D) skeletal muscle similar to immature skel-
etal muscle and established protocols for the
development of functional blood vessels and
nerves in the tissue. They recently showed
that engineered vascular networks in skeletal
muscle constructs grew into the host vascula-
ture in less than 2 days following implantation.
They also demonstrated the biocompatibility
of their scaffold. During the upcoming year,
the research team will continue to optimize
the vascular and nerve protocols of engi-
neered muscle in rodents. In year 5, they
hope to conduct a proof-of-concept study in
rats to demonstrate contractile human muscle
on the scale of the orbicularis oculi.

CTAs—Ilarge segments of complex, vascu-
larized tissue—differ in their immunologi-
cal responses, which raises challenges for
transplant immunologists. In Project 4.3.1,
the Siemionow group at the Cleveland
Clinic hopes to transform standards for
clinical modulation of the immune system,
making transplantation of CTAs safer and
more widely available to victims of disease
and traumatic injury. The researchers are
exploring the use of fused donor-recipient
“chimeric” cells as potential immmunomodu-
lators. They recently established optimal
conditions for the proliferation of the chimeric
cells and improved the bone marrow prepara-
tion and isolation procedure. They are char-
acterizing the chimeric cells in culture. They
found that donor-recipient fused chimeric
cells derived from the stroma (connective
tissue that supports cells) possess certain
stromal cell characteristics, including strong
expression of collagen 1al and fibronectin.
The researchers plan to evaluate the migra-
tory properties, phenotype, and safety of
their human donor-recipient fused chimeric
cells in the nude rat model. They anticipate
clinical trials involving the cells to start in
2013.
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Cartilage Regeneration

(Focus: Ear)

Studies at WFPC

The Yoo group (Project 4.1.1) at Wake
Forest University seeks to accelerate the
delivery of reconstructive applications to
injured armed forces personnel through the
development of an engineered cartilage-
covered ear implant. The researchers have
fabricated a flexible ear scaffold using an
integrated organ printing technology, which
was developed in their laboratory. Results
from preclinical studies in a mouse model and
initial studies in a rabbit model demonstrate
the biological compatibility and structural
stability of the cartilage-coated implants and
point to the viability of the approach for even-
tual clinical translation. Indeed, the cartilage
tissue-covered ear implants in mice are able
to maintain device contour and placement
without harming the skin. During the next

2 years, the research team plans to continue
to evaluate the structural and functional integ-
rity of its engineered cartilage ear implants

in rabbits. The researchers will continue to
prepare materials for FDA discussions and
plan to initiate and monitor a clinical trial of
engineered cartilage ear implants.

Studies at RCCC

The Sundback/Vacanti group (Project
4.5.4a) at MGH seeks to expedite the devel-
opment of a permanent, implantable, living
Iqstrumentthat extrudes biodegradable polymer into bone external ear for the injured warfighter and
pins (RCCC) to achieve cosmetic outcomes that meet
patient expectations. The researchers engi-
neered robust neocartilage in vivo using two
approaches aimed at reversing and prevent-
ing cartilage cells, from undergoing “de-dif-
ferentiation”—an unwanted process by which
cartilage cells, after extensive expansion,
return to a more primitive type of stem cell
and lose their potential to form neocartilage.
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They demonstrated maintenance of size and
shape of neocartilage in a new generation of
adult size, human ear-shaped scaffolds in a
rodent model. The researchers also optimized
neocartilage formation in the autologous
sheep model.

To provide an adequate number of cells

for tissue engineering of the ear and maxi-
mize the formation of cartilage tissue, the
Anderson/Langer group (Project 4.5.4b)
at MIT has been investigating how to com-
bine ASCs with optimal soluble factors and
growth factors from chondrocytes (cartilage
cells). The researchers have successfully
created in vivo systems for efficiently forming

cartilage using ASCs combined with bio-
degradable, synthetic, polymeric materials.
During the next 2 years, they will perform
large animal studies in sheep, collaborating
with the MGH group (Project 4.5.4a). Upon
successful completion of large animal stud-
ies, the researchers will prepare an IDE or
IND for clinical application. Furthermore, once
the stem cell-based approaches to engineer-
ing cartilage are optimized in large animal
studies, the research team plans to work
with Concordia Biomedical, a company with
clinically approved biomaterials, which will
provide a GMP facility for fabricating scaf-
folds for clinical trials.
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Clinical Trials

Several AFIRM CFR projects have technolo-
gies that have advanced to the human clinical
trial stage. Additional details on these clinical
trials can be found in Table IlI-2 and subse-
guent sections of this chapter.

In Project 4.3.1a, the Siemionow group at
the Cleveland Clinic is performing CTA face
transplantation, which provides a single-stage
reconstructive procedure for patients with
severe cranial facial injuries and spares them
from multiple surgical procedures over many
years. To date, the researchers developed a
workflow process for transplant evaluation
and referral, developed a research database,
and enrolled three patients in their CTA face
transplantation clinical trial.

The Siemionow group in Project 4.3.1b is
using a therapeutic antibody, TOL101, as a
conditioning agent prior to transplantation to
enhance allograft tolerance. The researchers
are testing the safety and tolerability of TOL101
in patients who are undergoing their first kid-
ney transplantations. A total of seven subjects
have been enrolled in the Phase 1/2 clinical trial

to date. The planned regulatory pathway for
TOL101 includes the design of a Phase 3 trial
at the conclusion of the current study.

In Project 4.1.4/4.1.5, the Rubin/Marra
group at the University of Pittsburgh, the
Kaplan group at Tufts University, and the
Yoo/Lee group at Wake Forest University
has begun a clinical trial at the University

of Pittsburgh titled “"Autologous Adipose-
Derived Stem Cell Therapy for Soft Tissue
Reconstruction after Facial Trauma.” To date,
14 subjects have undergone lipoaspirate as
a fat graft. The researchers will soon move
on to stem cell-seeded fat grafts. A progress
report is not yet available for this clinical trial.

The Mikos/Kasper and Wong group
(Project 4.1.2) at Rice University and the
University of Texas Health Science Center at
Houston, respectively, has recently received
approval by the Institutional Review Board
(IRB) of the University of Texas Health
Science Center at Houston for its protocol for
a clinical study of the porous space main-
tainer technology. A progress report is not yet
available for this clinical trial.

Table lll-2. AFIRM-funded CFR projects with pending or active clinical trials.

Consortium

Project Title

Project No.

Trial Phase Current Status

Clinical Trial - Composite Tissue
Allograft Transplantation (Face) HEL: i P | Ut
Clinical Trial — Anti-TCR Monoclonal
Antibody (TOL101) for Prophylaxis
of Acute Organ Rejection in Patients RCCC 4.3.1b Phase 1/2 Open
Receiving Renal Transplantation
Soft Tissue Reconstruction/Injectable
and Implantable Engineered Soft WEFPC 4.1.4/41.5 Phase 1 Open
Tissue for Trauma Reconstruction
Space Maintenance, Wound
Optimization, Osseous Regeneration Protocol
T ! WEFPC 4.1.2 Phase 1 Approved by

and Reconstruction for

. . . IRB
Craniomaxillofacial Defects
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Ill: Craniofacial Reconstruction

Progress Reports: Bone Regeneration

Space Maintenance, Wound Optimization,
Osseous Regeneration, and Reconstruction
for Craniomaxillofacial Defects

Project 4.1.2, WFPC

Team Leader(s): Antonios G. Mikos, PhD and F. Kurtis
Kasper, PhD (Rice University) and Mark E. Wong, DDS
(University of Texas Health Science Center at Houston)

Project Team Members: Allan Henslee, BS, Lucas Kinard,

BS, James D. Kretlow, PhD, Meng Shi, PhD, and Patrick
Spicer, BS (Rice University) and Nagi Demian, DDS, MD
and Simon Young, DDS, PhD (University of Texas Health
Science Center at Houston)

Collaborator(s): Shanghai 9th People’s Hospital,
Shanghai, China and Radboud University of Nijmegen
Medical Centre, Nijmegen, The Netherlands

Therapy: Staged reconstruction of large osseous defects
in the craniofacial region restoring function and esthetics.

Deliverable(s): (1) Biocompatible, antibiotic-releasing
implants to maintain bony wound spaces, (2) “in

vivo bioreactor” that will allow for the generation of
vascularized bone, and (3) injectable system for delivery
of growth factors necessary for bone regeneration and
wound healing.

