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The use of improvised explosive devices in Iraq
and Afghanistan has caused a marked increase in

severe blast trauma. Due to advances in body armor,

quicker evacuation from the battlefield, and ad-
vanced 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 usually result in significant lifelong impairment.

The burgeoning field of regenerative medicine
provides hope for restoring the structure and func-
tion of damaged tissues and organs and 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 re-
generation, bone scaffolding, and stem cell-enabled

treatments are needed to revolution-
ize the clinical rehabilitation of severely
injured service members.

The Department of Defense established the Armed
Forces Institute of Regenerative Medicine (AFIRM)
in 2008 with the mission of developing new prod-
ucts and therapies to treat severe injuries suffered
by U.S. service members. This multi-institutional,
interdisciplinary network of scientists has been
designed to accelerate the delivery of regenerative
medicine therapies for severely injured U.S. service
members. Centered around well-established, proven
research investigators, the AFIRM has been able

to expand the rehabilitative medicine knowledge
base, develop models of injury, and test advanced
technology products.

our science for their healing



Executive Summary

Creating Partnerships and
Collaborations

The AFIRM'’s success to date can be ascribed at

least in part to the program’s emphasis on establish-

ing partnerships and collaborations. The AFIRM is a
six-way partnership among the U.S. Army, Navy, and Air
Force, the Veterans Health Administration, the Defense
Health Program, and the National Institutes of Health.
The AFIRM is composed of two independent research
consortia working with the U.S. Army Institute of Surgical
Research and the Major Extremity Trauma Research
Consortium (METRC). One research consortium is led
by Wake Forest University Baptist Medical Center and
the McGowan Institute for Regenerative Medicine in
Pittsburgh (WFPC [Wake Forest-Pittsburgh Consortium])
while the other is led by Rutgers, the State University of
New Jersey, and the Cleveland Clinic (RCCC [Rutgers-
Cleveland Clinic Consortium]). Each research consor-
tium contains approximately 15 member organizations,
which are mostly academic institutions. Notably, AFIRM
member organizations have established collabora-
tions/partnerships with over 50 academic or industrial
institutions, located both within and outside of the United
States (including Australia, China, Finland, Germany,
and the Netherlands).

Research activities are organized into five program
areas: Limb and Digit Salvage, Craniofacial Reconstruc-
tion, Scarless Wound Healing, Burn Repair, and Com-
partment Syndrome. Over 80 projects have been funded
by the AFIRM to date. A Program Synergy Group has
been established to identify collaborative opportunities
and build bridges between the programs and projects.
One example of a successful collaborative effort among
scientists working at different institutions is found in the
Craniofacial Reconstruction Program. Researchers at
three leading academic institutions—Dr. David Kaplan
and colleagues at Tufts University; Drs. Peter Rubin

and Kacey Marra and colleagues at the University of
Pittsburgh; and Drs. James Yoo and Sang Jin Lee and
colleagues at Wake Forest University—formed a partner-
ship to develop and deliver a clinically useful engineered
soft tissue replacement that can be either used as a
stand-alone therapy or integrated with composite tissue

TR AFIRM Annual Report 2010

imb and

The Limb and Digit Salvage Program seeks to de-
velop novel solutions using regenerative medicine
that will allow victims of severe military or civilian
trauma to recover more efficiently and reliably from
their injuries and retain their limbs as they return to
productive life.

A total of 19 projects were funded in Year 2.
Projects span the following clinical challenge areas:
Bone, Soft Tissue, and Nerve Repair/Regeneration;
Composite Tissue Injury Repair; Transplantation;
and Epimorphic Regeneration.

J

regenerative medicine therapy of burns, craniofacial
injuries, and extremity injuries (Projects 4.1.4 and 4.1.5).
The main scientific approach involves the use of the
patient's own adipose-derived stem cells and fibroblasts,
combined with carrier biomaterials, to achieve soft
tissues with functional networks of blood vessels. The
researchers will determine the optimal combination of
their successful biomaterials and cellular elements and
finalize a clinical therapy model, which will involve inte-
grating engineered adipose tissue (Drs. Rubin, Marra,
and Kaplan) with the connective tissue system (Drs. Yoo
and Lee).

Second Year Research
Highlights

Although the program has only recently completed its
second year of funding, research efforts have already
yielded a substantial number of noteworthy accomplish-
ments. For example, Drs. Cathryn Sundback and Joseph
Vacanti at Massachusetts General Hospital/Harvard
University (Craniofacial Reconstruction Program, Project
4.1.2) have made significant progress in defining a “living
ear prosthesis” using the patient’s own cartilage cells

to develop an engineered structure that would be more
patient-friendly than any of the artificial prostheses used
today. The Vacanti laboratory has also achieved proof-
of-concept for the de novo engineering of functional



human muscle tissue, the first application
being the restoration of movement in a
damaged eyelid. This project addresses the
significant problems encountered by war-
riors who have lost control of their eyelids
and are unable to maintain the hydration of
the cornea through regular blinking.

Dr. Sang Jin Lee and colleagues at Wake
Forest University (Compartment Syndrome
Program, Project 4.3.5) have been devel-
oping an approach to recruit a patient’s
own stem/progenitor cells to the site of
compartment syndrome injury to increase
the regenerative response. They are using
biomaterials containing muscle-inducing
factors that can be implanted within the
injured muscle compartment. This group
has now shown proof-of-principle in vitro and validated
their method in a small animal model of tissue injury.

Another Compartment Syndrome Project (4.3.6), led by
Drs. Thomas J. Walters, Robert Christy, and Christopher
Rathbone at the U.S. Army Institute of Surgical Research
(USAISR), is focused on developing cell-based regen-
erative medical approaches to reduce the magnitude

of injury, hasten healing, and improve the outcomes of
wounded soldiers suffering from ischemic-reperfusion

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 13 projects were funded in Year 2.
Projects span the following clinical challenge areas:
Bone and Soft Tissue Regeneration, Cartilage
Regeneration (with a focus on the ear), and Virtual
Modeling.

Closeup of a fabricated ear scaffold created by AFIRM researchers.

(/R) muscle injuries (can be caused by tourniquet
application, vascular trauma, or acute compartment
syndrome). They have demonstrated improved muscle
function in the short term following I/R through the early
injection of skeletal muscle progenitor/stem cells.

Drs. Carmine lovine and Niraj Ramachandran and
colleagues at the New Jersey Center for Biomaterials
(Burn Repair Program, Project 4.6.4) developed a novel
antibacterial dressing containing complexed iodine for
the treatment of burn skin and soft tissue wounds. They
achieved promising results in initial porcine-infected
burn trials with the new wound dressing. The polymer
exhibited good antimicrobial activity, little biological
reactivity, and dressing changes incurred no trauma to
the skin-generating wound bed.

Dr. Patricia Hebda and colleagues at the University of
Pittsburgh’s McGowan Institute for Regenerative Medi-
cine (Scarless Wound Healing Program, Project 4.5.4)
are developing novel anti-inflammatory therapies aimed
at improving the quality of healing following burn injury.
The research team has demonstrated that early, short-
term topical treatment with the anti-inflammatory agents
nimesulide and prostaglandin E2 (PGE2) attenuates
the wound inflammatory response, which leads to the
promotion of healing.
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Executive Summary

Dr. George Muschler and colleagues at the Cleveland
Clinic (Limb and Digit Salvage Program, Project 4.2.1)
completed a detailed competitive evaluation of new
biomaterials for the fabrication and characterization of
three polymer-based bone regeneration scaffolds. They
down-selected scaffold materials in the canine femoral
multidefect (CFMD) model. Among the materials tested
to date, the porogen-leached tyrosine-derived polycar-
bonate (Tyr-PC) with beta tri-calcium phosphate (TCP)
performed best. The researchers 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.

The projects highlighted in the preceding paragraphs are
just a few examples of a long list of research develop-
ments and successes resulting from AFIRM-funded
laboratories over the past year.

Second Year Program Highlights

The AFIRM involves the efforts of more than 450
individuals, including faculty members, postdoctoral
fellows, graduate students, scientific and technical staff,
and undergraduates. AFIRM faculty members are highly
accomplished scientists—over the second year of the
program, 46 awards/honors were conferred upon AFIRM
faculty, including selection to membership or leadership

The Scarless Wound Healing Program encom-
passes a continuum of technologies aimed at the
various stages of wound healing to find new treat-
ment options to prevent and manage scars.

A total of 10 projects were funded in Year 2.
Projects span the following clinical challenge
areas: Control of Wound Environment and
Mechanics, Therapeutic Delivery to Wounds, At-
tenuation of Wound Inflammatory Response, and
Scar Mitigation.

G J
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positions in professional societies, honorary degrees
from research/academic institutions, awards from private
foundations, and recognition of exemplary AFIRM
meeting presentations. Their AFIRM-related research
efforts have substantially contributed to the scientific
literature—over the second year of the program, they
published 73 articles in peer-reviewed journals and
produced 106 presentations and non-peer-reviewed
publications. AFIRM scientists have also been making
novel patentable discoveries in the field of regenerative
medicine—over the second year of the program, they
filed 10 invention disclosures, of which 2 have resulted in
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; and the other 5 products were at TRL 4 or 5. By
the end of the second year of the program, no products
remained at TRL 1, and only 9 products were at TRL 2.
The vast majority of products (50) were at TRLs 3 and
4, and the other 10 products were distributed between
TRLs 5, 6, and 7. Of note, approximately twice as many
projects increased by one TRL during the second year of
the program compared to the first year.

The AFIRM has recruited a substantial amount of young
talent into the field of regenerative medicine since its
inception. During the second year of the program,

more than 110 students (undergraduate and graduate)
received practical scientific training through AFIRM-
sponsored research projects. The AFIRM is developing
fellowship programs to provide unique educational op-
portunities for aspiring scientists. For example, RCCC, in
concert with the Henry M. Jackson Foundation, estab-
lished the Henry M. Jackson-AFIRM Regenerative Medi-
cine Traveling Fellowship to foster knowledge exchange
and collaborative relationships among members of the
military, civilian scientists, and clinicians. In addition,

the RCCC designed and applied for NIH-funding for a
Translational Research in Regenerative Medicine: Stem
Cells on Scaffolds Fellowship to provide young scientists
or clinicians with opportunities to learn regenerative
medicine approaches within the AFIRM consortia.



The Burn Repair Program seeks to design innova-
tive regenerative medicine therapies for victims

of severe military or civilian trauma so they can
recover from their injuries with improved function
and aesthetics.

A total of 17 projects were funded in Year 2.
Projects span the following clinical challenge areas:
Intravenous Treatment of Burn Injury, Topical
Treatment of Burn Injury, Wound Healing and Scar
Prevention, and Skin Products/Substitutes.

\_ J

From the Laboratory to
the Battlefield

AFIRM-funded researchers share a strong commit-
ment to developing commercial products and bringing
therapies to wounded warriors and the civilian sector as
quickly as possible. The ultimate goal of AFIRM-funded
projects is the conduct of clinical trials; in fact, some
AFIRM researchers have initiated clinical trials while
many others anticipate the commencement of clinical
trials within the next few years.

For example, WFPC researchers Drs. Geoffrey C.
Gurtner and Michael T. Longaker at Stanford Univer-
sity (Scarless Wound Healing Program, Project 4.5.1)
developed a region-specific device capable of stress-
shielding mechanical forces to minimize scar formation
following burns. A novel pressure-sensitive adhesion
dressing has been developed that is capable of offload-
ing wound forces. This material has been shown to
manipulate wound forces to either increase or decrease
fibrosis and scar formation in a pig model. Preliminary
human trials using the researchers’ stress-shielding
polymer device have begun in collaboration with Dr. Bill
Beasley at Neodyne Biosciences, Inc. (Scarless Wound
Healing Program, Project 4.5.9), and the researchers
have already observed significant improvement in scar-
ring compared to control within-subject wounds. The

researchers are in the process of completing a Phase 2
study with a broader surgical patient population encom-
passing a wider variety of wounds. They plan to further
refine the device to custom design treatments for various
size wounds and tension states, which will allow for
body-specific regional stress-shielding to address a wide
variety of surgical wounds.

