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. ABSTRACT

Our project, which involves 3 major Tasks, centers on the development of new medical
therapies and regenerative medicine approaches for the treatment of injured soldiers, and the
improvement of the overall health and performance of military personnel. Over the past year in
studies in our first Task, we designed to develop aerosol therapies to save lives in patients with
pulmonary edema and Acute Respiratory Distress Syndrome (ARDS), which are major causes
of death and morbidity in patients with trauma. In the second Task, we evaluated the anti-
malarial activity of an oral angiogenesis inhibitor developed in past grant funding periods, called
Lodamin, that is a methionine aminopeptidases 2 (MetAP2)inhibitor. In our last Task, we
developed new microsystems technologies to harvest rare circulating stem cells for tissue
engineering applications, such as blood vessel precursor cells for tissue revascularization, as
described in Project 3. These devices may also be useful for isolating circulating cancer cells
and so facilitate new approaches to cancer diagnosis and therapy.

II. INTRODUCTION

Over the past year, we have made major advances on all 3 Tasks. While past work
focused on the studies of effects of angiogenesis modulators on permeability in the peripheral
vasculature, we focused our efforts on establishing a mouse ex vivo ventilation perfusion model
for analysis of lung trauma and quantitation of its effects of vascular permeability, pulmonary
edema and inflammation. We also developed a novel miniaturized method for nebulizing drugs
and nanopatrticles and delivering aerosols containing these agents in the mouse. In addition,
we identified a new molecular pathway that regulates the effects of physical forces on lung
permeability. In the second Task, we carried out animal studies to explore whether the
angiogenesis inhibitor, Lodamin, could be used as an oral therapeutic for soldiers and patients
with malaria, which remains one of the most critical challenges in medicine today world-wide.
The active moiety of Lodamin, TNP-470, inhibit MetAP2 activity and recently were reported to
possess antimalarial activity in-vitro'; however, TNP-470 has poor bioavailability and therefore
has to be admintered by infusion. Lodamin is a conjugate of TNP-470 with the block copolymer
Polyethylene Glycol and Poly Lactic acid (PEG-PLA-TNP-470) that is orally available?. Over the
past year, we evaluated the effect of Lodamin and TNP-470 on malarial growth and infection in
vitro and in vivo in mice. Finally, in the last Task, we have used microengineering approaches to
develope combined microfluidic-microfluidic devices that can isolate rare cells that are



circulating in whole blood. These devices may be used to harvest circulating stem cells from a
soldier’s blood to facilitate the vascular regeneration effort being pursued by Dr. Bischoff in Task
3 of this grant. We also developed devices that can rapidly isolate circulating cancer cells,
which might be useful for diagnosis and therapy of patients with cancer.

lll. BODY:

As outlined in the Statement of Work, our research accomplishments this past
year in Project 1 include the following:

Task 1. Therapies for Lung Vascular Injury 1

t
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During the past year, we established an ex vivo mouse lung
ventilation-perfusion model in our laboratory, developed a specialized
intratracheal nebulization catheter to introduce aerosols into the lungs
of mice®, and modified this system to include real time monitoring of
mouse lung weight during ex vivo ventilation perfusion. We then
investigated the effects of barotrauma (high pressure mechanical
ventilation) on pulmonary edema and lung inflammation using this
model. We found that lung trauma significantly increased pulmonary
edema as illustrated by increased vascular permeability (Kf) and
whole lung wet values (Fig. 1). Lung sections and fluid samples from
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these studies will soon be analyzed to quantitate separate measures

of pulmonary edema and inflammation. In addition, we have begun to .
study the effect of pre-treating mice with intraperitoneal injections of 0

IL-2 in order to induce inflammation and pulmonary edema prior to

the initiation of mechanical ventilation. Finally, we used the ex vivo Fig. 1. Effects of lung

. - . : t induced by high
model to confirm the prediction that mechanical breathing movements gf‘eus@ﬁr'e”m“e?hamyca.'g

enhance absorption of aerosolized nanoparticles, as predicted by a ventilation (HPMV) on
microengineered breathing lung-on-a-chip microdevice that was whole lung vascular

. . Y 2 permeability (top) and
developed in collaborative studies”. weight (bottom).