TRL Progress: Start of Program, TRL 2; End Year 1, TRL 4;
End Year 2, TRL 4; End Year 3, TRL5

Introduction

Ballistic injuries resulting in significant soft
and hard tissue loss and devitalization are
commonly encountered clinical scenarios

in the current U.S. military combat theaters
Operation Enduring Freedom (OEF) and
Operation Iragi Freedom (OIF). In this project
the researchers seek to develop a method

to facilitate effective staged reconstruction

Key Accomplishments: The researchers made
considerable progress over the past year toward the
clinical translation of porous poly(methyl methacrylate)
(PMMA)-based space maintainers as reflected in the
treatment of three patients with the technology under
the physician-directed combination of clinically available
products.

The researchers received IRB approval to begin a formal
clinical study of the technology. They demonstrated in a
rabbit composite mandibular defect model that in situ-
formed porous PMMA implants resulted in enhanced soft
tissue healing and coverage relative to groups receiving
nonporous implants. The researchers completed in

vitro studies characterizing the release of antibiotics
from PMMA-based space maintainers incorporating
gelatin microspheres, which may allow for intraoperative
antibiotic loading. They demonstrated that construct
porosity and antibiotic release can be controlled through
manipulation of tunable parameters of space maintainer
fabrication.

Key Words: Craniofacial bone reconstruction, space
maintenance, bone flap, controlled drug delivery, in vivo
bioreactor

of large osseous defects in the craniofacial
region and extremities of injured military per-
sonnel thus restoring function and esthetics
in these individuals.

Alloplasts such as PMMA are often used
clinically as space maintainers due to their
approved regulatory status and ability to
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be molded intraoperatively to fill complex
bony defects. Wound dehiscence over

these implants is a commonly encountered
problem, typically occurring at later time
points and thus indicating insufficient wound
strength rather than a deficiency in wound
healing. It was hypothesized in the current
project that a contributing factor in such
cases of late wound dehiscence could be a
lack of tissue ingrowth or adhesion around
the currently used nonporous implants, result-
ing in the creation of shear planes around the
implant after wound healing. Consequently,
the researchers seek to apply materials
currently regulated for clinical use, namely
PMMA and a gelatin-based porogen, in novel
combinations to produce porous space main-
tainers for the dual purpose of maintaining
the bony defect space without dehiscence
and releasing antibiotics in a controlled man-
ner to mitigate wound infection.

The surgical transfer of autologous bone
tissue to a bony defect site is the “gold
standard” for augmentation of bone regenera-
tion. The procedure is generally successful;
however, the amount of autologous bone
tissue available for transfer is limited and
often not of the desired shape to reconstruct
the complex bony contours of the craniofa-
cial complex. Additionally, the recruitment

of distal bone from the patient requires the
introduction of a second defect and creates a
risk of donor-site morbidity. The employment
of allogeneic bone tissue provides an alterna-
tive method to autografts. Although allograft
material is more plentiful than autologous
bone for grafting, processing of the allogeneic
tissue limits its osteoinductive properties
and does not eliminate the risk of pathogen
transmission. The researchers seek to apply
an existing technigue pioneered in an animal
model in their laboratory using the body as

a "bioreactor” to produce vascularized bone
flaps in chambers comprising clinically regu-
lated materials (e.g., PMMA and gelatin) at

secondary sites for transplantation to a bony
defect. The vascularized bone flap technology
has already seen investigational clinical use to
treat bony defects in the CMF complex.

Summary of Research Completed
in Years 1and 2

During the first 2 years of the project, the
researchers fabricated and characterized in
vitro a variety of porous space maintainer
formulations presenting a range of porosi-
ties and mechanical properties. They evalu-
ated the implants for efficacy in maintaining
a bony defect space while supporting soft
tissue healing in a rabbit mandibular defect
model in vivo. In vitro studies demonstrated
that antibiotics could be incorporated into
space-maintaining implants and released in a
controlled fashion. The researchers also found
that the release kinetics could be altered by
tunable construct fabrication parameters.
Initial results from an ongoing in vivo study
in a sheep model suggested the feasibility of
the in vivo bioreactor approach for the gen-
eration of vascularized autologous bone flaps
and the transfer of the flaps to fill mandibular
defects.

Research Progress - Year 3

Bone loss in the craniofacial complex follow-
ing battlefield trauma remains a difficult task
to address, particularly when one considers
the unique structural and functional aspects
of the craniofacial complex. Current solutions
to the problem typically involve autologous
bone grafting, free tissue transfer, and/or the
placement of alloplastic materials for long-
term stabilization and structural support. Very
few regenerative medicine techniques are
currently utilized in treating these injuries; a
primary factor in this may be the presence of
complicating factors (e.g., lack of soft tissue
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Progress Reports: Bone Regeneration

coverage and infection) that may prevent
the successful use of more traditional tis-
sue engineering approaches to treatment as
these often involve the placement of tempo-
rary, porous scaffolds that could serve as a
nidus to infection. Furthermore, many tissue
engineering approaches to bone regenera-
tion require significant delays in treatment
such that autologous cells can be harvested,
expanded, seeded onto scaffolds, and then
implanted to repair or regenerate the defect.
While such a delay may allow time for the
treatment of infections or soft tissue healing
or grafting, it may also allow time for scar-
ring and subsequent contracture of tissues
that could be otherwise useful in the defini-
tive reconstruction of the injured craniofacial
complex.

The strategy currently being investigated to
facilitate a regenerative medicine approach
to treating traumatic bone loss involves two
technologies—a porous PMMA-based space
maintainer and an in vivo bioreactor to be
used for vascularized bone flap fabrication.
The overall scenario being envisioned is

one in which, following injury, stabilization,
and transfer to an appropriate care facility,

an injured soldier would have a temporary
PMMA space maintainer surgically implanted
to approximate lost craniofacial bone thus
supporting surrounding structures and pre-
venting contraction into the void space once
occupied by bone. At the same time, a
chamber filled with a material facilitating the
ingrowth or generation of new bone will be
implanted elsewhere in the body to begin
generating what will later be a vascular-

ized bone flap for transfer. After some time,
likely dependent on the injuries suffered

and material used in the bone chamber, the
space maintainer would be removed, and the
vascularized bone flap would be transferred
to replace the space maintainer and ultimately
the bone that was lost.

A number of studies were completed or
continued in the past year investigating and
optimizing the technologies envisioned for
application in this approach. First, an in vivo
study was performed to evaluate the effects
of porous PMMA space maintainers molded
in situ on the healing of surrounding soft
tissue in a rabbit mandibular defect model.

A previous study characterized the tissue
response to porous PMMA space maintain-
ers formed prior to the surgical procedure and
found improved wound healing with porous
space maintainers when compared to non-
porous constructs. However, the intraopera-
tive formation of implants in situ is critical

for clinical translation of the space mainte-
nance approach to address craniofacial bone
defects, such as those arising from battlefield
injuries, which are rarely of regular or prede-
termined size or shape. Additionally, investi-
gation of the potential impact of parameters
associated with the in situ fabrication of the
implants, such as the exothermic polymeriza-
tion reaction, residual reactants, and the sur-
face properties of the implants themselves,
upon soft tissue healing was necessary to
enable clinical translation of the approach.

In this study, the researchers specifically ana-
lyzed the effect of porous PMMA implants
formed in situ on the mucosal healing and
long-term histologic response in a rabbit
composite mandibular defect model against
similarly formed solid implants (Figure 111-1).
The porous implants showed enhanced soft
tissue healing and coverage of the implant
relative to the nonporous implant groups.
Additionally, the increased surface area and
presence of a gelatin-based porogen did not
appear to result in a prolonged, unresolved
inflammatory response.