Two parallel clinical studies are under way in Dr. Maria
Siemionow’s laboratory at the Cleveland Clinic (Cran-
iofacial Reconstruction Program, Project 4.3.1). The
researchers hope to transform standards for clinical
immunomodulation, making transplantation of composite
tissue allografts (CTAs; large segments of complex,
vascularized tissue) safer and more widely available to
victims of disease and traumatic injury. They are using

a therapeutic antibody, TOL101, as a conditioning agent
prior to transplantation to enhance allograft tolerance. A
clinical trial protocol for immunomodulation with TOL101
has been established for patients undergoing kidney
transplantation to confirm the safety and efficacy of
TOL101. The antibody has undergone various regulatory
tests and has passed a pre-Investigational New Drug
screening with the U.S. Food and Drug Administration
(FDA). Patient enroliment is expected to start within

12 months. The researchers are also screening potential
recipients for face transplantation to be performed at the
Cleveland Clinic, in conjunction with USAISR. This pro-

The Compartment Syndrome (CS) Program seeks
to prevent or reverse secondary damages result-
ing from trauma so that repair and regeneration of
wounded tissue are enhanced, and healing and
return to functionality are improved.

A total of 6 projects were funded in Year 2. Projects

span the following clinical challenge areas: Cellular

Therapy of CS and Biological Scaffold-Based Treat-
ment of CS.
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Executive Summary

cess is defining consensus within and across services
regarding rigorous standards for patient screening and
education related to CTA procedures. The expecta-

tion is that at least one, and perhaps two, transplants
will be performed during Year 3. Dr. James Holmes

and colleagues at the Wake Forest University Baptist
Medical Center (Burn Repair Program, Project 4.2.7) are
conducting a multicenter FDA approval trial for ReCell®.
ReCell is a technique whereby healthy skin cells are
harvested from patients in the operating room and are
placed in a suspension so the cells can be sprayed onto
the burn. From ~4 cm? of healthy skin, ~320 cm? of burn
can be “grafted” using the patient’s own cells without the
need for any culture techniques. The cells multiply and
create new skin tissue. Participants are being enrolled
from among 10 U.S burn centers including USAISR.

Another Burn Repair project that has been progressing
toward clinical trials is led by Dr. Steven Boyce at the
University of Cincinnati (Project 4.7.2). In collaboration
with Dr. Richard Clark at Stony Brook University, the
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researchers are designing and testing new prototypes of
engineered skin substitutes that restore skin color and
develop vascular networks thereby resulting in improved
outcomes in recovery from life-threatening burns. They
have restored skin color in an animal model. Their
technology has been licensed to Lonza Walkersville, Inc.,
which has initiated technology transfer and has received
funding from the AFIRM to perform an initial clinical
study.

Notably, the RCCC has established a clinical trials core
at Case Western University and has invited the WFPC

to participate in efforts to standardize the approach to
clinical trials at military sites and to ensure electronic
data collection for all clinical trials in the AFIRM using
the commercial OnCore® software. A clinical trials text,
authored by Stanton Gerson, MD, director of the RCCC
clinical trials core, has been provided to USAISR to facili-
tate generation of a USAISR clinical trials manual.



BACKGROUND

The wars in Iraq and Afghanistan have resulted in
more than 5,700 U.S. military fatalities and more
than 40,000 injuries.! Treatment of combat-related
injury and trauma is particularly complex. Advances
in body armor have substantially improved protec-
tion of the torso, which contains the vital organs.

In addition, evacuations from the battlefield have
become faster, and medical care has advanced. Due
to all of these factors, survivability has increased.
However, those who survive often have seriously

! september 27, 2010 http:/www.defense.gov/news/casualty.pdf.

debilitating injuries. Conventional weapons and the
destructive force of improvised explosive devices
ravage the face, neck, head, and limbs, causing
massive trauma and tissue loss. According to the
Journal of Orthopaedic Trauma, the use of impro-
vised explosive devices in Operation Iragi Freedom/
Operation Enduring Freedom has led to a substan-
tial increase in severe blast trauma, which is now
responsible for approximately 75% of all combat-
related injuries.

our science for their healing



The emerging field of regenerative medicine focuses

on restoring the structure and function of tissues and
organs that have been damaged and finding methods
of curing previously untreatable injuries and diseases.
Regenerative medicine holds great potential for heal-
ing military personnel with debilitating, disfiguring, and
disabling injuries of the extremities. Scientists working in
the area of regenerative medicine use tissue-engineer-
ing techniques to prompt the body to regenerate 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. Tech-
nologies 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, interdisciplinary
network focused on developing advanced treatment
options for severely wounded warfighters. The AFIRM is
designed to speed the delivery of regenerative medicine
therapies to treat the most severely injured U.S. service
members from around the world. It is anticipated that the
AFIRM will be able to translate many of its technologies
to patients within the next 3 to 4 years.

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) bridg-
ing large bony defects to re-establish

a strong connection and mobility along
the entire limb; (2) bridging soft tissues,
such as muscle, nerves, tendons, and
ligaments, to lend stability and enable
movement; and (3) growing healthy skin
to cover the injured area to provide a
durable barrier to infection. This AFIRM
program is dedicated to developing
regenerative medicine therapies to help
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save and rebuild injured limbs. The program focuses on
using new technologies in regenerative medicine and
tissue engineering to provide health care providers with
advanced tools and new options for repair and regenera-
tion of these critical tissues. The goal is to allow victims
of severe military or civilian trauma to be able to recover
from their injuries more rapidly, more reliably, and also
regain the function of injured limbs as they return to
productive life.

Craniofacial Reconstruction

Massive bone and tissue loss to the face and head is a
large problem of blast injuries for our warfighters. This
complex area involves multiple levels and tissue types,
which require different strategies for repair. The AFIRM
Craniofacial Reconstruction Program is designing and
developing therapies that health care providers can use
to treat the wounded warfighter. These therapies will

(1) regenerate functional bone and cartilage to calva-
rial-, upper- and mid-facial anatomies and the mandible;
(2) restore sensate and motor competencies through
muscle and nerve regeneration; (3) mitigate scar forma-
tion; (4) prevent infection; and (5) eliminate skin coverage
deficits through tissue engineering. The creation and
delivery of new polymers and tissues will preserve and

Tyrosine-derived polycarbonate and calcium phosphate composite scaf-
folds developed by AFIRM-funded researchers. The bone regenerating
capacity of these scaffolds is being evaluated using a critical size defect
in the rabbit skull.



ditional skin for grafting.

regenerate bone and soft tissue capable of administering
stem cells, growth factors, bone derivatives, and drugs.

Scarless Wound Healing

Military tissue trauma and burns create not only large
wounds but also large scars. These scars are often very
visible and can draw unwanted attention to the wounded
warrior. In some instances, the scars become so thick
that they can limit movement of joints and greatly restrict
the patient’s ability to move. 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

Although recent advances in critical care and resuscita-
tion have helped, there is still high long-term morbidity
and mortality associated with burns. Current treatment
options include the administration of antibiotics and tis-
sue excision for deeper burns, which are then replaced
with skin grafts. The AFIRM Burn Repair Program is
tackling the issues associated with these methods and
using regenerative medicine to (1) prevent wound infec-

AFIRM-funded researchers have developed a bioreactor system that can
incrementally expand skin, which provides a new option for generating ad-

tion, (2) prevent burn inflammation and
injury extension, (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) pre-
vent and manage scars. The overall
goal of the program is to allow victims
of severe military or civilian trauma to
be able to recover from their injuries
more rapidly, more reliably, and with
improved function and aesthetics.

Compartment Syndrome

Compartment syndrome is often a
secondary sequelae resultant from
blast injuries, severe blunt or penetrat-
ing trauma, fractures, and vascular
injuries. Muscles are encased in com-
partments of nonyielding 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 compart-
ment is reduced or completely stopped, which can
destroy the nerves and muscles within the compartment.
The only current treatment for compartment syndrome is
a surgical procedure called a fasciotomy, which leaves
an open wound that is susceptible to infection and added
complications. To be effective, the fasciotomy must be
performed within hours of onset; however, the detection
of compartment syndrome is limited by the need to treat
extensive primary traumatic injuries and the involvement
of multiple tissue types. This AFIRM program focuses
on attacking the problem of compartment syndrome
through regenerative medicine therapies to prevent the
syndrome, stabilize tissues, and reduce the onset of

late effects of nerve and muscle damage. The goal is

to prevent or reverse the secondary damages resulting
from trauma so that repair and regeneration of wounded
tissue are enhanced, and healing and return to function-
ality are improved.
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History

In 2005, Dr. Anthony Atala presented some of the latest
advances in the field of regenerative medicine at the
Advanced Technology Applications in Combat Casualty
Care Conference. This talk alerted the combat casualty
care research community to the near-term potential for
regenerative medicine products that could make a sub-
stantial difference in the care of our wounded warriors.
The following 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) Multi-
disciplinary 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 Na-
tional 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 mil-
lion (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
presentations. Both received scores of
‘excellent” and one was selected for fund-
ing. 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
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to provide funding for the second AFIRM finalist. 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:

« U.S. Army

+ U.S. Navy, Office of Naval Research

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

+ Veterans Health Administration

* Defense Health Program

* National Institutes of Health

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

The Wake Forest Institute for Regenerative Medicine.



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

+ $80M from matching funds received from state gov-
ernments and participating universities.

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

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, and the Major Extremity Trauma Research
Consortium (METRC). USAISR, which includes the
Brooke Army Medical Center (newly renamed the San
Antonio Military Medical Center — North), serves as the
AFIRM’s primary government component and is home to
the DoD’s only burn unit. The partnership with METRC
will enable the timely identification of AFIRM-developed
advanced treatment options for clinical evaluation by
METRC clinical trial investigators. The two AFIRM re-
search consortia are responsible for executing the man-
agement of overall therapeutic programs and individual
projects within their consortia. One consortium is led

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

Wake Forest-Pittsburgh Consortium (WFPC )

The 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:

+ The Wake Forest Institute for Regenerative Medicine/
Wake Forest University

+ The McGowan Institute for Regenerative Medicine/
University of Pittsburgh

* Allegheny-Singer Research Institute
+ Carnegie Mellon University
+ Georgia Institute of Technology

« Institute for Collaborative Biotechnologies (includes
University of California, Santa Barbara; Massachu-
setts Institute of Technology; and California Institute of
Technology)

+ Oregon Medical Laser Center

« Stanford University

+ Rice University

+ Tufts University

+ University of Texas Health Science Center at Houston
+ Vanderbilt University

+ Sanford-Burnham Medical Research Institute/Univer-
sity of California, Santa Barbara

+ University of California, Berkeley
* University of Wisconsin
+ The Johns Hopkins University School of Medicine

Rutgers-Cleveland Clinic Consortium (RCCC)

The 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 George Muschler, MD, Director of the
Orthopaedic Research Center and the Clinical Tissue
Engineering Center at the Cleveland Clinic.

The RCCC consists of the following member institutions:

* Rutgers/New Jersey Center for Biomaterials
+ Cleveland Clinic Foundation

+ Carnegie Mellon University

+ Case Western Reserve University

+ Dartmouth Hitchcock Medical Center/Thayer School of
Engineering

+ Massachusetts General Hospital/Harvard Medical
School
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+ Massachusetts Institute of Technology

+ Mayo Clinic College of Medicine

* Northwestern University

+ Stony Brook University

* University of Cincinnati

* University of Medicine and Dentistry of New Jersey
* University of Virginia

+ Vanderbilt University

Additional Collaborators to AFIRM

AFIRM researchers have established a wide variety
of both national and international partnerships with
academia and industry, which has contributed to the

success of the program to date. These include collabora-

tions with:

+ Avita Medical, LLC

* Biologics Consulting Group

* Biosafe-America

+ BioStat International, Inc.

+ Bonwry, Inc.

+ Brooke Army Medical Center

+ CV-Path Institute Inc.