In addition, based on our recent finding that the extracellular matrix (ECM) mechanics
mediate blood vessel formation in vivoby altering changes in signaling through p190RhoGAP
and the transcription factors TFIl-l and GATA2*, we initiated studies to explore whether ECM
mechanics also control vascular permeability in human lung microvascular endothelial cells. We
found that knockdown of the mechanosensitive transcription factor TFIl-1 using siRNA-based
knockdown disrupted cell-cell junctions and increased the vascular permeability using an in vitro
permeability assay, whereas overexpression of TFIl-1 using lentivirus transduction had opposite
effects. We also found that TFII-I knockdown increased the mouse lung vascular permeability in
vivo. Importantly, changes in ECM stiffness controlled cell-cell junction structures detected by
VE cadherin staining: these junctions were well developed in cells on stiff gels (4000 Pa),
whereas they were disrupted on the soft gels (150 Pa). TFIl-1 knockdown disrupted cell-cell
junctions on stiff gels (4000 Pa) and TFII-1 overexpression restored the junctional integrity on
soft gels (150 Pa), suggesting that TFII-I mediates mechanical control of endothelial cell-cell
junction formation and hence control vascular permeability in vivo. These findings may provide
some insight into the mechanism by which physical forces and trauma influence lung vascular
leakage.



Task 2: Development of a new-Anti Malarial Therapy

Lodamin (PEG-PLA-TNP-470) was synthesized and provided to collaborators at the
Harvard School of Public Health, Broad Institute and Genzyme Inc. for studies to test Malaria
growth in an in vitro blood cell infection model as well as a mouse model of malaria infection.
Preliminary data showed that Lodamin significantly inhibited parasite viability in vitro at doses of
2-10nM, suggesting that it is slightly more potent than the parent compount TNP-470. In the
mouse studies, 5 animals were dosed orally b.i.d. with 30 mg/kg Lodamin for 4 days. On day 5
mice were sacrificed and blood sample from each mouse were taken for thin smears. A
significant reduction of 61% in parasites counted in smears was observed in Lodamin-treated
mice compared to controls (Fig. 2). To facilitate these studies, we also developed an analytical
method for quantitation of the amount of drug (TNP-470) in the plasma using LC/MS/MS and
MALDI TOF techniques. Since numerous peaks
were detected in mass spectrometry due to Genz 667800 (odamm DY iy 9 | odamin inhibit
Lodamin fragmentation (polymer degradation), parasite count in mice. A
we are currently optimizing the Lodamin sample dose of 30mg/kg of oral
preparation for detection of TNP-470 in plasma for 4 days. At day 5"
with increased accuracy. Once this method is parasite count in the blood
established, we plan to design and conduct a

smears originated from the

Percent Parasitemia (Day 5)

i ! JOR different mice were )
study to determine the maximum tolerated dose < performeg- Untrea}te? mice
(MTD) necessary to achieve sterile cure in the bose Group were used as controis.

in vivo mouse malaria model.
Task 3: Microengineering methods for harvesting rare circulating cells

Endothelial progenitor cells (EPCs) are promising sources of cells for angiogenic
therapies because they contribute to new blood vessel formation, as described in Project 3 of
this grant; however, efficient isolation of EPCs from circulating blood remains a significant
obstacle due to their low numbers. We used microengineering approaches to develop a
combined microfluidic-micromagnetic system for isolating EPCs from human blood with great
efficiency. We made great improvements to the prototype device described in last year's annual
report by incorporating double-protection channels and dead-end channels to sequester
magnetic bead-labeled cells. To determine the quantitative
efficiency of the device, we spiked whole human blood or
culture medium with known numbers of green fluorescence y= 0.6896x+ 30436
protein (GFP)-expressing human umbilical vein endothelial s
cells (HUVECS) before combining them with magnetic beads
coated with antibodies to CD31 and passing them through
the micromagnetic-microfluidic collection device. We found
that virtually all (~100%) of the cells were removed from the = spiked in media
blood magnetically, and that ~1-2 x10° cells were retained in 7 spikedinblood
each device; however, only 60 — 80% of the separated cells
could be removed from the device and collected (Fig. 3).
Development of improved methods to wash collected cells

SPIKEU CEI IUIeET

free from the device will be a key goal in further studies. In Fig. 3. A plot showing the collection
L. . efficiency of the microfluidic device
addition, we found that EPCs can be isolated from_the buffy comparing the number of the cells
coat fraction of whole blood (obtained from the Children’s Splkebd in }f{ﬁ blot?ld (X-l?XIf) O\ﬁrsustahe
. : R . numper o e cells collectea 1rom the
Blood Bank) using standard filter isolation methods used by device (Y-axis). Line indicates100%
the Bischoff lab, and that the isolated cells grown in culture collection efficiency; black squares and
i i red circles represent the results of the
and form clgssm EPC co_Ionlgs_. Thus, we plan to use human GFP-HUVECS spiked in medium and
buffy coats isolated in this clinically approved manner as an whole blood, respectively.



EPC source in future cell isolation studies. Interestingly, in collaborative studies, we also
discovered that the same device can be used to harvest rare circulating tumor cells in a mouse
transgenic breast cancer model, and hence this method might facilitate cell isolation for
diagnosis, therapy or vaccine development in patients with cancer in the future.