Second, in vitro studies characterized drug
release from porous PMMA-based space
maintainers incorporating antibiotic delivery
vehicles. Previous studies demonstrated that
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porous PMMA-based constructs successfully
maintained the bony space within a nonheal-
ing rabbit mandibular defect model and pro-
vided a template for improved wound healing
when compared to solid PMMA implants. To
modify the system to enable local antibiotic
delivery, drug-loaded poly(lactic-co-glycolic
acid) (PLGA) microspheres were also incor-
porated into the PMMA-based constructs,
creating porous constructs capable of
extended antibiotic delivery. To simplify the
antibiotic-releasing, porous PMMA-based
constructs, gelatin microparticle-incorporating
PMMA constructs (i.e., a PMMA/gelatin/anti-
biotic construct) were developed in which the
gelatin microparticles serve as both the drug
carrier and porogen. Specifically, PMMA/gela-
tin/antibiotic constructs with varying gelatin
incorporation and antibiotic (i.e., colistin, an
antibiotic effective against Acinetobacter
baumannii) content were investigated to
elucidate the relationship between material
composition and construct properties, such
as porosity and drug release kinetics. The
researchers found that porosity of constructs
could be tailored by tuning both the amount
of gelatin incorporated and the amount of
drug solution added for gelatin swelling. The
constructs released colistin continuously over
10 or 14 days with an average release rate
per day above 10 pg/mL, which is well above
the minimum inhibitory concentration of colis-
tin against A. baumannii (0.5 ug/mL). They
envision that these formulations and others
under investigation will allow for controlled,
local delivery of antibiotics and/or growth fac-
tors to optimize the tissue microenvironment
for the later transfer of the vascularized bone
flap.

Third, ongoing in vivo studies are evaluating
the efficacy of antibiotic release from intraop-
eratively fabricated porous PMMA-based con-
structs in a rabbit mandibular defect model
seeded with A. baumannil.

Figure IlI-1. Schematic (A) and photograph (B) of a 10 mm
diameter defect in a rabbit mandible. Photograph (C) of
the rabbit mandibular defect filled with a porous PMMA-
based implant formed intraoperatively.
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Fourth, work was continued to investigate
the de novo formation of vascularized bone
flaps. In collaboration with colleagues at the
Shanghai 9th People's Hospital in Shanghai,
China, leveraging non-AFIRM funds, the
ongoing study is designed to determine how
the filler material affects bone growth during
flap generation and following flap transfer.
Bone is being generated within chambers
placed adjacent to the cambial side of the
periosteum covering a sheep’s rib, and the
generated bone is then transferred to a bone
defect created in the sheep’s mandible. The
effect on bone growth of having a flap trans-
ferred with a pedicle is being compared to
transferring the generated bone as a nonvas-
cularized graft. Samples have been harvested
from the sheep involved in the pilot study,
and analysis of the tissue is currently under
way.

Fifth, a protocol was approved by the IRB

of the University of Texas Health Science
Center at Houston to initiate a prospective
clinical study of the porous PMMA-based
space maintainer technology. The study will
commence once Human Research Protection
Office (HRPQO) approval of the protocol has
been issued. However, the technology was
applied recently in the treatment of three

Figure IlI-2. Intraoperative photographs from a clinical

application of the porous space maintainer technology patients TherUgh phyS|C|an—d|rected C_ombma—
under physician-directed combination of two clinically tion of clinically available products (Figure
available products, including a mandibular defect upon 1-2).

removal of a benign tumor (A), a gelatin-based clinical
product that serves as a porogen in the fabrication of
the constructs (B), and addition of the components of K R h A I' h

a clinically available bone cement product (C) resulting ey esearc ccump Is me“ts
ininitiation of a polymerization reaction and increasing

viscosity of the mixture (D). The bony defect filled with * Completed a study investigating whether

the space maintainer and stabilized with a bone plate is in situ PMMA-based construct polymeriza-

illustrated in (E) while (F) depicts the well-healed oral tion has an effect on the tissue response

mucosa 2 weeks after the surgery. to space maintainers in a nonhealing
mandibular defect in a rabbit model (Figure
[-1).

¢ Demonstrated that the in situ-formed
porous implants resulted in enhanced
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soft tissue healing and coverage relative
to groups receiving nonporous implants.

e Completed in vitro studies characterizing
the release of antibiotics from PMMA-
based space maintainers incorporating
gelatin microspheres, which may allow for
intraoperative antibiotic loading.

¢ Demonstrated that construct porosity
and antibiotic release can be controlled
through manipulation of tunable param-
eters of space maintainer fabrication.

e Completed in vitro studies characterizing
the physical properties of PMMA-based
space maintainers incorporating a clinically
available gelatin-based product as a poro-
gen, which facilitated clinical translation
of the approach in the treatment of three
patients under physician-directed care
(Figure 111-2).

¢ Received IRB approval to initiate a
formal clinical study, which will com-
mence immediately upon receipt of
HRPO approval.

Conclusions

Considerable progress has been made over
the course of the past year toward the clinical
translation of porous PMMA-based space
maintainers as reflected in the treatment of
three patients with the technology under
physician-directed combination of clinically
available products. Additional progress has
been made toward the development of
antibiotic-releasing implants for bony space
maintenance. Specifically, the intraoperative
in situ formation of porous PMMA-based con-
structs was shown to positively influence the
tissue response to the implants in a nonheal-
ing rabbit mandibular defect model relative

to similarly fabricated nonporous controls.
Further, in vitro studies demonstrated that
the antibiotic colistin can be released from
PMMA-based space maintainers incorpo-
rating gelatin microspheres in a controlled
fashion and that the release kinetics can

be modulated through manipulation of tun-
able parameters of the construct fabrication.
Leveraging gelatin microspheres as antibiotic
delivery vehicles may enable intraoperative
loading of antibiotic(s) in the constructs. Initial
results from an ongoing in vivo pilot study
employing a sheep model demonstrate that
PMMA chambers filled with osteoinductive
materials can be effectively employed in an in
Vivo bioreactor strategy to generate vascular-
ized, autologous bone flaps and that these
flaps can be transferred to fill mandibular
defects.

Research Plans for the Next
2 Years

Future research plans involve continued
characterization of the efficacy of antibiotic
release from porous PMMA-based space
maintainer constructs in eradicating target
species in infected nonhealing rabbit mandib-
ular defects. The in vivo bioreactor approach
for vascularized bone flap generation will
continue to be explored in a sheep model to
optimize the parameters for bone flap genera-
tion and to evaluate the durability of repair of
mandibular defects upon transfer of the bone
flaps. Additional studies will continue to eval-
uate controlled growth factor delivery from
degradable material constructs to support
bone regeneration and esthetic contouring.
Finally, the IRB-approved clinical study of the
space maintainer technology will commence
immediately upon receipt of HRPO approval.
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Planned Clinical Transitions

The researchers have retained a regulatory
consultant to guide the team in the appro-
priate pathways for clinical translation and
regulatory clearance and in the development
of commercialization strategies for the tech-
nologies. Through the ongoing interactions
with the regulatory consultant, it has been
determined that FDA regulation may not be
required for the porous space maintainer
technology as it can be applied through a
physician-directed combination of exist-

ing clinical products. Accordingly, a twofold
approach for clinical translation of the porous
space maintainer technology has been
developed under the guidance of the regula-
tory consultant. The first approach involves
the development of protocols to expedite the
clinical translation of the technology through
physician-directed combination of existing
clinical products, which may obviate FDA
regulation. Leverage of existing clinical prod-
ucts through physician-directed application
of the porous space maintainer technology
will circumvent the need to manufacture the

constituent materials as a new product. The
second approach, which is being developed
in parallel with the protocols associated with
the first approach, involves the identification
of appropriate pathways for clinical transla-
tion, regulatory approval, and commercializa-
tion of new products based on the technolo-
gies under development through this project.
For example, Synthasome, Inc., has agreed
to work with the researchers to develop the
concept of the porous space maintainer with
a slow-release antibiotic for the treatment of
mandibular injuries into a product.

Toward the goal of clinical translation, a
protocol has been approved by the IRB

of the University of Texas Health Science
Center at Houston to initiate a clinical study
of the porous space maintainer technology.
Additionally, physician-directed combina-
tion of the clinical PMMA bone cement and
gelatin-based products, as outlined in the
submitted IRB protocol to produce a porous
PMMA-based space maintainer, was applied
recently in three clinical cases upon resection
of benign mandibular tumors.
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Novel Synthetic Bone for Craniofacial

Application

Project 4.1.3, WFPC

Team Leader(s): Charles Sfeir, DDS, PhD, Elia
Beniash, PhD, and Prashant Kumta, PhD (University
of Pittsburgh)

Project Team Members: Abhijit Roy, PhD, Shinsuke
Onishi, DDS, PhD, and Sabrina Noorani, MS
(University of Pittsburgh)

Collaborator(s): None
Therapy: Bone tissue-engineered therapy.

Deliverable(s): New porous bone void filler for rapid
bone regeneration.