+ Cynvenio Biosystems

* Emory University

+ Fidia Advanced Biopolymers (Italy)

+ Glycosan BioSystems, Inc.

* Healthpoint, Ltd./DFB Bioscience

* Integra Spine/Integra LifeSciences

+ Johann Wolfgang University (Germany)
+ Kensey Nash Corporation

+ KeraNetics, LLC

+ Lexmark, Inc.

+ LifeNet Health

+ Loyola University Medical Center

* Maricopa Integrated Health Systems
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Massachusetts Eye and Ear Infirmary
MedDRA Assistance, Inc.

Morgridge Institute for Research
Neodyne Biosciences

Nitinol Development Corporation
Organogenesis, Inc.

Osteotech, Inc.

PeriTec Biosciences

Philadelphia University

Porex Corporation

Proxy Biomedical

Queensland University of Technology

Radboud University of Nijmegen Medical Centre (The
Netherlands)

Royal Perth Hospital (Australia)

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

Special Operations Medical Command-Fort Bragg
The University of Texas at Arlington

Tolera Therapeutics

University of Alabama — Birmingham

University of Florida

University of Indiana

University of Massachusetts, Lowell

University of North Carolina — Chapel Hill
University of Tampere (Finland)

University of Tennessee Health Science Center
University of Texas, Austin

University of Utah

University of Washington

University of Wisconsin, Madison

Washington Hospital Center (Washington, DC)



Programs and Projects

Within each consortium, re-
search activities are organized
into programs (Limb and Digit
Salvage, Craniofacial Reconstruc-
tion, Scarless Wound Healing,
Burn Repair, and Compartment
Syndrome). Scientists or clini-
cians responsible for coordinating
the research activities of an entire
program are called program
leaders. Each program consists
of numerous projects, and the
scientist or clinician responsible
for a specific project is called a
team leader.

Consortium members evaluate all
levels of the consortium annually
to monitor progress and guide the consortium’s activi-
ties. 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
project management by each consortium has reshaped
the programs, leading to the termination or reduced
funding of some projects and the addition of projects that
are more promising for accelerated development. Ad-
ditionally, information for the public including clinical trial
opportunities has been made available through web sites
developed and maintained by the consortia.

In addition to the three core groups (RCCC, WFPC, and
USAISR), intramural researchers 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, the intramural
researchers can lead projects.

Management and Oversight

Day-to-day execution of the AFIRM’s Science and
Technology and Advanced Development portfolio is
managed by the newly established AFIRM Project
Management Office (PMO), located within the U.S. Army

Dr. Joachim Kohn, Director of the RCCC, in the laboratory.

Medical Materiel Development Activity (USAMMDA) at
Fort Detrick, Maryland. The AFIRM PMO is chartered

to enhance product management as a core business
process and competency to execute strategic business
investments under the AFIRM. The AFIRM PMO is work-
ing as part of an integrated project management team,
across the AFIRM consortia, to incorporate the strategic,
developmental, and tactical aspects of product manage-
ment. The integrated product management philosophy
of the AFIRM PMO will serve as an execution system to
improve strategic business investment, enhance product
deliverables and serve as an accountability model to
ensure “added value” in the execution of the AFIRM
portfolio. Moreover, the AFIRM PMO will ensure limited
financial resources are working on the most important
initiatives that will successfully execute the strategic
mission and move the most advanced AFIRM products
towards FDA licensure.

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 respon-
sible for research coordination and communication
between the three components of the AFIRM. The roles
and membership of each of these entities are described
as follows.
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Board of Directors

The AFIRM’s BOD is chaired by the Commanding
General of USAMRMC and contains flag-level represen-
tatives from the Army, Navy, Air Force, NIH, VA, Office
of the Assistant Secretary of Defense for Health Affairs,
TRICARE Management Activity and the Uniformed Ser-
vices 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.

Integrated Project Team

The AFIRM'’s IPT is chaired by the Director of the Clinical
and Rehabilitative Medicine Research Program (CRM-
RP). 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:

+ 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.

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

+ Assist consortia Directors and Management Teams in
internal communication 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 funding agencies that support
closely related research.

S AFIRM Annual Report 2010

The IPT’s Steering Group has day-to-day decision-mak-
ing 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 Com-
mander, 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 requirements, reviews
AFIRM research allocation, establishes decision points
and continuation criteria, assesses project and program
achievements in relation to milestones and time lines,
and recommends continuation or termination of pro-
grams and individual projects to the IPT.

The IPT contains additional members from the Army,
Navy, Air Force, and VA (one representative from each
of these organizations), three representatives from the
NIH (sharing one vote), and four external scientists. The
IPT also contains ex officio advisors from the Judge
Advocate General, the DoD Human Use office, a com-
mercialization 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 representatives
from each of the major programs in each of the con-
sortia, members of the NIH or VA intramural research
programs (as deemed appropriate), and USAISR. The
Program Synergy Group is chaired by one of the consor-
tia 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 proj-
ects to bring therapies to our wounded service members.
The Program Synergy Group reports its findings and
recommendations twice a year to the Steering Group.



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 meth-
ods to reconstruct these tissues are inadequate in
many settings. The AFIRM Limb and Digit Salvage
Program seeks to give wounded warriors innova-
tive 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 a
fully 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, me-
nisci, 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 trans-
plantation with minimal immunosuppression, using
composite tissue allografts when salvage is not
possible. RCCC investigators are also aligned with
ongoing work in AFIRM’s Burn Repair program,
developing therapies for restoration of massive skin
loss, including in the limb.
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Wake Forest-Pittsburgh Consortium (WFPC) research-
ers are pursuing an interdisciplinary, multipronged
approach to the reconstruction/replacement of functional
limb and digit tissue. Approaches they are pursuing
include transplantation (composite tissue allografts),
epimorphic regeneration, tissue regeneration by tra-
ditional tissue-engineering approaches, and enabling
technologies. These diverse approaches represent the
highly interdisciplinary background and experience of the
program team leaders and the level of expertise required
to address the challenging problem of limb and digit
reconstruction.

U.S. Army Institute of Surgical Research (USAISR)
researchers are using various scaffolds that will allow
the focal and time-dependent release of antibiotics along
with growth factors that encourage the influx of blood
vessels and bone-producing cells to the wound site for
enhanced fracture healing and prevention of infection.
They anticipate that this scaffold will result in a better
clinical outcome than the current staged treatment.

Projects in the AFIRM Limb and Digit Salvage Program
have established numerous industry partnerships in an-
ticipation of commercialization, a critical step in deliver-
ing products to wounded warriors.

X
Graduate student Catherine Ward preparing to analyze

how a novel oxygen-generating material affects skel-
etal muscle (WFPC).
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Unmet Needs

The unconventional weapons used in current conflicts

in Iraq and Afghanistan are resulting in unconventional
wounds that demand better solutions. Modern battlefield
medicine is saving wounded warfighters who, in previous
wars, would not have survived. These injuries often in-
volve a massive loss of tissue, including large defects in
continuity of bone (up to 20 cm), nerve, vessels, muscle,
tendon, ligament, and skin. Musculoskeletal/extrem-

ity 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 polytrauma (i.e., in-
jury to several body areas and/or systems). In fact, there
is a mean of 4.2 wounds reported for each wounded
warrior. Wounds almost always involve injury to more
than one tissue (e.g., bone, nerve, muscle, tendon, or
vessel). As a result, combined approaches are envi-
sioned. However, most often, the injury to one particular
tissue becomes the limiting factor in salvage or function-
al restoration, most often bone and nerve, but vascular
injury and muscle/tendon 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 extrem-
ity and although prosthesis technology is advancing rap-
idly, fully functional, well-tolerated upper limb prostheses
are still not available. The technology 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 com-
posite tissue to repair segmental defects in a limb, or to
replace a whole limb, is control of the immune response.



A critical need therefore exists to improve immunomodu-
lation techniques to reduce the obstacles to composite
tissue transplantation.

Areas of Emphasis

AFIRM researchers are pursuing a complementary mix
of research projects focused on various aspects of limb
and digit salvage. Projects can be grouped into six “clini-

cal challenge” topic areas: Bone Repair and Regenera-
tion, Soft Tissue Repair and Regeneration (excluding
nerve), Nerve Repair and Regeneration, Composite Tis-
sue Injury Repair, Transplantation, and Epimorphic Re-
generation (and associated methods). Additional details
on projects in each of these topic areas can be found in
Table II-1 and subsequent sections of this chapter.

Table 1I-1. Projects funded by RCCC, WFPC, and USAISR per clinical challenge topic area.

Clinical Challenge

Consortium/

Project

Project Title

Institution

Number

42.1 Advanced 3D Scaffolds for Large Segmental Bone Defects
422 Optimizing Cell Sources for the Repair of Bone Defects
Bone Repair and RCCC 423 Advancing Bone Repair Using Molecular Surface Design
) (MSD)
Regeneration
Systematic Review of Innovative Combined Therapies for
4.2.4 :
Repair of Bone Defects
USAISR 4.4.9 Bone Regeneration in a Contaminated Defect
4.4.6 Oxygen-Generating Biomaterials for Large Tissue Salvage
WFPC Isolation and Expansion of Native Vascular Networks for
458 . . i
Organ Level Tissue Engineering
Soft Tissue Repair and 432 Development of Bioabsorbable Tissue-Lined Stent for
Regeneration " Vessel Trauma
(excluding nerve) Functional Scaffold for Musculoskeletal Repair and
RCCC 4.4.3a . .
Delivery of Therapeutic Agents
Functional Scaffolds for Soft Tissue Repair and Joint
4.4.3b .
Preservation
4.4.4 Peripheral Nerve Repair for Limb and Digit Salvage
WFPC 445 Modular, Switchable, Synthetic, Extracellular Matrices for
Nerve Repair and o Regenerative Medicine
Regeneration 4.4.1/4.4.2 | Repair Segmental Nerve Defects
RCCC Cell and Bioactive Molecule Delivery to Enhance the
4.4.2a X
Repair of Segmental Nerve Defects
Composite Tissue Engineered Delivery of Spatial and Temporal Cues for
! : WFPC 4.4.3 P . )
Injury Repair Composite Tissue Injury Repair
Hand Transplantation for Reconstruction of Disabling
Transplantation WFPC 4.4.2 Upper Limb Battlefield Trauma — Translational and
Clinical Trials
4.4.1 Blastemal Approach to Digit Reconstruction
Epimorphic Regeneration - - -
(and associated WEPC 447 High Throu_ghput Approaches Applied to Tissue
Regeneration
methods)
448 Magnetophoretic Cell Sorting for Transplant Therapies
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Bone Repair and
Regeneration

Studies at RCCC

RCCC'’s bone program contains
four integrated projects de-
signed to address critical gaps
that currently limit the medical
therapy option and outcomes
for warriors with injured limbs,
whose challenges include the
need to regenerate a segmental
defect in an extremity. The re-
searchers are defining optimal
methods for bone regeneration,
focusing on synthetic scaffold
development in combination
with a patient’s own bone-
forming osteogenic connec-
tive tissue progenitors (CTP-Os) to regenerate bone in
large post-traumatic segmental defects more rapidly,
effectively, and reliably. This mission involves three core
research project areas: defining an optimal osteocon-
ductive scaffold (Project 4.2.1), selecting the preferred
cell-sourcing methods (Project 4.2.2), and optimizing
the osteoconductive and osteoinductive milieu (Project
4.2.3). Oversight of the three core research projects is
provided by Project 4.2.4.

The Muschler group (Project 4.2.1) at Cleveland

Clinic, Mayo Clinic, Massachusetts Institute of Technol-
ogy (MIT), and Rutgers seeks to identify an optimized
degradable osteoconductive scaffold that will func-

tion better than the existing standard of allograft bone
matrix as a building block upon which to build other

key biological elements. Candidate materials include,
but are not limited to, tyrosine-derived polycarbonate
(Tyr-PC), poly(L-lactide:e-caprolactone) (PLCL), and
poly(propylene fumarate) (PPF). The researchers are
utilizing a standardized defect (the canine femoral multi-
defect model) to competitively assess biological and
preclinical differences in scaffold performance. Among
the eight materials tested to date, porogen-leached
Tyr-PC scaffolds with a calcium-containing coating were
the most promising. The researchers plan to optimize the
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Researcher Anthony Radice at the lab bench (RCCC).

calcium-containing coatings applied to porogen-leached
Tyr-PC scaffolds during Year 3. Only one additional scaf-
fold technology (slow-degrading PPF) may be advanced
for further development in Year 3. The research team

is actively working to define the next appropriate step
toward clinical trials of these materials.