IV. KEY RESEARCH ACCOMPLISHMENTS:

Taskl1-

o Developed an ex vivo mouse lung ventilation-perfusion model that mimics the effects of
barotraumaon pulmonary edema

e Used the ex-vivo mouse lung ventilation perfusion model to confirm predictions of a new
‘lung-on-a-chip’ microdevice that recapitulates key physiological responses of the lung
alveolar-capillary unit.

¢ Discovered that transcription factorTFII-I and changes in ECM stiffness control vascular
permeability in the mouse.

Task 2-
¢ Demonstrated anti-malaria effect of oral Lodamin in a mouse malaria model
e Developed an analytical method for testing the Lodamin efficacy in vivo

Task 3-
» Developed a microfluidic-micromagnetic device that enables efficient capture of rare
circulating cells from human blood
* Demonstrated that we might harvest EPCs using this method with buffy coat isolates in
the future
» Demonstrated that this device can provide efficient capture of rare circulating tumor cells
in a mouse transgenic breast cancer model

V. REPORTABLE OUTCOMES:

* Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, and Ingber DE.
Reconstituting Organ-Level Lung Functions on a Chip. Science — in press.

» Additional manuscripts on TFIl-I and pulmonary edema, and on cell isolation methods
are in preparation

e A patentis in the process of being prepared on the cell isolation microdevice

» Biomedical Engineering Society (BMES) Pritzker Distinguished Lectureship Award

» Charlton Lecture, Tufts University School of Medicine

* Rous Whipple Award, American Society for Investigative Pathology

* Llewellyn-Thomas Visiting Professor, U. of Toronto

VI. CONCLUSIONS:

We have established robust mouse model of barotrauma-induced lung injury in our
laboratory that can be used in the future to test the ability of aerosolized drugs and
nanoparticles for treatment and prevention of life-threatening pulmonary edema and ARDS that
takes the lives of many injured soldiers. We also demonstrated that the oral angiogenesis
inhibitor and MetAP2 inhibitor, Lodamin, can suppress malarial infection in an animal model;
however, dose optimization and mean tolerated dose studies need to be completed before its
full value can be determined. Finally, we have developed simple microdevices that offer a novel
method for efficiently isolating rare circulating cells from human blood or buffy coats (white



blood cell isolates). This method might be very useful for isolation of circulating EPCs or
mesenchymal stem cells that are critical for regenerative medicine applications, and the same
device might be used to isolate circulating tumor cells for cancer diagnosis, therapeutic
sensitivity testing and vaccine development in the future.

"So What Section”

Vascular leakage in the lung and resulting pulmonary edema caused by trauma is a
major cause of morbidity and death in injured soldiers and thus, developing new therapeutics to
treat or prevent this response could save lives. The ex vivo mouse model we have developed
will now enable us to test the ability of angiogenesis modulators and other therapeutics to
suppress these responses, and therefore hopefully accelerate development of life-saving
therapies. The angiogenesis inhibitor Lodamin is well tolerated in animals, and the parent agent
TNP-470 has been tested without serious adverse effects in humans. Thus, if this oral agent is
found to be active as a anti-malarial therapeutic, it could be used as a prophylactic agent in
soldiers stationed in regions where malaria is indigenous, and it also could be used as a hew
therapy world-wide. Finally, the microdevices we developed for isolation rare circulating cells
from blood can be used to harvest many types of cells, including EPCs, mesenchymal stem
cells, hematopoietic stem cells, tumor cells, and pathogens, among others. Thus, this
microfluidic platform could facilitate development of new strategies for patient-specific therapies
for tissue regeneration, as well as cancer, sepsis and other life-threatening diseases.
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. ABSTRACT:

Abdominal adhesions are a major source of morbidity in surgical and gynecological
patients. We have previously shown that murine intra-abdominal adhesions are prevented with
the angiogenesis inhibitorSutent®. We are currently utilizing a pre-clinical leporine model.Our
specific objectives for the past year have been to 1) determine the optimal treatment duration of
Sutent®; 2) evaluate the bowel bursting and incisional abdominal wound strengths following
treatment with Sutent®; and 3) evaluate the effect of Sutent® on uterine function following
uterine abrasion and adhesion formation. The dosage of Sutent®has been established at
10mg/kg/day based on previous experiments. The treatment duration required to prevent
adhesion formation and avoid potential adverse reactions was recently determined. With the
optimal treatment duration established, the bursting strength of bowel anastomoses and the
tensile strength of incisional abdominal wounds were evaluated. In addition, in determining the
efficacy of angiogenesis inhibitors, we are currently evaluating the effect of Sutent® on uterine
function following uterine abrasion and adhesion formation.Following completion of the animal
studies, we will focus on establishing a multi-center clinical trial to evaluate anti-angiogenic
medications on adhesion formation.