TRL Progress: Start of Program, TRL2; End Year 1,
TRL2; End Year 2, TRL 4; End Year 3, TRL 4

Key Accomplishments: The researchers have
developed and characterized novel nanostructured
apatitic bioactive bone cements and scaffolds based
on the use of natural extracellular matrix (ECM)-
derived polymers that incorporate NanoCaPs. In vivo
experiments in the rabbit calvarial model revealed
that the cements alone or with the addition of BMP-2
had the ability to regenerate bone.

Key Words: Bone regeneration, craniofacial
defects, synthetic bone, NanoCaPs, bioresorbable

Introduction

This project focuses on developing novel
bone regeneration strategies for CFR

by exploiting the combined attributes of
nanoscale inorganic bioactive cements and
naturally derived polymer hybrid materials
that possess excellent bioreactivity, biocom-
patibility, safety, and regenerative capability.
This combination of materials would result
in structural and functional bone free of
infection for injured military personnel. The
proposed technologies will also be used for
regenerating large osseous defects in the
extremities where bone fracture is a major
clinical problem contributing to nearly 50% of
injuries in armed forces personnel.

The researchers are developing a synthetic
bone-like environment that involves bioactive
nanostructured amorphous and/or nano-
crystalline CaPs, nanostructured CaP-based
bioactive bone cements, and ECM-derived
materials such as urinary bladder membrane
(UBM). These nanostructured systems
contain essential components to mimic bone
architecture, composition, and mechanical
strength while providing the osteoinductive
and osteoconductive characteristics required
for bone tissue regeneration. The combined
nanoscale hybrid system will incorporate
BMP-2 or BMP-7, which are known for their
bone regeneration ability. This strategy will
create an organic/inorganic scaffold system
that would simulate the unique composition
and architecture of bone.
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There are three specific aims for this project:

Specific Aim 1: Synthesize and character-
ize nanostructured apatitic bioactive bone
cements and scaffolds based on natural
ECM-derived polymers that incorporate
NanoCaPs (amorphous and/or nanocrystal-
line). These hybrid scaffold systems will
incorporate BMP-2 or BMP-7 and ECM from
the porcine UBM.

Specific Aim 2: Preclinical assessment

of the regenerative capacity of the bone
cements and ECM-derived polymers in a
well-established rabbit, critical-size, calvarial
defect model.

Specific Aim 3: Initiation of clinical testing of
synthetic bone for craniofacial defects.

Summary of Research Completed
in Years 1and 2

During the first 2 years of the project, the
researchers developed and characterized
novel nanostructured apatitic bioactive

bone cements and scaffolds based on the
use of natural ECM-derived polymers that
incorporate NanoCaPs. They initiated the in
vitro assessment of the cements and scaf-
folds and found that the synthesized forms
of the cement materials are biocompatible.
Preliminary experiments in a rabbit ulna
defect model with bone cements contain-
ing BMP-2 showed some bone regeneration
(bridging) at 8 weeks post-surgery. Overall,
data indicated that the resorbable cements
containing NanoCaPs with and without
BMP-2 are good candidates for further
assessment of the system as a bone regen-
eration therapy.

Research Progress - Year 3

Bone Cement Synthesis

The first cement developed by the research-
ers was based on CaP powders and other
acidic and basic calcium salts (CaP-cements).
To introduce NanoCaP-based nanocarriers
into the bone cements, a colloidal solution
containing NanoCaPs was used as a liquid for
the cement-forming reaction. The researchers
found that the in vivo resorption rate of CaP-
cements could be improved by introducing
controlled numbers of micropores (to allow
circulation of body fluid) and macropores

(to provide a scaffold for blood cell coloniza-
tion). The micropores could also facilitate

cell attachment, migration, and proliferation,
enabling good uptake of the carriers. This
was achieved by using a certain amount of
water-soluble recrystallized polyol (porogen).
The introduction of 40% (by weight) of the
porogen into the CaP-cements did not alter
the initial and final setting times, cohesion
time, and injectability characteristics of the
cements. However, the injectability of this
cement was poor (less than 60%); therefore,
the researchers used a cohesion promoter to
improve its injectability. Addition of the cohe-
sion promoter led to the injectability increas-
ing to greater than 95% and the cohesion
time under phosphate-buffered saline (PBS)
to be less than 4 minutes.

The x-ray diffraction patterns of porogen-
containing injectable cements (PC-cements)
showed that the PC-cements mostly con-
verted into calcium-deficient hydroxyapatite
(CDHA) within 15 days. The scanning elec-
tron microscope images of the PC-cements
clearly showed the formation of micro- and
macropores after dissolution of the porogen
and the formation of nanocrystalline hydroxy-
apatite. The porosity percentages, pore size
distribution, and pore characteristics of the
PC-cements (Figure IlI-3) were further stud-
ied using mercury porosimetry, which clearly

IIl: Craniofacial Reconstruction



Ill: Craniofacial Reconstruction

Progress Reports: Bone Regeneration

A 9 .
I FC-cement-1
80 | (T PC-cement-2
I FC-cement-3
270
(7
O 60
o
Q 50|
>
8 40
é 30
@ 20
o
10
0
00 6.0 15.0
Days in PBS

Log Differential Intrusion (mL/g)

~—=+— PC-Cement-0.0 Days
—a— PC-Cement-6.0 Days
—»— PC-Cement-15.0 Days

e o o o
w = 0 o

oS
N

o
-

o)
=)
&

Pore size diameter (um)

Figure II-3. (A) Percentage porosities of PC-cements after different aging times in PBS and (B) Micro- and macropore size
distributions as determined from the mercury porosiometer of PC-cements after different aging times in PBS.

demonstrated that the PC-cements contained
large numbers of macropores between 1 and
100 um. High porosities of the PC-cements
together with the formation of nanocrystalline
CDHA may dramatically improve the in vivo
dissolution rate of these cements.

To improve the bioactivity and porosity of
the PC-cements, the researchers added an
organic matrix, UBM, in the PC-cements.
The presence of adhesion molecules, struc-
tural proteins, and growth factors inside the
organic matrix may enhance the bone regen-
eration process while contributing to the
porosity. The addition of the organic matrix
into the PC-cements (henceforth described
as organic UMB-cements) led to an increase
in setting times of the cements. The phase
analyses of the UBM-cements using

x-ray diffraction showed that the cements
immersed in PBS completely converted into
CDHA within 3 days, which was consider-
ably shorter than the CaP- and PC-cements.
However, the morphology of the CDHA
formed in these organic UBM-cements was
found to be very similar to the CaP- and
PC-cements. These results show that the
addition of UBM into the cement reaction

mixture has a profound influence on the
kinetics of the cement-setting reaction.

In Vitro Assessment of the

Bone Cement

Proliferation Assay

For all of the cements, the researchers
assessed MC3T3 cell proliferation with the
nontoxic Alamar Blue dye as shown in Figure
lll-4. This test gives a precise indication of
cell function because of the reduction of
Alamar Blue by intracellular enzyme activity.
Two and b days after the cell seeding, and
just before cell counting, 20 uL of the diluted
fluorescent dye was added in each well. The
proliferation results show that the cells grow
well in all of these cements; however, the
PC-cements showed the best cell growth.

Cell Attachment Assay

The research team assessed cell attach-
ment and viability using a trypan blue assay.
MC3T3 cells were plated onto wells of a
48-well dish filled with either PC-cement,
organic cement, or a control substrate. The
researchers found that cell viability after

6 hours of culture on the three different sub-
strates was approximately the same.
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Cell proliferation was also determined using
a methyl tetrazolium assay. MC3T3 cells
were plated onto wells of a 48-well dish filled
with either PC-cement, organic cement, or a
control substrate. The number of cells on the
organic cement remained approximately the
same over the 7-day study indicating limited
proliferation. The number of cells was great-
est on the control substrate. The proliferation
rates of the control and PC-cement seemed
to be approximately equal since the slopes
between the time points were similar.

Release Kinetics

The wells of a 96-well dish were coated with
either the researchers’ cement, a commercial
cement (Stryker HydroSet), or no cement
(tissue culture plastic). The three substrates
were coated with either a high or low concen-
tration of fluorescently labeled bovine serum
albumin (BSA). Solutions containing 0.8 or
0.33 mg/mL BSA in PBS were prepared.

The researchers found that the commercial
cement and tissue culture plastic adsorbed
lower amounts of BSA in comparison to their
cement. The commercial cement and tissue
culture plastic showed an initial release at

1 and 4 hours whereas their cement exhibited
a sustained release over a span of 46 days.