The bone-forming cells are severely depleted in the
region of a large bone defect. The Muschler/Zborowski
group (Project 4.2.2) at Cleveland Clinic is investigating
methods to optimize the clinical harvest, intraoperative
processing, and transplantation of bone-forming CTP-Os
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 CTP-Os from a
patient's own bone marrow (BM) and thereby enable and
accelerate bone regeneration with minimal risk. Three
basic methods for cell processing are being explored:
density separation, selective retention (SR), and mag-
netic separation. These methods will be competitively
compared in vivo during Year 3 using the canine femoral
multidefect model. The most effective method for cell
sourcing and processing will be further assessed in a
rigorous, clinically relevant, long bone defect model. The
researchers’ methods for cell sourcing 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 (METRC).

Placing a scaffold and optimal cell source in a bone
defect has been shown to improve bone formation. How-
ever, under current conditions 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 progressively greater as the distance
from a transplanted cell to the nearest blood vessel in-
creases from 1-3 mm (in simple fractures or small animal
models) to 3-10 mm in larger defects. The Muschler/
Griffith/Kohn/Clark group (Project 4.2.3) at Cleveland
Clinic, MIT, Rutgers, and Stony Brook University is de-
veloping methods designed to enhance the survival and
performance of transplanted cells:

+ MSD is a biomaterials strategy that involves tethering
a growth factor or signaling molecule on the surface
of an implant to change the way that cells interact with
the material. This can change cell attachment, migra-
tion, proliferation, differentiation, or survival in a con-
trolled manner. The researchers of Project 4.2.3 have
explored tethering of growth factors and proteins using
both purely chemical strategies and a binding strategy
bhased on a biological system. Based on data obtained
to date, the research team selected epidermal growth
factor (EGF) as the most promising agent for tether-
ing. During the upcoming year, they will optimize the
fabrication of EGF-tethered scaffolds and validate their
bioactivity. The researchers hope to translate at least
one advanced bioactive MSD surface into an appropri-
ate human trial by Year 5 of the project.

« Oxygen Delivery (O,D) within an implanted scaffold for
bone repair is being developed using polymer meth-
ods that have previously been used for controlled drug
delivery. Rather than using a drug, polymers 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 O,D may have profound effects
on the ability of transplanted cells to survive a rapid

drop in oxygen levels. The researchers plan to ad-
vance the O,D technology platform to in vitro toxicity
testing. Beginning in 2011, they plan to assess in vivo
efficacy in the canine femoral multidefect model.

Project 4.2.4: Systematic Review of Innovative Com-
bined Therapies for Repair of Bone Defects. This project
is not a research activity and has no specific cost or
deliverables associated with it (therefore, no progress
report is included in this chapter for this project). George
Muschler, MD and Michael Yaszemski, MD, PhD use
personal and collaborative interactions to reach out and
communicate with the military treatment community,

the musculoskeletal trauma community (orthopedic

and emergency medicine clinicians), and the tissue-
engineering and research community. The purpose

of these activities is to ensure that the work within the
RCCC hone-related projects of AFIRM remains well
targeted to address evolving needs and to keep abreast
of new information and opportunities that may influence
or advance the AFIRM work. Noteworthy is that (1) Dr.
Muschler has taken a role on the Steering Committee

of the METRC, and (2) Drs. Yaszemski and Muschler
met with Mark Melkerson of the U.S. Food and Drug
Administration (FDA) to explore the most appropriate
mechanisms for communication among AFIRM, METRC,
and FDA.

Studies at USAISR

The Wenke group (Project 4.4.9) at USAISR is using
various scaffolds that will allow the focal and time-de-
pendent release of antibiotics along with growth factors
that encourage the influx of blood vessels and bone-
producing cells to the wound site for enhanced fracture
healing and prevention of infection. They anticipate that
this scaffold will result in a better clinical outcome than
the current staged treatment. The researchers deter-
mined that early debridement (removal of a patient’s
dead, damaged, or infected tissue) and antibiotic admin-
istration decrease the rate of infections. Delivering both
bone morphogenetic protein (BMP) and the antibiotic
vancomycin to a contaminated critical size rat femur de-
fect, they found that it is possible to both reduce infection
and regenerate bone in a contaminated defect.
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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 material capable

of generating oxygen. Preparing an injectable oxygen-
generating material would allow the delivery of oxygen

in controlled amounts to engineered tissue scaffolds

or pre-existing tissue. The researchers isolated a leg
muscle from the rat and injected tiny particulate oxygen-
generating particles (POGs) into it. They found that the
POGs dispersed throughout the tissue. They also deter-
mined that mechanical injection into a functioning muscle
does not hinder the active force of the muscle. Structur-
ally, the researchers observed that muscles injected

with POGs were able to maintain the characteristics of
healthy muscle. The researchers plan to test the oxygen-
generating material in both muscle ischemia (restricted
blood supply) and wound graft models to determine the
extent of the ability of the POGs to provide enough oxy-
gen for large three-dimensional tissue and skin. Because
composite tissues are composed of multiple cell types,
the research team will analyze several tissue systems in-
cluding skeletal muscle, bone, nerve, and skin. Optimiza-
tion of the most promising tissue systems benefiting from
the technology will continue in later years along with
identifying the best possible clinical application.

Tissue engineering holds the promise of creating
replacement limbs and organs outside of the human
body. However, two major obstacles have hindered the
development of techniques to fabricate limbs and organs:
(1) the inability to adequately grow vascular networks into
tissue constructs outside the body and (2) the inability

to reintegrate these tissues into the systemic circula-
tion. The Gurtner/Longaker/Langer group (Project
4.5.8) at Stanford University and MIT has developed
novel strategies that use preformed native circulatory
networks that can be supported outside the body during
organ fabrication, expanded using progenitor cell-based
techniques, and then readily integrated into the systemic
circulation. Their preliminary work has demonstrated the
feasibility of sustaining explanted microvascular beds
(EMBSs) outside the body for up to 7 days. They have
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been able to transduce EMBs with vectors that deliver
therapeutic proteins and demonstrate expression of the
proteins after reimplantation. In the upcoming years,

the research team plans to isolate and expand native
vascular beds using a multifaceted approach to tis-

sue engineering. They will employ bioreactor systems,
angiogenic hydrogels (stimulate blood vessel growth into
an area), and progenitor cells to fabricate organ-level
vascular networks.

Studies at RCCC

Current metal stents are designed for the treatment of
late-stage peripheral vascular disease and 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 Cleveland Clinic

is developing hioabsorbable and/or fracture-resistant,
tissue-lined stent grafts for minimally invasive treatment
of arterial and venous trauma in young patients. During
the past year, the researchers established the design of
the stent and the attachment pattern of the tissue lining.
They developed both a fatigue-resistant Nitinol stent and
a bioabsorbable stent. They are conducting a variety

of mechanical tests on these stents, and initial results
show that the stents are meeting specifications. In Year
3, the researchers will evaluate and compare their stent
prototypes in the iliac arteries of the pig. In Years 4 and
5, a 6-month animal trial and sterilization and delivery
system modifications will be completed in preparation for
design freeze and a shift to clinical trials.

Fascia is a thin, fibrous, resilient connective tissue that
surrounds, protects, and supports the body’s muscles.
Fascia lata, the deep fascia of the thigh, provides a natu-
ral, strong, and mechanically robust scaffold for rotator
cuff tendon repair, for the repair of abdominal wall fascia,
or for bridging large tendinous deficits between muscle
and bone. However, the suture retention properties of
fascia lata limit the early mechanical strength of associ-
ated repairs.

The Derwin group (Project 4.4.3a) at Cleveland Clinic
seeks to provide injured warriors with biological materials
for reconstruction of tendon and muscle-tendon defects,



Dr. Ophir Ortiz analyzes results from the Quartz Crystal Microbalance with
Dissipation (QCM-D) system (RCCC).

using human fascia lata allograft tissue, reinforced with
polymer fibers. They believe that these materials will
have sufficient strength and suture retention properties
to enable robust soft tissue repairs and early mobiliza-
tion, as well as biological properties that accelerate
tissue incorporation and functional remodeling. In Year 2,
the researchers completed design and testing methods
for reinforced fascia patches. Three critical feasibil-

ity studies for rotator cuff repair are ongoing and are
expected to be complete by May 2011. These studies are
being funded by the Musculoskeletal Transplant Foun-
dation (MTF). The funding of the rotator cuff studies by
MTF will allow the researchers to shift their focus from
tendon regeneration to abdominal wall reconstruction,
which has been identified as a critical gap in current
therapies available to wounded warriors.

Due to limited healing capabilities, injuries to the me-
niscus (internal cartilage) of the knee are often treated
with resection. This treatment generally leads to early
symptom relief but frequently leads to the development
of degenerative arthritis of the knee. The Gatt/Dunn
group (Project 4.4.3b) at the UMDNJ 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 scaf-
fold is composed of an anatomically
designed fiber-reinforced scaffold and
a collagen-based ECM similar to the
native meniscus. The therapeutic goal
is to return service members to duty
as quickly as possible and to avoid the
costly consequence of osteoarthritis of
the knee in later years. Year 2 studies
focused on the design, fabrication,
and evaluation of “second generation”
scaffolds with improved mechani-

cal and biological properties. The
researchers improved the scaffold

by modifying the fiber reinforcement
pattern, increasing the collagen
content, and adding glycosaminogly-
cans (GAGs). Further optimization

of the scaffold and surgical protocol
during the upcoming year is expected
to improve the in vivo performance in a sheep model.
Particular emphasis is being placed on examination for
evidence of degenerative changes of the articulating
cartilage surfaces beyond 16 weeks of implantation.

Nerve Repair and Regeneration
Studies at WFPC

Following trauma, incomplete nerve regeneration and
permanent demyelination (damage to the protective
sheath surrounding nerves) may result, leading to life-
long disability. The Marra/Kaplan/Smith group (Project
4.4.4) at the University of Pittsburgh, Tufts University,
and Wake Forest University is developing a proactive
hiodegradable nerve guide system that delivers chemi-
cal cues (e.g., growth factor incorporation and protein
coatings) and biophysical cues (e.g., surface patterning)
to regenerating peripheral nerves. The researchers
identified a drug delivery strategy to deliver neurotrophic
factors for approximately 60 days in vivo in a rat nerve
defect model. They are now examining the use of
keratin-filled bovine collagen nerve guides (NeuraGen®)
to treat a 1 cm nerve defect in the median nerve of non-
human primates. The animals were doing well at
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13 weeks post surgery. Results of this project, if suc-
cessful, will lead to a human pilot study.

Functional limb and digit tissue restoration involves a
hierarchically defined process that often requires precise
spatial and temporal coordination among multiple biolog-
ical 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 follow-
ing traumatic amputation by modulating components of
the naturally occurring extracellular matrix (ECM) (e.g.,
fibronectin and laminin). The researchers are using syn-
thetic chemistry to construct peptide amphiphiles (PAs)
with controlled physicochemical and bioactive properties
and testing their ability to promote cell adhesion, migra-
tion, and nerve regrowth. They have developed several
biologically active PA gels with well-defined three-dimen-
sional structures. They plan to correlate rheological and
structural features of the PAs with biological activity to
refine and define injectable three-dimensional matrices
for in vivo applications (e.g., nerve gap injury model).
They will conduct animal studies using biologically
responsive PA gels in collaboration with the Marra and
Guldberg groups. They will also design the multicompo-
nent synthetic ECM system to regenerate nerve and/or
bone at the wound site over multiple time domains.

Studies at RCCC

RCCC'’s Nerve portfolio is composed of four paral-

lel, synergistic, and interdependent 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 pro-
vide 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 devel-
oped and their mechanical properties are being tested to
identify those best suited to nerve repair. Biocompatibility
is being tested in vitro using standardized tissue culture
model systems and in vivo using rodent models.

Like the work in RCCC's Bone portfolio, collaboration
between laboratories involved in the Nerve portfolio is
designed to enable competitive assessment in a tourna-
ment design. Each lab brings forward its best material(s)
for testing. Successful outcomes in the 1 ¢cm rat sciatic
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nerve defect justify further assessment in an intermedi-
ate-gap (rabbit 10 cm) and then in a large-gap (sheep
20 cm) animal model. In parallel, essential steps for
clinical transition including sterilization techniques and
scale-up under current Good Manufacturing Practice
(cGMP) guidelines are being implemented.

The Windebank/Yaszemski group at Mayo Clinic,

the Kohn/Schachner group at Rutgers, and the
Anderson/Langer group at MIT (Project 4.4.1/4.4.2)
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
biopsied 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

Dr. Basak Clements making a biodegradable, porous
nerve conduit (RCCC).




of polymer scaffolds across the consortia. Screening of
over eight 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 incor-
porated anti-inflammatory agents in electrospun fibers

to decrease the inflammatory response to synthetic
materials. The research team also developed a rat
hindlimb model including a soft tissue defect and fibrosis.
This constitutes an important advance for studying nerve
injury and repair strategies in the setting of extensive soft
tissue injury that often accompany nerve injuries in war
casualties. In Year 3, the researchers will initiate a clini-
cal trial “Repair of 6 cm Peripheral Nerve Gaps” in sural
nerve biopsy patients using PCLF tubes. Subsequent
Phase 2 clinical trials in the setting of traumatic injury are
envisioned, involving both upper extremity and lower ex-
tremity cohorts, potentially in collaboration with METRC.

Bone marrow stem cells (BMSCs) comprise a heteroge-
neous population of cells that contribute to the regenera-
tion of multiple body tissues. The Siemionow group
(Project 4.4.2a) at Cleveland Clinic seeks to improve
nerve regeneration by enhancing the performance of
allograft nerve sheath conduits using culture-expanded
BMSCs. The researchers have determined that an al-
logenic epineural conduit without immunosuppression

is a feasible method of peripheral nerve gap repair. The
addition of BMSCs resulted in better functional out-
comes than saline-filled (control) conduits. BMSCs also
increased the amount of myelin surrounding the regener-
ated nerve fibers when compared to controls. Overall,
allogenic epineural conduits supported with BMSCs in

2 cm rat sciatic nerve defects provided recovery com-
parable to that achieved by an autograft. In Year 3, the
researchers will continue development of the conduit in
the rat model. By the beginning of Year 4, it is antici-
pated that further testing will be performed in the sheep
6-8 cm median nerve defect using the best performing
constructs from Year 3. Advancement into clinical trials is
projected in Year 5, assuming favorable performance is
achieved in the sheep model.

Composite Tissue Injury Repair
Studies at WFPC

The Guldberg/Boyan group (Project 4.4.3) at the Geor-
gia Institute of Technology seeks to develop and test
technologies that will enable the restoration of limb func-
tion following composite tissue trauma. The researchers
have established promising regenerative strategies for
bone and nerve using nanofiber mesh spatial guidance
and sustained delivery of a clinically approved inductive
protein, bone morphogenetic protein-2 (BMP-2). They
have developed composite multi-tissue injury models to
simulate complex combat injuries and test spatial and
temporal guidance strategies that take advantage of syn-
ergistic interactions among the tissues observed during
development and repair. Notably, they have established
a rat model of composite tissue loss that is now used

by all project leaders within the AFIRM Limb and Digit
Salvage Program. A large animal model is currently be-
ing planned as the next step toward clinical translation.
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.

Transplantation
Studies at WFPC

While composite tissue allografts (e.g., hand transplants)
are now a clinical reality and have been performed

in multiple centers worldwide, the procedure has not
reached widespread clinical use because recipients re-
quire lifelong high-dose multidrug immunosuppression to
prevent graft rejection. The Lee group (Project 4.4.2) at
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 successfully achieved their clinical
translation milestone. Three patients have received hand
tranplants. The first patient was treated in March 2009
using the newly developed Pittsburgh protocol (devel-
oped in part under AFIRM funding). The patient remains
on minimal immunosuppressant therapy and has excel-
lent use of the transplanted hand. The second patient
was a bilateral transplant and the third patient was a
unilateral transplant. These patients are 6 and 3 months
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Hand transplant recipient, Corporal Maloney, visited by General James N. Mattis, Command-
er of the U.S. Central Command (WFPC).

post transplantation, respectively, and their progress is
excellent. The researchers have also established a pre-
clinical hindlimb transplant model in Yucatan miniature
swine. They are optimizing the number of cells required
for bone marrow transplantation and optimizing the im-
munosuppressive therapy protocol in the swine model. In
Year 3, the research group aims to prolong limb allograft
survival by using targeted skin immunotherapy with in-
hibitors of white blood cell migration in combination with
optimal protocols from Year 2.

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 populations 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. They have established

a model of digit amputation in an adult mouse where

the second joint of a digit is amputated. In their mouse
model, the researchers have shown that treatment with
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peptides derived from ECM leads to the recruitment

of a population of cells that express markers that are
universally recognized as markers of primitive stem cells
(i.e., Sox2, Rex1, and Scat). This is an important finding
because the essential first step to promoting epimorphic
regeneration is the endogenous recruitment of a popula-
tion of stem cells that are capable of forming all of the
tissues in the missing limb or digit. Future work will focus
on further refining strategies to increase the number

of primitive stem cells that can be recruited to a site of
amputation, as well as developing a device that will allow
one to control the stem cells. Clinically, the researchers
used a hiologic scaffold composed of porcine-derived
ECM to treat a soldier with massive loss of quadriceps
muscle. Results showed the new regrowth of 10%-

15% of the missing muscle. This clinical application is
remarkable for the potential to provide a viable option for
patients suffering from traumatic muscle tissue loss.

The Stewart/Thomson group (Project 4.4.7) at the
Morgridge Institute for Research and the University of
Wisconsin, Madison is studying tissue regeneration us-
ing high-throughput technologies (e.g., microarrays and
next-generation sequencing). In collaboration with the



Badylak group, the researchers have analyzed ampu-
tated mouse digit tips both from untreated mouse digits
and those treated with ECM factors that are designed

to enhance regenerative capabilities. The short-term
purpose of this collaboration is to identify genes and
gene networks that are activated (or deactivated) in the
treatment case. The longer term purpose is to harness
this knowledge in conjunction with methods from the re-
search team'’s prior work on reprogramming cells to acti-
vate or deactivate appropriate genes and gene networks
to foster regeneration of tissues. The researchers have
provided whole transcriptome data and analysis of the
mouse digit tip amputation time course for both treated
and untreated time courses. Their analysis revealed the
upregulation of ECM components, structural compo-
nents, and cell adhesion molecules. In addition, the
analysis identified several upregulated genes involved

in bone/cartilage formation, angiogenesis, and syndac-
tyly (fusion of digits). These preliminary studies lay the
groundwork for providing transcriptome analysis for the
multipotent cell cluster in the coming year. Also in the
coming years, the research team would like to conduct
whole transcriptome analysis of the axolotl limb blastema
and perform bioinformatics analyses comparing the data
to the mouse digit system.

The Soh group (Project 4.4.8) at the University of Cali-
fornia, Santa Barbara is developing ways to sort and iso-
late cells from complex mixtures of cells. The research-
ers have generated a family of devices that solve severe
shortcomings inherent in current methods of magnetic
cell sorting. In particular, they have developed the
Multi-Target Magnetic Activated Cell Sorter (MT-MACS)
platform to achieve, for the first time, simultaneous sort-
ing of multiple targets at high levels of purity, recovery,
and throughput. In addition, they have developed the
Continuous-Trapping Magnetic Activated Cell Sorter (CT-
MACS) device, which allows purification of extremely
rare cells from complex mixtures with unprecedented cell
recovery. To fully exploit the utility of these microfluidic
devices, the researchers have closely interacted with the
Badylak and Muschler laboratories to isolate pluripotent
progenitor cells from tissues of model animals. They are
also in the process of commercializing the technology
with an industrial partner. In Year 3, the research team
plans to shift the focus to utilizing its microfluidic purifica-
tion systems to efficiently generate affinity reagents for
stem cell markers. Overall, this unique cell-sorting capa-
bility may provide a critical technical solution to isolate
target stem cells for clinical therapeutics.
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Progress Reports: Bone Repair and Regeneration

Advanced 3D Scaffolds for Large
Segmental Bone Defects

Project 4.2.1, RCCC

Team Leaders: George F. Muschler,
MD (Cleveland Clinic)

Project Team: Viviane Luangphakdy,
MS, Hui Pan, MD, PhD, Kentaro
Shinohara, MD, PhD, Brian Lampe, BS
(Cleveland Clinic); Joachim Kohn, PhD,
Aniq Darr, PhD (NJCBM); Linda Griffith,
PhD, Linda Stockdale, MAT (MIT);
Michael Yaszemski, MD, PhD, Suzanne
Segovis, BS, and Marokh Dadsetan,
PhD (Mayo Clinic)

Collaborators: Sunil Saini, PhD
(IntegraTM, Plainshoro, NJ)

Therapy: Advanced Regeneration of
Segmental Bone Defect

Deliverable: Advanced 3D Scaffolds
for Large Segmental Bone Defect

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

Key Accomplishments: The
researchers completed fabrication and
characterization of three polymer-based
scaffold platforms. They completed
competitive assessment and down-
selection of scaffold materials in the
canine femoral multidefect (CFMD)

model. Among the materials tested

to date, the porogen-leached Tyr-PC
with beta tri-calcium phosphate (TCP)
performed best. The researchers 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.

Key Words: Bone repair, bone defect,
bone graft, scaffold, osteogenesis,
osteoinduction, osteoconduction,
connective tissue progenitors (CTP-0),
canine femoral multidefect (CFMD)

Introduction

Treating military fractures represents an ongoing
challenge because high-energy blast injuries from
improvised explosive devices are increasingly common.
Military extremity injuries traditionally comprise the ma-
jority (58%-88%) of traumatic injuries in the U.S. armed
conflicts. A large proportion (23%-39%) of extremity
wounds are fractures, of which most (82%) are open
injuries. Theses defects are most frequent in the tibia;
however, the femur, humerus, radius, and ulna are also
common anatomic sites. These fractures are frequently
comminuted, complicated by extensive soft-tissue loss,
and have segmental bone loss of 5-20 cm. As a result,
the biological challenge of treating these defects is not
just the challenge of assembling a combination of scaf-
fold, cells, and growth factors to fill the defect, as it is
frequently described. The challenge here also demands
that the solution(s) offered will function in an environment
that is defined by the tissue envelope that exists sur-
rounding these defects and that these solutions fit into
the clinical-care environment in which these defects are
managed and treated. These treatment environments
include (a) the management of bone loss in the acute
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stage, in which mechanical stability and prevention and
treatment of infection are the primary goals, and sub-
sequently (b) reconstruction of the defect in the chronic
stage, after the limb has been preserved, but when the
environment around the defect is often characterized by
dense scarring and compromised vascularity.

This biological environment of a large bone gap in a
compromised tissue envelope represents one of the
greatest challenges for military surgeons. Methods

to ensure rapid, safe, reliable bone regeneration in a
bone defect with a compromised tissue bed are greatly
needed. The researchers of this project seek to identify
an optimized degradable osteoconductive scaffold that
will function better than the existing standard of allograft
bone matrix as a building block upon which to build other
key biological elements.