In Vivo Experiments Using the Rabbit
Calvarial Model

A pilot in vivo experiment (no AFIRM funds
were used) using the rabbit ulna model

was previously carried out to screen several
versions of the synthesized cements. The
researchers found that the cement alone
(without BMP-2) could regenerate bone. They
therefore decided to focus on the cement
alone as a technology to move forward to the
clinical arena.

The research team tested its injectable
cements in the rabbit calvarial model in four
treatment groups as shown in Figure lll-5
and Figure IlI-6 as well as an empty control

L] ’ T M L ' L ¥ T N ]
| 1. Pure CPH

100 2. CPH-cement

3. PC-cement

4. UBM-cement

80 | 5. Pure UBM

6. Control

2 Days
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% Proliferation
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3 4
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Figure IlI-4. MC3T3 proliferation on different bone
cements.

Figure I1I-5. Completion of the cement implantation in the
defect after the CSD was created.
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Figure I11-6. Rabbit calvariae with four different treatments retrieved at 8 weeks after implantation of cement.

(no implant) and a commercially available
implant (predicate). A circular CSD (15 mm
in diameter) was created in the calvaria of a
male New Zealand White rabbit. The dura
mater was left intact or undamaged as much
as possible. After creating the defect, the
cement was implanted into the defect. The
periosteum and skin were subsequently
closed separately by suturing (Figure [lI-5).
Eight weeks after the implantation the rabbits
were sacrificed and dissected. Figure lll-6
shows samples (calvarial bone) representing
each treatment group after dissection. The
prepared samples were then fixed in 10%
Cement + 40% Mannitol formalin and scanned with micro-computed
tomography (CT) for quantification of the
newly formed bone in the defects.

Figure IlI-7 shows 3-D models and sagit-

tal sections of the rabbit calvarial samples
created from micro-CT data. These data sug-
gest that the cement alone may regenerate
bone in the defect. Figures I11-8-11l-11 show
histologically that implants containing either
cement alone or cement plus BMP-2 resulted
in bone regeneration while the commercially
available cement and the treatment group
without an implant did not support bone

) regeneration.
Cement + 40% Mannitol +
35 ug BMP-2 Ongoing experiments involve biomechanical
Figure I1I-7. 3-D models and sagittal sections generated tests, which are important for assessing the
from the micro-CT data. strength of the newly formed bone/tissue
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Figure 111-8. Histological assessment of cement-alone
implants. Bone regeneration was achieved, indicating
that the cement has the ability to regenerate a CSD
without the addition of any growth factors.

Figure 111-9. Histological assessment of cement + 35 g
of BMP-2 implants. Bone regeneration was achieved,
indicating that the cement can successfully support the
delivery of BMP-2.

Figure 111-10. Histological assessment of commercially
available cement (predicate). As seen on histological
sections, the material did not resorb and did not support
bone regeneration.

in the defect compared to the strength of
natural bone. Therefore, the researchers also
performed surgery on another six rabbits and
implanted their cement (cement + 40% man-
nitol) alone.

Key Research Accomplishments

e Developed and characterized novel, inject-
able, high-surface-area, nanostructured,
apatitic bioactive bone cements and

Figure I1I-11. Histological assessment of the control
group (noimplant). No bone regeneration can be seen
as expected ina CSD.

scaffolds containing NanoCaP carriers of
growth factors based on the use of natural
ECM-derived polymers.

4 In vitro assessment shows that the
synthesized cement materials are
biocompatible.

4 In vivo data show that the bioresorbable
cements containing NanoCaPs with and
without BMP-2 are excellent scaffolds
for bone regeneration therapy.
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e Performed in vivo experiments in the
rabbit calvarial model using four differ-
ent treatment groups; assessed calvarial
samples histologically and by micro-CT.

4 |Initial data indicate that the cement
alone or with BMP-2 has the ability
to regenerate bone as was previously
seen in the ulna bone defect model.

4

Conclusions

In conclusion, the researchers have suc-
cessfully developed and characterized novel,
nanostructured, apatitic, bioactive bone
cements and scaffolds based on the use of
natural ECM-derived polymers containing
NanoCaPs. The inorganic cements with or
without BMP-2 appear to perform very well
in vitro as well as in vivo. The researchers
will therefore focus their efforts on expand-
ing preclinical in vivo experiments to further
develop these cements and gather more data
to proceed further for FDA 510(k) submission
and approval. In vivo experiments using the
rabbit calvarial model were executed, and
further analysis of bone regeneration will be
conducted.

Research Plans for the Next Year

Currently, this project is set to conclude
December 31, 2011. The researchers plan to
continue surgeries using the rabbit calvarial
model using a slightly different formulation of
PC-cement. They would like to use a smaller
amount of cohesion promoter to avoid any
immunogenic response. The researchers
would also like to use much smaller amounts
of growth factor (BMP-2, 10 pg/scaffold)

to avoid any complicacy related to BMP-2.
However, this amount should not compro-
mise the rate of new bone generation.
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Regeneration of Bone in the Cranio-
Mandibulo-Maxillofacial Complex Using
Allograft Bone/Polymer Composites and
Expedited Commercialization of an Injectable
Bone/Allograft Composite for Open Fractures

Project 4.5.1a/4.5.1, RCCC

Team Leader(s): Scott A. Guelcher, PhD, Pamela Brown-
Baer, DDS, COL Robert Hale, DDS, and Joseph C. Wenke,
PhD (Vanderbilt University)

Project Team Members: Kasia Zienkiewiczm, MS,
Margarita Prieto, BS, and Jerald Dumas, PhD (Vanderbilt
University)

Collaborator(s): USAISR and Medtronic, Inc.

Therapy: Injectable bone void filler, injectable drug-
delivery system.

Deliverable(s): Injectable allograft biocomposite (i.e.,
bone void filler made from donor tissue combined with
man-made resin materials), allograft biocomposite putty,
injectable rhBMP-2 delivery system, injectable rhGDF-5
delivery system.

TRL Progress: 2009, TRL 3; 2010, TRL 3; 2011, TRL 4;
Target, TRL 4

Key Accomplishments: The researchers developed
injectable and putty synthetic biocomposites with
mechanical properties comparable to or exceeding
those of trabecular bone for use in delivery systems for
recombinant human growth factors. In addition, they
regenerated bone in rabbit models using injectable
and putty allograft-based bone void fillers with added
rhBMP-2. They also identified the optimum porosity of
their injectable allograft biocomposites.

Key Words: Bone void filler, delivery system, injectable,
growth factor, biocomposite
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Introduction
Unmet Need

Military Personnel

Recent studies have examined the battle
injury patterns and resource impacts of
injuries for OIF and OEF. These studies have
highlighted the significance of the injuries to
the head and neck. Owens, et al. reported
that the frequency of head and neck inju-
ries has increased in the current conflicts in
Irag and Afghanistan, compared to previous
U.S. wars, and that head and neck injuries
now account for 29.4% of all battle inju-
ries sustained in OIF and OEF (J Trauma
2008;64[2]:295-9). Looking at the same
cohort, Masini, et al. found that head and
neck injuries required 20% of all treatment
resources, had the highest mean disability
rating (52%), and will command 27% of

all total projected benefit costs (J Orthop
Trauma 2009;23[4]:261-6). Further research
has been conducted to characterize the CMF
battle injuries of OIF and OEF. Lew, et al.,

in characterizing the facial fractures in the
current conflicts, found that the highest per-
centage, 36%, were to the mandible (J Oral
Maxillofac Surg 2010;68[1]:3-7). They also
reported that 76 % of the CMF battle injuries
were classified as open fractures. The high
incidence of open fractures and the associ-
ated high complication rate result in a large
patient population that requires improved
treatments.

The current methods of CMF bone repair
incorporate the use of autografts or allografts
(transplanted tissue from either a patient’s
own body or from another human donor,
respectively). In addition, newer surgical
techniques, such as distraction osteogenesis
(which lengthens or expands bone to help
reconstruct injuries or defects), have been
successful in restoring smaller portions of

the mandible. However, due to the size and
geometry of battle injuries, this technique has
limited application. Autografts have been the
standard of care but have the downside of
causing morbidity of the donor site, which is
generally the iliac crest, or in larger injuries, a
composite tissue autograft from the fibula. In
addition, the autologous implants may resorb
(dissolve back into the body) and at times fail
to integrate especially without sufficient site
vascularization. Considering the frequency
and characteristics of these injuries, with the
resultant mean disability rating, it is hypoth-
esized that the current surgical techniques are
not sufficient to treat these injuries.