To accomplish this charge, highly promising biomateri-
als and scaffold fabrication methods in laboratories at
Rutgers, MIT, and Mayo Clinic have been identified, all

of which have effective transition opportunities. The scaf-
folds' substrate materials evaluated by the researchers
include: Tyr-PC; poly(L-lactide-co-glycolide acid) (PLGA);



PLCL; poly(propylene fumarate) (PPF); and TCP ceramic
granules. Several clinically practical methods for fabricat-
ing three-dimenstional scaffolds are used, including
three-dimensional printing, laser stereolithography (SLA),
and the porogen-leached method. These scaffolds and
fabrication methods have been systematically evaluated
and compared using an established canine model of
bone defect repair, the CFMD model. Between March
2008 and March 2010, a series of eight experiments was
executed to directly compare scaffold options. In each
comparison, the superior scaffolds moved forward in
subsequent comparisons.

Summary of Research
Completed in Year 1

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 osteogenic inorganic particles. They
fabricated complex three-dimensional 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-
CT (mCT) scanning for statistical analysis of bone vol-
umes 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. Using SLA,
they prepared complex composite scaffold architectures
and assessed sterilization methods for the scaffolds
including gamma irradiation and ethylene oxide.

Research Progress — Year 2

The CFMD model is an effective and sensitive tool to
rapidly screen and compare scaffold materials, cell
transplantation strategies, and effects of soluble factors
(e.g., BMPs) in a bone defect of clinically relevant size.
The CFMD model provides four scaffold-ready cylindri-
cal defects in the lateral canine femur measuring 10 mm
in diameter x 15 mm in height. Each scaffold construct is
manufactured as a cylinder 9.9 mm in diameter x 15 mm

in height. A description of the surgical and mCT analysis
protocol for the femoral defect surgery has been detailed
in Takigami's osteogenic protein-1 paper and in two
recent reviews on the design and use of animal models
for bone regeneration to advance clinically valuable bone
regeneration methods and materials.

Overall, the research team completed eight in vivo scaf-
fold assessment experiments. The mCT and histology
results demonstrated that the best-performing degrad-
able scaffolds—Tyr-PC with TCP, PPF slow degrading,
and PLCL with TCP—did not compare to the bone
allograft matrix in either region (pericortical [PC] and
intramedullary [IM]) (Figure 11-1). Among the three
AFIRM polymers, there was no single, definitive scaf-
fold that outperformed the others. However, there were
specific formulations in each platform that were clearly
preferred over others. The addition of TCP to any scaf-
fold seemed to significantly improve bone ingrowth. The
relative performance of individual scaffolds appeared to
be systematically different in the PC and IM regions. The
best synthetic scaffolds in the PC region were Tyr-PC
with TCP and PLCL with TCP. The best synthetic materi-
als in the IM region were Tyr-PC with TCP, PPF slow and
fast, and PLCL-TCP.

The scaffold-testing tournament confirmed that the
allograft matrix remained the preferred choice, with far
greater bone formation especially in the IM region. The
use of platelet-rich plasma (PRP) to generate the clot
environment rather than BM appears to increase bone
formation, particularly in the deeper/central (last vascu-
larized) areas of the defect.

The researchers initiated a rigorous plan for assess-

ing strategies for rapidly deployable calcium-containing
scaffold coatings to improve scaffold performance. They
completed a leveraged (externally funded) assessment
of allograft in the CFMD model. Finally, they established
an expanded team to develop the goat chronic tibia
defect (GCTD) model to provide a more appropriate
tissue envelope for assessing bone defect regeneration
strategies within AFIRM.
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Key Research Accomplishments

+ Completed fabrication protocols and characterization
of each scaffold platform at the three participating bio-
materials laboratories (Rutgers, MIT, and Mayo Clinic).

+ Established a defined track record of historical perfor-
mance standards that can be used to rapidly bench-
mark the performance of new or competing scaffold
materials in the CFMD model.

+ Made the decision to move forward and integrate
Project 4.2.2 to optimize cell delivery using a bone
allograft matrix.

+ Down-selected among initial scaffold options to just
two AFIRM-funded platforms: Tyr-PC (Rutgers), which
stood out as most promising, and PPF (Mayo Clinic).

Conclusions

The participating laboratories in this project have oper-
ated with an exceptional level of collaboration and col-

legiality and have advanced the work at a rate that has
exceeded the expectations of the initial AFIRM proposal.

The CFMD model has provided a sensitive, robust,
standardized tool that is effective in defining biologically
and clinically relevant differences in performance char-
acteristics between scaffold preparations in a competi-
tive comparison environment. It has revealed significant
differences between scaffolds and also deficiencies in
performance of graft preparations that have previously
performed exceptionally well in smaller defects in smaller
animals.

Among the materials tested to date, the porogen-leached
Tyr-PC with TCP performed best. Three-dimensional
printed PLCL with TCP and stereolithography-fabricated
slow-degrading PPF also demonstrated potential utility
and may undergo further evaluation. However, these
results fail to demonstrate mCT or histological perfor-
mance that meets or exceeds that of the current “gold
standard” for osteoconductive scaffold, i.e., the allograft
bone matrix.
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PC Region = Pericortical Region (Region between 8 to 12 mm from the bottom of the grafted site)
IM Region = Intramedullary Region (Region between 3 to 7 mm from the bottom of the grafted site)

Figure II-1. Mean percentage of bone volume (% BV) formed by the osteoconductive scaffolds
plotting by radial position (x-axis) and depth position (y-axis).
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Research Plans for the Next
3 Years

The test results from this scaffold-testing tournament
have demonstrated that the addition of calcium-contain-
ing coatings or materials can enhance the performance
of three leading scaffolds (i.e., Tyr-PC, PLCL, and

PPF). Based on this finding, the Limb and Digit Salvage
Program has decided to extend the planned optimizing
and down-selection of available scaffolds in Project 4.2.1
beyond the initial 2 years of AFIRM funding into Year 3 to
determine if adding calcium-containing coatings or mate-
rials may also advance the performance of Tyr-PC and/
or PPF scaffolds into or beyond the range of allograft
bone matrix. To facilitate this exploration, the research-
ers established a consulting/collaboration relationship
with Dr. Racquel LeGeros (of New York University),

an expert in calcium-containing biomaterials and the
holder of potentially relevant patents in this domain. The
potential for advancement in this area is also expected
to positively affect the downstream capacity of these
AFIRM scaffolds to be integrated into cell-sourcing and
delivery strategies developed in Project 4.2.2 and MSD
strategies developed in Project 4.2.3.

The research team established active outreach to enable
competitive assessment of these platforms with existing
options that may be relevant to the injured warrior. For
example, proposals have been set in place with industrial
partners to evaluate other clinical standard materials
already commercially available, including BMP-2 Infuse™
(Medtronic Spinal and Biologics Division, Memphis,

TN) and Trinity™ Evolution (Musculoskeletal Transplant
Foundation, Edison, NJ).

The research team is actively working to define the next
appropriate step toward clinical trials of these materials.
An inventory of available animal models has been com-
pleted with the finding that none of the current animal
models of segmental bone defects provides a tissue
envelope environment that is satisfactory in mimicking
the wound environment of the bone defects being treated
in our wounded warriors. In response to this finding, a
team has been established to develop a more rigorous
segmental defect model. This team includes members

of the current AFIRM team and other leading experts.
This team has defined a chronic bone defect model in
the goat tibia, which (a) includes a defined soft-tissue
defect and (b) establishes a scarred soft-tissue enve-
lope around a 5 cm bone defect, as a pregrafting state
in which new materials and strategies can be tested.
The team proposes work to integrate surgery at three
separate surgical centers, using a carefully standard-
ized protocol to both speed the work and to demonstrate
reproducibility and translatability of the model protocol
across centers. A Peer Reviewed Orthopaedic Research
Program proposal was submitted but not funded in 2009.
Active work is ongoing to identify an appropriate funding
source to advance this critical element of the project.

MIT, Rutgers, and Mayo Clinic will continue ongoing con-
tact with industrial partners (Integra™, Trident, BonWrx)
and the FDA to identify pathways to commercializa-

tion (510(k) or Investigational Device Exemption [IDE]
depending on the scaffold selected) for their biodegrad-
able scaffolds in Year 3. In addition, the integrated bone
team has recognized the need for collaborative work
related to standardize and optimize a means for scaffold
sterilization. A subgroup has been meeting monthly via
teleconference and webinar to discuss and standardize a
sterilization procedure.

Overall, the project is considered to be on track for
delivering a well-characterized and competitively vetted
scaffold into transition and clinical trials by 2013.

Planned Clinical Transitions

Clinical trials in Year 5 will require the collaboration

of a large clinical trial network of civilian and military
trauma centers. The integrated bone team is proactively
developing resources, models, and venues for clinical
trials with the METRC clinical trials group. The METRC
consists of a network of clinical centers, plus one data-
coordinating center, that will work together with USAISR
to conduct multicenter clinical research related to AFIRM
regenerative strategies in limb salvage. Clinical trials
are most likely to be funded by one or more industrial
partners, depending on the scaffold, cell source, or
molecularly designed surface that is involved.
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Corrections/Changes Planned
for Year 3 and Rationale
for Changes

The three scaffold platforms were offered the opportu-
nity to progress in further assessment. However, Integra,
which controls the three-dimensional printing fabrication
methods, has elected not to continue development of this
strategy within AFIRM. This leaves the Tyr-PC and PPF
scaffold platforms as the two remaining scaffolds that
are currently being explored in the project.

Calcium-containing coatings may allow advancement
of the performance of degradable scaffolds to a level
that approaches or exceeds allograft performance.
Therefore, work under this project will extend in Year 3
with more investigation of scaffolds with calcium phos-
phate coatings.
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Until evaluation of optimal calcium coatings on degrad-
able polymer scaffolds is completed, allograft matrix
remains (for now) the preferred scaffold upon which to
advance the cell transplantation method in Project 4.2.2.

As described previously, a critical assessment of the
established canine segmental defect model system
(canine bilateral ulnar defect model [2.5 cm defect] and
the canine femoral segmental defect [5 cm]) suggests
that these models are not rigorous enough to model the
current clinical challenge. Thus, the GCTD model is now
planned as the next step beyond the CFMD model in
Years 3-4. This goat model will provide the standardized
platform for assessing the optimized scaffolds (Project
4.2.1) and cell preparations (Project 4.2.2) during 2010-
2012, in advance of clinical studies, which are projected
for a 2013 start date.



Optimizing Cell Sources for the
Repdair of Bone Defects

Project 4.2.2, RCCC

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

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

Collaborators: Vince Hascall, PhD
(Cleveland Clinic)

Therapy: Advanced regeneration of
segmental bone defects

TRL4

Deliverable: Preferred clinical method
for progenitor cell concentration,
selection, and delivery

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

Key Accomplishments: The
researchers evaluated two density-
separation devices for concentration
of bone marrow cells. They tested one
of the preferred degradable scaffolds
from Project 4.2.1 and found that it
showed modest performance as a
substrate for selective retention (SR).
They down-selected the option of CD45
depletion as a means of enhancing the
prevalence of osteogenic connective

selection. They designed, fabricated,
and validated a new magnetic separator
system for selection of CTP-Os.

The system is simple to use, easily
adaptable for intraoperative single-step
procedures, capable of processing
2x10° cells (required for scale-up to the
CFMD model) and provides improved
separation over the small-scale
commercial magnet used previously.

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

tissue progenitors (CTP-Os) in favor
of hyaluronic acid (HA)-positive

Introduction

The AFIRM bone-related projects collectively seek

to improve medical therapy and outcomes for today's
injured warriors, whose challenges include the need

to regenerate a segmental defect in an extremity. This
project addresses the need to select a clinically avail-
able and optimized method for harvesting, processing,
and transplanting CTP-Os that are severely depleted or
missing in these bone defects and surrounding tissues.
Three clinically feasible methods for rapid intraoperative
processing of marrow-derived cells to concentrate CTP-
Os are being investigated: (1) density gradient separa-
tion, (2) SR, and (3) magnetic separation (MS).

Density separation (DS) devices are already used to
process blood to prepare platelet-rich plasma (PRP)
gels. DS can also be used to increase the concentration
of CTP-Os. DS systems use programmable intraopera-
tive processing equipment and can be standardized.
However, the value of DS processing of bone marrow in
improving the efficacy of bone-grafting procedures has
not been established. While DS can be used to con-

centrate CTP-Os in a small volume, methods have not
been established that optimize the use of DS-processed
cells so that they can be transplanted and retained
effectively in a graft site. Such methods could include
combining cell populations, isolated using DS methods,
with effective biomaterials. DS methods also have the
disadvantage of requiring specialized equipment and a
technician to operate. Samples need to be passed off of
the sterile operative field to allow processing. This proj-
ect will clarify the likely value of DS processing to benefit
wounded warriors and to help physicians who wish to
optimize treatment for bone defects.

SR is another strategy that provides the opportunity

to increase the concentration of local CTP-Os and to
decrease or limit the concentration of competing or
undesirable cells. SR uses the intrinsic properties of
many CTP-Os that enable them to rapidly attach to some
surfaces, including some implantable scaffolds. This
property enables some scaffolds to be used as an af-
finity column to rapidly concentrate and select CTP-Os,
even when such cells are present as a minor population
in a dilute mixture of cells. SR has already been vali-
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dated in preclinical animal testing and clinically in the
DePuy Cellect™ device. Work in this project is advanc-
ing methods and materials to optimize the opportunity
to use SR methods in the operating room, to process a
patient’s own cells, and to enhance bone regeneration in
complex bone defects.

MS is a method for processing cells that involves label-
ing or tagging cells that can be selectively collected or
eliminated. This project utilizes an MS system developed
in Dr. Zborowski's laboratory that takes advantage of the
important observation that CTP-Os derived from BM can
be selectively labeled, based on the presence of HA in
the ECM that is retained on the surface of the CTP-Os
after harvest from BM by aspiration.

Each of these methods, alone or together, offers signifi-
cant potential value to the wounded warrior, by providing
methods to effectively repopulate or “reseed” the region
of a bone defect with an effective population of cells that
are capable of regenerating the missing bone tissue.

Summary of Research
Completed in Year 1

During the first year of the study, the researchers defined
methods to increase the surgical yield of BM harvest pro-
cedures without an increase in morbidity. Three practical

methods were characterized to enable the processing of

human or canine BM: DS, SR, and MS.

Research Progress — Year 2
Density Separation

The researchers performed a screening assessment on
several commercially available systems that conduct DS
processing of blood to prepare plasma or PRP. These
assessments found that DS processing could prepare

a suspension of BM-derived cells that include CTP-Os
at a concentration 3-5-fold greater than native marrow.
However, when compared to manual buffy-coat meth-
ods commonly used in laboratory protocols, the yield

of cells and CTP-Os was substantially less. This result
suggests that many CTP-Os were lost in the course of
processing—perhaps sticking to the walls of the bags
and tubing used in the processing procedure. This result
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may reduce the effectiveness of DS devices. The ef-
fectiveness of DS processing as a means of enhancing
the in vivo performance of a graft material will be tested
between 2010-2012.

Selective Retention

Allograft materials and several scaffold preparations
have been evaluated as substrates for affinity columns
used in SR processing. Individual substrate materials
demonstrated significant differences in surface area,
pore size, connectivity, surface chemistry, and texture.
Each of these variables may have a profound effect

on the capacity for a given scaffold to function as a
substrate for SR. The researchers are actively evaluating
and optimizing allograft bone matrix, ceramic granules,
and three-dimensional scaffolds fabricated from Tyr-PC
and from polypropylene fumarates (PPF). Other AFIRM
scaffolds may also be evaluated for SR performance.

Magnetic Separation

Down-selection of the MS system used for scale-up
occurred in Year 2. The system selected is simple,
user-friendly, and capable of handling the cell loads
required for scale-up of magnetic separation into the in
vivo CFMD model. An example of the separation system,
used on a starting sample of 0.8x10° cells, shows robust
enrichment of CTP-Os in the positive fraction, 18-fold
higher than the unselected marrow (Figure 11-2).

Key Research Accomplishments

+ Evaluated several DS devices for concentrating bone
marrow cells.

+ Demonstrated SR, using several promising, clinically
available, degradable scaffold materials.

+ Established and scaled a magnetic cell separation
system, based on HA-labeling and the use of a fixed
magnet, to enable both in vivo large animal studies
and clinical studies.

Conclusions

DS, SR, and magnetic cell separation each have the
potential to offer the wounded warrior substantial new
capabilities for therapy strategies that can repopulate
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Figure 1I-2. Prevalence of CTP-Os in different fractions
before (buffy) and after magnetic separation. Note the
effect of 18-fold enrichment in the HA+++ fraction. The
apparent CTP-O partitioning to the HA--- fraction is
undesirable and will be minimized by further optimiza-
tion of scale-up operation in Year 3.

missing stem cells and progenitor cells in the setting of
a large bone defect using the patient's own cells. These
methods can be used rapidly and effectively in the op-
erating room and could be used separately or combined
to optimize the cellular environment to accelerate bone
regeneration.

Research Plans for the Next
3 Years
In Year 3, a series of in vivo experiments will be per-

formed, using the established CFMD model to com-
petitively assess the capacity of DS, SR, and/or MS to

enhance the magnitude and rate of new bone formation
in the setting of grafting into a bone defect site. Out-
comes will be assessed using both mCT and histology.
The most effective method for cell sourcing and pro-
cessing will be advanced into further assessment, in a
rigorous long bone defect model that includes tissue loss
and scarring around a PMMA spacer to reproduce the
common clinical setting in which grafting is performed

in the setting of bone defects following military extremity
injuries.

Planned Clinical Transitions

These methods for cell sourcing and processing will be
combined with top-performing scaffolds and advanced
into clinical trials, most likely in collaboration with the
METRC. Depending on the preferred method, clinical
trial methods involving “minimal manipulation” of autog-
enous cells could begin as early as 2011. The METRC
consists of a network of clinical centers and one data-
coordinating center that work together with the USAISR
to conduct multicenter clinical research related to AFIRM
regenerative strategies in limb salvage.

Corrections/Changes Planned
for Year 3

The researchers have modified their original work plan
to make allograft, rather than a degradable scaffold, the

first substrate in which alternative cell-sourcing strate-
gies are competitively assessed.
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Advancing Bone Repair Using MSD

Project 4.2.3, RCCC

Team Leaders: George F. Muschler,
MD (Cleveland Clinic); Linda Griffith,
PhD (MIT); Joachim Kohn, PhD
(Rutgers/State University of New Jersey,
New Jersey Center for Biomaterials
[NJCBM]); and Richard Clark, MD
(Stony Brook University [SBU])

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

Collaborators: Sunil Saini — Integra™
Life Sciences (formerly Therics)

Therapy: Advanced regeneration of
segmental bone defects

Deliverable: 1: To develop an
advanced bone scaffold that presents
tethered epidermal growth factor (tEGF)
to improve the survival and performance
of local and transplanted progenitors.

2: To design an oxygen delivery system
to increase survival and performance of
local and transplanted progenitors in a
hypoxic wound environment.

TRL Progress: Start of Year 1, EGF-
based MSD TRL 3, Peptide P12-based
MSD TRL 2, Oxygen Delivery Strategies
TRL 2; End of Year 1, EGF-based MSD
TRL 3, Peptide P12-based MSD TRL

2, Oxygen Delivery Strategies TRL 2;
End of Year 2, EGF-based MSD TRL 3,
Peptide P12-based MSD TRL 3, Oxygen
Delivery Strategies TRL 3

Key Accomplishments: The
researchers found that tEGF increased
proliferation of mesenchymal stem cells
(MSCs) while preserving differentiation,
while soluble EGF does not preserve
differentiation of MSCs. They employed
B-tri-calcium phosphate binding peptide
(B-TCPBP) technology to design new
proteins for the survival and protection

of CTP-Os. They demonstrated that
tethered P12 (tP12) increased CTP-O
colony-forming efficiency (CFE) 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 CFE and increase
proliferation of cells and colonies.

Key Words: Tethered EGF, connective
tissue progenitors, large bone defect,
scaffolds, B-tri-calcium phosphate
binding peptide, tethered P12, oxygen
tension, hypoxia, tethered heregulin,
serum deprivation

Introduction

The AFIRM bone-related projects have been designed
to address critical gaps that currently limit the medi-

cal therapy option and outcomes that are available to
injured warriors whose challenges include the need to
regenerate a segmental defect in an extremity. This
project focuses on highly promising methods to enhance
the survival and performance of CTP-Os, which may be
transplanted on a scaffold. Transplanted cells face a very
harsh wound environment, in which oxygen levels plum-
met, and chemical signals tend to drive cells to die via

a path of necrosis or a path of programmed cell death
called apoptosis.

The researchers of this project are developing two practi-
cal methods aimed at improving cell survival: (1) MSD

to ensure that cells transplanted onto a scaffold receive
signals from that scaffold that will inhibit early cell death
and even stimulate early phases of regeneration and (2)
local O,D into the area where cells are most threatened.
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MSD involves linking bioactive molecules to the surface
of a biomaterial as a means of improving control over the
cell and tissue response to the implant material. Bioac-
tive molecules that have been considered in this project
include: EGF, P12 (a fibronectin fragment), and soluble
Type | Neuregulin-1, also called heregulin (HRG). Each
molecule can be linked (“tethered”) to the surface of an
implanted scaffold. Tethering ensures that the signal-
ing molecule does not diffuse away from the cells and
enables control over the concentration and presentation
of the signal so that the effect can be optimized. Two
methods of tethering have been explored: (1) linking
covalently using “comb polymer” technology, and

(2) tethering molecules to the surface of scaffolds that
contain calcium-phosphate coatings (e.g., -tri-calcium
phosphate [3-TCP]) using high-affinity noncovalent
bonding of a novel 3-TCPBP.

O,D involves the use of biologically compatible salts
that, when combined with water (H,0), will recombine to



release elemental oxygen (O,). In this project, salts that
have 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 over a week.

Competitive Technologies

There are no current products designed to deliver local
oxygen or to enhance the performance of transplanted
cells using MSD. The Infuse Bone Graft with recom-
binant human bone morphogenetic protein-2, which is
delivered by adsorption on an implanted scaffold and is
rapidly released in a soluble form, is thought to act on
both local and transplanted cells but is not considered
to be a pro-survival factor. As a result, MSD methods
as well as O,D methods are projected to not only en-
able more effective cell transplantation, but also to be
synergistic with the local delivery of BMP-2 and other
scaffolds and signaling technologies in the highly com-
promised bone defect environment.

Leveraged Funding

Work on the basic cell biology of tEGF for cell migration
and survival is supported by NIH R01 DE019523-10
($250K direct costs per year), which provides partial sup-
port of student salaries for production of growth factor
ligands and for analyzing behavior of CTPs in the Griffith
lab. It is also supported by an anonymous foundation
grant ($425K per year), which provides equipment for
protein synthesis and characterization.

Summary of Research
Completed in Year 1

During the first year of the
project, the researchers
fabricated two-dimensional
scaffolds presenting tEGF
and a fibronectin-derived
peptide P12 that enhance
new hone tissue forma-
tion. They developed and
implemented a protocol for
spin coating two-dimen-

TCP-binding sequences
determined using

M13 plil 12-mer
linear library screened
against -TCP

sional scaffold surfaces with and without comb coating
to which hTERT MSCs attached and proliferated. They
were able to detect 3-TCP on scaffold surfaces. They
also established methods for the quantitative measure-
ment of in vitro cell response (attachment, survival,
proliferation, and migration), and methods/protocols

to characterize two-dimensional scaffold design using
radiolabeling and analytic chemistry techniques. Ad-
ditionally, they developed an optimized 3-TCPBP that
incorporates multiple 3-TCP binding sites in fusion with
EGF (Figure 1I-3). They began in vitro MSD studies
using CTP-O cells. They determined that tEGF can exert
a strong proliferative response in CTP-O cells seeded on
three-dimensional 3-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 alkaline phos-
phate levels at Day 7 versus controls. They determined
that oxygen deprivation (as opposed to glucose depri-
vation) is the cause of CTP-O cell death in a hypoxic

cell environment. Finally, they successfully fabricated
oxygen-generating microbeads and confirmed oxygen
delivery from the microbeads.