Civilian Population

A concurrent need exists to repair CMF
defects that are, in the civilian case, caused
by trauma, disease, and cancer surgery
reconstruction. Injectable bone void fillers
are used to repair bone defects in the civilian
population. However, currently available bone
void fillers (e.g., CaP cements) have brittle
mechanical properties and remodel slowly.

The RCCC Solution

The Vanderbilt University group is focused

on evaluating improved materials for treating
traumatic bone defects. The researchers are
pursuing the following two projects in collabo-
ration with USAISR and Medtronic:

e Project 4.5.1a: Develop injectable
rhBMP-2 and rhGDF-5 biocomposite deliv-
ery systems for repair of lateral mandibular
body defects. (The injectable biocompos-
ite delivery systems for rhBMP-2 will be
useful in the civilian population for repair
of craniofacial bone, such as sinus lift and
ridge augmentation procedures.)

e Project 4.5.7: Develop an injectable
allograft biocomposite bone void filler for
repair of metaphyseal bone defects.
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Benefits over the Standard of Care and
Other Competitive Technologies

There is currently no commercially available,
injectable, weight-bearing bone graft for the
delivery of recombinant growth factors, such
as rhBMP-2. The drug delivery system that
the research group is developing should meet
this compelling clinical need. The advan-
tages of this product are: (1) administration
using minimally invasive surgical techniques,
(2) mechanical strength approximating that
of host mandibular bone (approximately

10 MPa) that provides space maintenance
and prevents soft tissue prolapse, and

(3) sustained release of rhBMP-2, which is
anticipated to lower the required dose by a
factor of 5-10. Considering that no product
with all of these attributes is currently avail-
able, the research team expects that its drug
delivery system will be a technology that
positively impacts the clinical management of
open fractures in the mandible.

Summary of Research
Completed in Years 1and 2

During the first year of the project, the
research team fabricated injectable, porous
bone particle/polymer composites with tun-
able porosities, mechanical properties, and
working times. The researchers showed that
these materials could remodel in a rabbit
distal femur model. They achieved sustained
controlled release of the osteogenic agent
from the bone particle/polymer compos-
ites for up to 21 days. They fabricated low-
porosity, injectable bone/polyurethane (PUR)
composite cements with high bone content
that produced wet compressive strengths

of up to 60 MPa more than five times stron-
ger than the first-generation, high-porosity

material. The researchers demonstrated that
their bone particle/PUR composites passed
the ISO 10993 systemic toxicity test. In a
nonsurvival test, they injected the bone par-
ticle/PUR bone void filler into a rabbit calvarial
defect and found the working and tack-free
times to be comparable to those observed in
vitro.

During the second year of the project, the
researchers identified the final formulation for
the Plexur LV® injectable bone void filler. They
also identified lead candidate weight-bearing
composites for testing in the mandible. They
showed that the Plexur LV allograft/PUR
bone void filler incorporating rhBMP-2 regen-
erated bone in the rabbit calvarial model.

Research Progress - Year 3

In Project 4.5.1a, the research team devel-
oped injectable, synthetic biocomposites that
deliver recombinant human growth factors
(specifically rhBMP-2). These materials have
mechanical properties similar to those of
trabecular bone and will be evaluated in a rat
CSD model in year 4.

In Project 4.5.7, the researchers developed
an injectable allograft biocomposite bone
void filler and putty with mechanical proper-
ties comparable to trabecular bone. When
injected into critical-size calvarial defects in
rabbits, the biocomposites supported cellular
infiltration and new bone formation. Adding
rhBMP-2 to the injectable allograft bone void
filler led to an enhancement of new bone
formation in 15 mm rabbit calvarial defects
at 20% of the dose recommended for the
absorbable collagen sponge. The research
team also identified the optimum porosity of
its injectable allograft biocomposites.
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Key Research Accomplishments

e Developed injectable and putty synthetic
biocomposites with mechanical proper-
ties comparable to or exceeding those of
trabecular bone for use in delivery systems
for recombinant human growth factors.

e Demonstrated that injectable and putty
allograft-based bone void fillers remod-
eled and supported new bone formation in
rabbit models.

e Demonstrated that rhBMP-2, when added
to the injectable allograft bone void filler,
enhanced new bone formation in 15 mm
rabbit calvarial defects at 20% of the dose
recommended for the absorbable collagen
sponge.

e |dentified the optimum porosity of the
injectable allograft biocomposites.

Conclusions

The research team developed injectable and
putty synthetic biocomposites with mechani-
cal properties equal to or greater than those
of trabecular bone. They demonstrated that
injectable and putty allograft-based bone void
fillers remodeled and supported new bone
formation in rabbit models. Due to the limita-
tions of the allograft biocomposites for deliv-
ery of recombinant human growth factors,
the synthetic biocomposites will be used for
growth factor delivery in year 4. Experiments
in year 4 will focus on accelerating the rate
of allograft resorption and slowing the rate of
polymer degradation to improve the design
so that implants will last longer in their future
clinical application in human reconstruc-

tive surgery in both the military and civilian
arenas.

Research Plans for the Next

2 Years
Project4.5.1a

The research team'’s objective is to advance
the technology from TRL 2 to TRL 4 by
year b. The research activities will focus on
developing the formulations; testing their
feasibility in a CSD, rat calvarial model to
determine the correct dose; and validating
the formulations in clinically relevant animal
models.

Project 4.5.7

Using AFIRM and supplemental funding, the
research team’s objective is to advance the
allograft injectable and putty biocomposites
from TRL 4 to TRL 9 by year 5. The research
activities will focus on revising the formula-
tion, validating it in rabbit and sheep pre-
clinical models, and conducting both cGMP
manufacturing and ISO 10993 testing to
prepare for a regulatory filing.

Planned Clinical Transitions

Vanderbilt University, USAISR, and
Medtronic, Inc., are partnering to commer-
cialize the injectable allograft bone void filler
products by the end of year 5. The regulatory
pathway will be a 510(k) device application.
The injectable delivery system products are
longer term and will require a Premarket
Approval Application.

Corrections/Changes Planned
for Year 4

The research team revised the Statement
of Work (SOW) for year 4 in response to
Medtronic, Inc.'s acquisition of Osteotech.
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Regeneration of Bone in the Cranio-
Mandibulo-Maxillofacial Complex

Project 4.5.1b, RCCC

Team Leader(s): Jeffrey Hollinger, DDS, PhD
(Carnegie Mellon University) and Aniq Darr, PhD
(Rutgers University)

Project Team Members: Jinku Kim, PhD, Sean
McBride, BS, and Pedro Alvarez, BS (Carnegie
Mellon University); Hanshella Magno, Ophir Ortiz,
PhD, Matthew Laughland, and Das Bolikal, PhD
(Rutgers University); and Brett Runge, PhD and
Mahrokh Dadsetan, PhD (Mayo Clinic)

Collaborator(s): Amit Vasaniji, PhD, Rick Rozik, and
Brett Hoover, MBA, MS (ImagelQ) and Pam Brown-
Baer, PhD (USAISR)

Therapy: Bone regenerative therapies for the
cranio-mandibulo-maxillofacial complex.

Deliverable(s): TyrPC scaffolds for bone
regeneration, fabricated by salt leaching, and
supplemented with either rhBMP-2, other growth
peptides, or combinations of the two.

TRL Progress: 2009, TRL 2; 2010, TRL 3; 2011, TRL 4;
Target, TRL5

Key Accomplishments: The researchers added a

CaP surface coating to TyrPC scaffolds with the

goal of increasing bone formation. They identified
appropriate quality assurance methods. They
validated the in vivo biocompatibility and efficacy

of the TyrPC+CaP-coated scaffolds to support

bone regeneration. The researchers found that the
addition of rhBMP-2 to the TyrPC+CaP scaffolds led
to substantially increased bone formation in a rabbit
calvarial CSD model in 6 weeks. They also found that
TyrPC+CaP, either with or without rhBMP-2, promoted
bone formation that was similar to, if not superior to, a
clinically utilized bone void filler with rhBMP-2.

Key Words: Bone regeneration, cranio-mandibulo-
maxillofacial, tyrosine-derived polycarbonates, BMP,
B2A peptide

Introduction

In a review of approximately 28,000 patients
injured in Afghanistan and Iraqg over a period
of roughly 2 years from late 2001 to early
2004, head and neck injuries ranked second
to extremity injuries in incidence. Although
the head and neck comprise only 12% of the
body surface area, 64% of combat deaths are
due to these injuries. Historically, head and
neck injuries have encompassed between
16% and 21% of the total injuries in major
U.S. conflicts (i.e., World War Il, Korea, and
Vietnam), and a recent survey of warfight-
ers wounded in OIF/OEF from 2001 to 2007
showed that 26 % of the trauma to military
service members occurred in the CMF
region. CMF injury is a serious problem not
only in numbers but also in intensity because
wounded warriors who have suffered trau-
matic brain injury or blindness are more
severely handicapped and have more diffi-
culty returning to active duty and productive
life than those with extremity injuries. The
clinical need for craniofacial bone regenera-
tion is urgent, and more than 30,000 surgical
procedures are performed each year to repair
craniofacial bone defects in the United States.

Restoring the CMF anatomy’s form and
function with a regenerative implant will be
a significant improvement over contempo-
rary options. Current synthetic materials do
not remodel, fail to integrate with host tis-
sue, may become infected, and can require
extensive, multiple revision surgeries.
Contemporary polymeric or metallic devices
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also lack the ability to deliver biological fac-
tors (e.g., antibiotics or growth factors) in a
controlled fashion. Current treatment options
do not regenerate tissues and produce less
than satisfactory aesthetic and functional
outcomes. Biomaterials, such as TyrPCs and
poly(propylene fumarate), have the potential
to become the foundation for bioresorbable
CMF implants. The expected outcome will
be tissue regeneration and restoration of
form and function. The biomaterial implant
design would incorporate precise calibration
of the important parameters of scaffolding
materials (i.e., degradation rate and physical
properties).

The researchers hypothesize that scaffolds
built from TyrPC containing minerals Ca, Mg,
or Zn will not cause adverse host responses
and will regenerate bone in rabbit CSD cal-
varial and radius models within weeks when
combined with rhBMP-2. To test this hypoth-
esis, the researchers fabricated and char-
acterized porous 3-D TyrPC scaffolds. They
found that bone regenerated in standardized
CSD rabbit calvarial and radius models using
micro-CT and histology/histomorphometry.

Summary of Research
Completed in Years 1and 2

During the first year of the project, the
researchers prefabricated tyrosine-based
copolymer scaffolds to fit into a rabbit calvar-
ial CSD. Their preliminary results showed that
tyrosine-based 3-D scaffolds induced signifi-
cant osteogenic differentiation and mineral-
ization of preosteoblasts compared to two-
dimensional (2-D) tissue culture surfaces.

In vitro cyto-compatibility and cell attach-
ment data with the tyrosine-based scaf-
folds showed no cytotoxicity and robust cell
attachment. The researchers initiated a study
on the effect of ethylene oxide sterilization

on molecular weight loss and began nuclear
magnetic resonance analysis of ethylene
oxide sterilized scaffolds. Gel permeation
chromatography analyses of scaffolds that
have been subjected to ethylene oxide steril-
ization and degassed showed approximately
35% loss in molecular weight. Finally, both
injectable and implantable compositions
based on two types of polyester copolymers
were identified for craniofacial applications.

During the second year of the project, the
researchers demonstrated the in vitro and

in vivo biocompatibility of TyrPC and poly (e-
caprolactone fumarate) scaffolds and efficacy
of the scaffolds containing rhBMP-2 for bone
regeneration using the rabbit CSD calvarial
model.

Research Progress - Year 3

The specific aims for this project in year 3
were to: (1) regenerate parietal bone in a rab-
bit CSD model, complete preclinical correla-
tions, and test in 145 rabbits and (2) regener-
ate radius in a rabbit CSD model and test in
60 rabbits.

The Rutgers University team developed and
optimized a solution precipitation method

for surface coating TyrPC with osteocon-
ductive minerals. The researchers created
scaffold fabrication conditions that produced
the desired mechanical and degradation
properties. They identified quality assur-
ance methods that can be used to evaluate
batch-to-batch variations and reproducibility
of scaffold fabrication and then fabricated
and conducted quality control characteriza-
tion of more than 400 sterile scaffolds that
were provided to collaborators within project
4.5.1. Specifically, the researchers developed
and fabricated second-generation synthetic
bone grafts based on TyrPC coated with CaP
(TyrPC+CaP) or a bone mineral mix of Ca,
Mg, and Zn (10% w/w) for bone regeneration
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in the rabbit calvarial CSD model (with 15 mm
diameter) and radius CSD model (with 15 mm
length ostectomy).

The Carnegie Mellon University group deter-
mined the in vivo biocompatibility and effi-
cacy of these TyrPC-based scaffolds using
standardized rabbit models. The research-
ers had implanted 85 scaffolds into rabbit
calvarial defects and 20 scaffolds into rabbit
radius defects as of May 2011. Notably, the
TyrPC+CaP scaffolds significantly increased
new bone formation in the rabbit CSD model
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as determined by micro-CT and histology/his-
tomorphometry (Figure lll-12). At 6 weeks,
the following outcomes were determined:

e The scaffolds containing rhBMP-2 had
more trabecular bone volume than
scaffolds without rhBMP-2;

e TyrPC+CaP with 50 ug rhBMP-2 had
significantly more trabecular bone volume
than the other groups; and

2D transverse
fo

W Mozaik, 0 pg rhBMP-2

Figure IlI-12. (A) Representative micro-CT and (B) histology images of rabbit calvarial bone regeneration. Two-dimensional
sections (coronal and transverse) of micro-CT calvarial specimens of each treatment showed that without rhBMP-2,
Mozaik™ and TyrPC scaffolds barely induced new bone formation, whereas rhBMP-2-treated scaffolds (50 pg/scaffold)
appeared to induce substantial bone regeneration at 6 weeks. Histology images confirmed micro-CT findings. Black arrows
outline the defect site, and a substantial amount of remaining Mozaik and TyrPC+CaP scaffolds are visible (orange arrows).
(C) Quantitative bone regeneration data as determined by the image analyses. These data are reported as a mean + standard

deviation for n = 4-6.
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e TyrPC+CaP alone (without rhBMP-2)
had more trabecular bone formation than
TyrPC and promoted new bone forma-
tion that was similar to, if not superior to,
a clinically utilized bone void filler treated
with rhBMP-2.

The researchers have obtained Institutional
Animal Care and Use Committee and Animal
Care and Use Review Office approvals for
their protocols for the rabbit radius model.
Finally, the Hollinger group has begun work-
ing on a rabbit CSD radius model (30 rabbits
planned and 20 rabbits operated upon).

Key Research Accomplishments

e Validated the in vivo biocompatibility and
efficacy of TyrPC scaffolds coated with
CaP (TyrPC+CaP, second generation), with
and without rhBMP-2, for bone regenera-
tion using the rabbit calvarial CSD model.

e Completed the rabbit surgeries and nec-
ropsies for the studies to determine the
amount of bone regeneration of TyrPC
scaffolds (including TyrPC+CaP) with and
without rhBMP-2 in a rabbit CSD calvarial
model. At 6 weeks, the following out-
comes were determined:

4 Scaffolds containing rhBMP-2 had more
trabecular bone volume than scaffolds
without rhBMP-2;

¢ TyrPC+CaP with 50 pg rhBMP-2 had
significantly more trabecular bone vol-
ume than the other groups; and

¢ TyrPC+CaP alone (without rhBMP-2)
had more trabecular bone formation
than TyrPC and promoted new bone
formation that was similar to, if not
superior to, a clinically utilized bone void
filler treated with rhBMP-2.

Conclusions

The researchers have optimized a method
for coating the surface of TyrPC scaffolds
through the solution precipitation of minerals
both for CaP and a synthetic bone mineral
mix. They found the surgical handling prop-
erties of TyrPC-based materials to be much
better than the controls (Integra Mozaik or
Chromos™), which were friable and particu-
late. At 6 weeks all implants in the rabbit CSD
model appeared to be biocompatible. In addi-
tion, the scaffolds degraded in register with
bone regeneration during the 6-week study
period.

The exciting class of biomaterials, TyrPCs,
may be used either alone—with precisely
calibrated physical, chemical, and biologi-

cal properties—or may be combined with
rhBMP-2. They may provide a compelling
synthetic biomimetic material for regenerating
bone in challenging clinical conditions.