Research Progress — Year 2

MSD: Based on data collected in the first 2 years of
this project, EGF was selected as the most promising
agent for tethering and is being developed in a targeted
effort to make these capabilities available for the care

of injured warriors. The researchers have shown that
EGF increases proliferation of MSCs, culture expanded
on B-TCP scaffolds and PLGA/B-TCP two-dimensional
surfaces, without compromising the ability of MSCs to
differentiate into osteoblasts. They have also shown that
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Figure I1-3. High-affinity TCP-binding proteins identified by phase display.
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tP12 improves the proliferation of hTERT cells and the
CFE of freshly isolated human marrow-derived CTP-Os.
However, due to the fact that the effect size appears to
be larger for EGF and because the delivery methods
for EGF are more technically advanced, AFIRM invest-
ments in MSD are now focusing exclusively on the rapid
advancement of EGF MSD.

O,D: The researchers established a system for lo-

cal O,D using polymeric microparticles based on drug
delivery methods arising from the laboratory of Vinod
Labhasewar, PhD, in the Department of Biomedical
Engineering at the Cleveland Clinic. Data generated

to date have demonstrated that even a small amount

of local O,D may have profound effects on the ability

of transplanted cells to survive a rapid drop in oxygen
levels. The feasibility of O,D methods has been clearly
established. An O,D formulation targeting a 96-hour de-
livery profile will be ready for testing in the CFMD model
before June 2011. The researchers have demonstrated
that CTP-O CFE and proliferation can be augmented

by slowing the rate of decline of oxygen in vitro over a
period as short as 48 hours. This justifies further work
to discover methods that may blunt the development of
local hypoxia in the wound environment using O,D. The
researchers have also found that red blood cells (RBCs)
are detrimental to CTP-O CFE and proliferation (cells per
colony) in vitro. This effect is unrelated to steric interfer-
ence with attachment and is mediated by soluble factors,
justifying future work to limit RBCs in the wound-healing
environment.

Key Research Accomplishments

+ Demonstrated that MSCs cultured on B-TCP scaffolds
and PLGA/B-TCP two-dimensional surfaces teth-
ered with EGF proliferate at a greater rate than those
cultured on mock scaffolds.

+ Demonstrated that tEGF but not soluble EGF con-
serves the multipotency of MSCs cultured on -TCP
scaffolds.

+ Designed new proteins (B-TCPBP-HRG and
B-TCPBP-HABP) for MSD using 3-TCPBP technology.
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* Produced recombinant 3-TCPBP-HRG protein in
BL-21 E. coli cells, with subsequent ongoing work to
optimize the affinity-chromatography procedures to
isolate the recombinant protein.

+ Demonstrated that the P12 peptide when tethered
to two-dimenstional surfaces using comb polymers,
increases proliferation of hTERT cells at Day 6.

+ Demonstrated that the P12 peptide when tethered
to two-dimensional surfaces using comb polymers,
increases CFE and migration (in the form of reduced
colony density) in CTP-O-derived colonies at Day 6.

* Established a system for local O,D using polymeric
microparticles based on drug delivery methods.

+ Developed a mathematical model that will enable
rational design and interpretation of O,D, based on the
interaction of cell-consumption rate and O,D rates.

+ Demonstrated that CTP-O CFE and proliferation can
be augmented by slowing the rate of decline of oxygen
in vitro over a period as short as 48 hours.

¢ Demonstrated that RBCs are detrimental to CTP-O
CFE and proliferation (cells per colony) in vitro.

Conclusions

MSD and O,D represent new and highly promising clini-
cally relevant strategies that have a high probability of
enhancing the performance of the degradable bone scaf-
folds being developed in Project 4.2.1 and also enhancing
the clinical performance of cell harvest, processing, and
transplantation methods being developed in Project 4.2.2.
While each of these technologies is projected to make
substantial contributions as new clinical therapy options
in their own right, the coordinated and highly interactive
development of these technologies within the AFIRM
expanded and open Bone Network creates an unprec-
edented opportunity to design and optimize an integrated
approach to large bone defects. This new paradigm of
collaboration, in which synergies between technologies
can be explored and the most promising approaches
rapidly developed, presents a new and unprecedented
opportunity to serve the injured warrior.



Research Plans for the Next
3 Years

Product 1 (MSD Scaffolds Presenting Tethered EGF):

In Year 3, researchers at MIT will optimize the fabrica-
tion of bioactive B-TCPBP-EGF-tethered scaffolds, with
consideration of manufacturing, storage, and regulatory
constraints. They will also complete the validation of the
scaffold bioactivity using third passage MSCs. Cleveland
Clinic Foundation will characterize the performance of
GMP-certified B-TCPBP-EGF-tethered scaffolds in vitro
(using human and canine progenitor cells). If success-
ful, the researchers will evaluate the performance of
GMP-certified B-TCPBP-EGF-tethered TheriLok crosses
in vivo in the CFMD model and subsequently a large
segmental-defect goat model (subject to additional fund-
ing). In Year 5, the researchers will translate at least one
advanced bioactive MSD surface into an appropriate
human trial, most likely with an optimized cell source.

Product 2 (O,D System): Cleveland Clinic Foundation
will advance the O,D through in vitro toxicity testing to
meet ISO 10993 standards of biocompatibility. Efficacy in
vivo will be assessed in the CFMD model. In vivo study
work will begin in 2011. Cleveland Clinic Foundation will
actively pursue a corporate partner to supplement fund-
ing for clinical trials in Years 4 and 5.

Planned Clinical Transitions

Product 1 (MSD Scaffolds Presenting Tethered EGF):
The technology transfer office at MIT is actively engaged
in commercialization efforts around MSD strategies.
Researchers at MIT have filed an invention disclosure for
patent protection related to the presentation of tethered
biomolecules and the B-TCPBP. Researchers at MIT

and Cleveland Clinic Foundation 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
pharmaceutical manufacturing engineering process must
be expected in this product class. Therefore, MIT and

Cleveland Clinic Foundation have scheduled a pre-Inves-
tigational New Drug (IND) meeting with a representative
of the FDA.

Product 2 (O,D System): The technology transfer arm

of the Cleveland Clinic, Cleveland Clinic Innovations, is
actively involved in developing the intellectual property
position and business model for the O,D technology
platform. Cleveland Clinic Foundation is developing

the understanding of the in vitro toxicity testing that is
needed to meet ISO 10993 standards of biocompatibility.
Researchers at Cleveland Clinic Foundation have also
made plans to advance into in vivo studies. They have
scheduled a pre-IND meeting with a FDA representative.

Corrections/Changes Planned
for Year 3

This project has closely followed the initial plan, in rapidly
screening (a) potential ligands and tethering strategies
related to MSD and (b) substrates and delivery strategies
for O,D. In each case, systems of metrics for in vitro per-
formance have been established and met to demonstrate
biological feasibility and bioactivity.

Based on the in vitro efficacy data and analysis of the
regulatory pathway for advancing MSD as a therapy,
the researchers decided to focus this project exclusively
on the delivery of tEGF using B-TCPBP. Comb polymer
strategies and other ligands will be developed second-
arily and with non-AFIRM resources unless additional
funding becomes available.

The development of the B-TCPBP and the opportunity

to deliver tEGF using this versatile platform were not
part of the initial proposal, which focused on the use of
comb-polymer tethering methods. However, B-TCPBP-
EGF offers a robust method of MSD of 3-TCP-containing
scaffolds with characteristics that afford cellular protec-
tion, enhanced proliferation, and preservation of osteo-
genic potential. Achieving this effect may have clinical
implications, such as increasing patient-native progenitor
populations to improve bone wound healing.

II: Limb and Digit Salvage _
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Progress Reports: Bone Repair and Regeneration

Bone Regeneration in a Contaminated

Defect

Project 4.4.9, USAISR

Team Leaders: Joseph C. Wenke,
PhD, USAISR

Project Team: Kate V. Brown, MD and
Tega Guda, PhD TRL4

Collaborators: Scott A. Guelcher, PhD
(Vanderbilt University)

Therapy: Bone regeneration

Deliverable: Agents to improve bone
regeneration

Introduction

Bone fractures are common and although most heal
without complication, 10%-15% of the approximately

6.5 million bone fractures that occur annually in the
United States are complicated by disrupted patterns of
bone healing. The type, severity, and complications of
the fracture are, however, different in a military setting.
Due to the nature of injuries that occur during combat,
open fractures (fractures that have direct communication
with the environment) are the most common fracture
(constituting 19% of all injuries and 67% of fractures

in combat). Most of the combat-related open fractures
are caused by missile injury, have a large segment of
missing bone, and often have concomitant periosteal,
vascular, and neural damage. Malunion or delayed union
complicates many of these open fractures (e.g., delayed
or nonunion complicated 3 of 5 open tibial fractures
sustained in Somalia). This disrupted fracture heal-

ing causes morbidity and lengthy hospitalization; thus,
delayed or nonunions prevent soldiers from returning to
duty. The fact that open fractures are contaminated with
bacteria makes the clinical challenge that orthopedic
surgeons face even more daunting. To prevent infection,
the wound is debrided, irrigated frequently, and routinely
packed with antibiotic-impregnated (PMMA) beads,
which may remain in the wound for up to 6 weeks. This
results in a delay in definitive bone grafting and recovery
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TRL Progress: Start of Year 1, TRL
3; End of Year 1, TRL 3; End of Year 2,

Key Accomplishments: Delivering
both BMP and the antibiotic vancomycin
to a contaminated critical size rat

femur defect, the researchers found
that it is possible to both reduce
infection and regenerate bone in

a contaminated defect. They also
determined that earlier debridement

and antibiotic administration decrease
infections. In addition, they found that
sustained release of vancomycin from
polyurethane (PUR) scaffolds inhibits
infection of bone wounds in a rat femoral
segmental defect model.

Key Words: Bone repair, infection,
growth factors, antibiotics

of limb function. An alarming statistic came from this
work: approximately 50% of all patients who suffered
leg-threatening injuries, whether the limb was amputated
or salvaged, had not returned to work for a single day by
2 years. This statistic illustrates that the current standard
of care for these patients is insufficient.

When definitive bone grafting occurs, a foreign material,
with osteogenic properties, is placed in an avascular,
contaminated wound. This may serve as the nidus

for infection. It is well known that vascularized, highly
perfused tissue is less likely to become infected. It is
also well known that vascularization is initiated immedi-
ately and occurs within 4-6 weeks. Therefore, it stands
to reason that an osteogenic bone graft that releases
antibiotics for a period of time will protect the graft until it
is vascularized and will help reduce infection.

We propose to use various scaffolds that will allow a
focal release of growth factors and antibiotics in an effort
to exploit a biological template for enhanced fracture
healing and prevention of infection. The biological
template includes angiogenesis, chemoattraction of
osteoblast lineage cells, and their mitogenic amplifica-
tion in situ. The antibiotic or antimicrobial used will be
broad spectrum and will be released for at least 8 weeks
in an effort to prevent infection. Therefore, we propose
that dual delivery of a growth factor and an antibiotic in



a scaffold that allows focal and temporally tuned release
kinetics will result in a better clinical outcome than the
current staged treatment.

Research Progress
(Funded in 2009)

At the initiation of this project, platelet-derived growth
factor (PDGF) appeared to be a good candidate for a
growth factor. Being a chemoattractant and a mitogen,
we believed it would have an additive effect to BMP.
Moreover, Biomimetics Pharmaceuticals appeared to be
bringing it to market for orthopedics. Recently, reports
suggest that PDGF is not very effective in nonaged or
nonosteoporotic models. Biomimetics has had dif-
ficulty bringing this product to market. BMP is the most
powerful growth factor for bone. The more ideal release
kinetics of this material has improved its performance.
Therefore, we do not believe using PDGF would be the
best use of time and money at this point.

This project is focused on (1) developing animal models
that are appropriate for evaluating dual delivery implants,
(2) evaluating promising technologies and approaches in
proof-of-concept studies, and (3) translating suc