Research Plans for the Next
2 Years

The project’s focus is to evaluate biomateri-
als that may support implants to restore form
and function in the CMF region. All remaining
surgeries will be finished by July 31, 2011,
and the specimens will be subsequently har-
vested and analyzed by micro-CT and histol-
ogy/ histomorphometry. The researchers also
plan in year 4 to identify a “frozen” design
composition of TyrPC scaffolds using the
rabbit calvarial/radius models (and possibly

a goat calvarial model). To further enhance
bone regeneration, scaffolds will be aug-
mented with a minimal amount of rhBMP-2,
a proprietary peptide, or a blood component.
A total of 120 rabbits and 30 goats will be
used to identify a frozen design composi-
tion. If the researchers are successful with
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the rabbit (and goat) models in year 4, they e Ll !
will complete an FDA filing (e.g., 510[k]) and : =y
will design and prepare for a Phase 1 clinical :
study protocol in year 5.

Planned Clinical Transitions

The researchers may deliver a bone regenera- -
tion therapy for a small Phase 1 clinical trial o
as early as year 4 and will prepare a regula-

tory strategy with both the industrial partner,

Trident, and the Rutgers University-retained

regulatory consultant. The regulatory strategy

may include a 510(k), Humanitarian Device (1
Exemption, and combination of IND/IDE.

Corrections/Changes Planned
for Year 4

During the past year, the researchers have
shown the potential of both TyrPC and
TyrPC+CaP for bone regeneration therapy.
They now plan to identify a frozen composi-
tion of TyrPC+CaP, which may contain a
minimal amount of rhBMP-2, a proprietary
peptide, or a blood component (e.g., bone
marrow aspirate). They will test this composi-
tion using rabbit calvarial and radius models
and goat CSD calvarial models.
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Vascular Tissue Engineering

Project 4.5.6, RCCC

Team Leader(s): Daniel G. Anderson, PhD and
Robert S. Langer, ScD (MIT)

Project Team Members: Nathaniel Hwang, PhD
(MIT)

Collaborator(s): Michael T. Longaker, MD, MBA
(Stanford University)

Therapy: Development of bioactive scaffolds for
vascular tissue engineering.

Deliverable(s): (1) Fabricate bioactive
microparticles to induce vasculogenesis (growth
of blood vessels), (2) engineer vascularized tissue
constructs using novel surface modification, and
(3) analyze the integration of vascularized bone
constructs in vivo.

TRL Progress: 2010, TRL 3; 2011, TRL 3; Target, TRL 5

Key Accomplishments: During the past year,

the researchers optimized a scaffold system of
enhanced vascular engraftment. They identified
an optimal biomaterial for effective bone tissue
engineering. They also optimized hVEGF-release
microparticles for effective use in vasculogenesis.

Key Words: VEGF scaffolds, adipose-derived
mesenchymal stem cells, hydroxyapatite,
vasculogenesis, tissue engineering

Introduction

Serious wounds suffered by military service
members during combat or by civilians who
suffer trauma or disease may require large
bone grafts to repair a patient’s body func-
tionally and cosmetically. Often there is not
enough transplantable tissue in an individual’s
body to cover the defect area. Transplants
from other human beings may require con-
stant uptake of immune-suppressing drugs.
Blood vessel recruitment into engineered tis-
sue is the pivotal step toward the long-term
engraftment and survival of engineered tissue
in the clinical setting. Treatment of large, seg-
mental defects would require large scaffolds,
and the success of long-term engraftment of
engineered tissues in humans will be highly
dependent on anastomosis with surround-
ing host tissues (i.e., growth of a successful
vascular network).

To address these needs, the Anderson/
Langer group at MIT is developing a novel,
biodegradable, and bioactive scaffold sys-
tem that can differentiate progenitor cells to
produce vascularized bone tissues. The aims
of this project are to develop two products:
(1) bioactive scaffolds for vascular tissues
and (2) vascularized bone tissue constructs
with stem cells. Currently, the researchers
have utilized microparticle-based scaffold
systems that can either control the release of
or immobilize growth factors (e.g., hVEGF) to
promote growth of a vascular network within
the biodegradable scaffold system.

Few suitable cell types can be expanded suf-
ficiently to generate functional bone tissues,
and this problem hampers the clinical applica-
tion of tissue-engineered bone constructs.
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Previously, Dr. Longaker's group at Stanford
University showed that ASCs could be iso-
lated and grown in culture. The group demon-
strated that these cells could differentiate into
osteoblasts in vitro and could subsequently
form bone tissues in preclinical animal experi-
ments. Recent evidence indicates that sup-
plementation of endothelial progenitor cells
with mesenchymal stem cells (MSCs) can
augment the osteogenic differentiation of the
MSCs. Therefore, the MIT group proposes to
utilize a coculture system and functionalized
bioactive scaffolds to engineer vascularized
bone grafts. The project team anticipates that
a vascular network created in vitro, via func-
tionalized scaffolds, will promote the integra-
tion and calcification of tissues in vivo.

Research Progress - Year 1

Currently, the MIT group has utilized mic-
roparticle-based growth factors in vitro, with
controlled release and/or chemical immobili-
zation, to promote growth of a vascular net-
work within a biodegradable scaffold system.
The researchers will further tailor this technol-
ogy to improve bone and vascular network
formation. To improve blood vessel networks,
they have modified the surface of porous
scaffolds with bioactive molecules such as
hVEGF, which promotes blood vessel growth.
The researchers hypothesized that hVEGF
immobilization could enhance the angiogenic
potential of “seeded” cells and allow host
blood vessel recruitment into the scaffolds.

Toward the surface immobilization of bio-
active molecules, the researchers have
developed a novel method to immobilize
various bioactive molecules on biodegrad-
able scaffolds. They can achieve a polydopa-
mine substrate coating and functionalization
via a single procedure (Figure 11I-13). It is
known that dopamine can be self-polym-
erized under alkaline solution and that the

polymerized-dopamine (polydopamine) acts
as a surface-coating agent due to its surface-
adherent property. In the research team's
approach, polydopamine was used as a
multitasking agent for surface coating. This
platform technology allowed the researchers
to introduce special functionality onto scaffold
surfaces.

For the vascularized tissue engineering
approach, scaffolds were immobilized with
a bioactive component, such as hVEGF or
hydroxyapatite. The researchers monitored
the efficacy of the compounds in support-
ing and maintaining the isolated vascular
bed and supporting MSC differentiation to
produce large vascularized bone in vitro. The
surface immobilization with hVEGF allowed
increased osteogenic differentiation of stem
cells and formation of blood vessels within
the scaffolds.

Key Research Accomplishments

Regarding the development of platform
technology for bioactive scaffolds for vascular
tissue engineering, the researchers:

e Effectively utilized dopamine chemistry
to modify biodegradable scaffolds with
hVEGF.

e Developed a platform technology for sur-
face modification on porous scaffolds.

Regarding the development of vascularized
bone graft, the researchers:

e Demonstrated an osteogenic response
of stem cells on hVEGF immobilized
scaffolds.

e Observed an osteogenic response of stem
cells on hydroxyapatite scaffolds.
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Figure 111-13. Histological analysis of blood vessel recruitment and host cell migration into the hVEGF immobilized scaffold
with polydopamine coating at 4 weeks. (a) hVEGF and/or gelatin were immobilized with polydopamine coating, resulting
in significantly higher cellularity and blood vessel formation within the scaffold compared to the fibronectin coating and
dopamine coating alone. (b) Dopamine-coated scaffolds resulted in minimal number of blood vessels in proximity to the
scaffolds. (c) hVEGF immobilization with dopamine showed blood vessels in proximity to the bioactive scaffolds (arrows).
(d) Quantification of blood vessel numbers within the scaffolds. Bar =200 mm.

Conclusions

Successful treatment of large, segmental
defects will require large scaffolds, and

the success of long-term engraftment of
engineered tissues in human patients will

be highly dependent on anastomosis with
surrounding host tissues (i.e., whether a suc-
cessful vascular network develops around the
graft). The MIT group's strategy is to create
a bioactive proangiogenic microenvironment,
which will promote a vascular network within
the engineered tissues. Toward this end, the
researchers have successfully demonstrated
the bioactivity of scaffolds after simple
immobilization with hVEGF. They will further

develop this technology for a vascularized
bone graft utilizing large animal models.

Research Plans for the Next
2 Years

In the next few years, the MIT group will
perform extended small animal studies in col-
laboration with the Stanford University group.
Long-term stability of the blood vessel net-
work is a prerequisite for the success of engi-