II. INTRODUCTION:

Postoperative abdominal adhesions are a major cause of morbidity and mortality in
general and gynecologic surgery patient populations. While adhesions are the number one
cause of bowel obstructions and secondary infertility worldwide, they can lead to prolonged
hospital stays and often additional abdominal operations. In fact, adhesions are responsible for
approximately 1 million inpatient hospital days and $1 billion in hospital costs and healthcare
resources yearly. Several approaches have been attempted to inhibit abdominal adhesion
formation, although most with limited success [1, 2]. For adhesion prevention, we have focused
on tyrosine kinase inhibitors,an FDA approved class of drugs with have both anti-angiogenic
and anti-tumor properties. In clinical practice, these drugs are approved for use in advanced
stages of renal cell carcinoma and imatinib-resistant gastrointestinal stromal tumors. Sunitinib
(sunitinib malate, sutent®, SU11248; Pfizer) is a tyrosine kinase inhibitor which inhibits receptors
for vascular endothelial growth factor(VEGF) and platelet derived growth factor (PDGF). VEGF
has beendemonstrated to be upregulated in adhesion formation.Adhesions form as a result of
altering the normal healing process and all tissues require angiogenesis for wound healing. If
receptors of VEGF were inhibited using an angiogenic inhibitor, such asSutent®, we hypothesize
that postoperative intraabdominal adhesions would be prevented or reduced.



lll. BODY:

Objective: To determine the optimal treatment duration of Sutent® to prevent adhesions and
avoid complications associated with the use of angiogenesis inhibitors.

In prior experiments we used 10 doses (10mg/kg/day), not including the pre-operative
dose (10mg/kg), and found a significant reduction in postoperative abdominal adhesions.
Following these results, we were interested in evaluating whether shorter treatment duration
could prevent adhesions while avoiding potential complications associated with angiogenesis
inhibitors. In the 1* quarter of 2009, we performed the uterine abrasion and bowel anastomosis
procedures on 10 rabbits. Five animals were treated with 10 postoperative Sutent®doses
compared to five non-treated animals. Treated animals had minimal to no adhesions compared
to control animals (see photos below). To determine if altering the treatment duration could
prevent adhesions while avoiding complications associated with angiogenesis inhibitors, the
treatment duration was changed from 10 to 5 days, not including the 1 pre-operative dose
(10mg/kg). We randomly treated 5 rabbits with an experimental dose of Sutent® 10mg/kg/day
for 5 days postoperatively while the remaining rabbits were treated with saline (control). All
rabbits survived the procedure and were sacrificed on postoperative day 10. Adhesions were
gradedand abdominal wounds were collected for further analysis. On sacrifice, the animals
treated with 5 days of Sutent®had greater percentage and tenacity of adhesions compared to
those animals treated with 10days of Sutent®(from prior experiments). Total adhesion scores
were calculated for each rabbit by combining the tenacity and percentage score, as previously
described. See Figure 1 (next page). These results were encouraging, yet suboptimal.

Following the 5-day treatment trail, we chose to evaluate an 8-day treatment duration.
We randomly treated 5 rabbits with an experimental dose of Sutent® 10mg/kg/day for 8
postoperative days while the remaining rabbits were treated with saline. We then repeated the
initial 10-day experiment using Sutent® 10mg/kg/day; the experiment included 9 treated animals
(1 rabbit died due to complications of orogastric gavage) and 10 control animals. All animals
were sacrificed on post-operative day #10, adhesions were graded and abdominal wounds were
collected. Total adhesion scores were calculated for each rabbit by combining the tenacity and
percentage score, as previously described. Findings revealed the animals treated with 8 days of
Sutent®had greater percentage and tenacity of adhesions compared to those animals treated
with 10 days of Sutent®. See Figure 1 (next page).

10



Treated Animal (Sutent x10d) Control Animal

Figure 1: Total Adhesion Score: 10d v 5d v 8d Treatment Duration
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Objective: To evaluate the intestine and incisional abdominal wound strengths following
treatment with Sutent.

The bursting strength of intestinal anastomoses was evaluated to determine if Sutent®
has an effect on intestinal healing. In the 10d vs 5d experiment, we evaluated bursting strength
using a previously established model [3]. The segment of bowel with the anastomosis was
occluded on one end with a bowel clamp while the other end was cannulated with infusion
tubing and held in place. Pressure transducer tubing was inserted distal to the anastomosis and
attached to a monitor (Surgivet V9212AR, Waukesha, WI, USA). Water was then slowly infused
into the bowel and the pressure at which the bowel burst was manually recorded. Preliminary

11



results demonstrated a decreased bursting strength in Sutent® treated animals compared to
controls, regardless of treatment period (10d vs 5d). At the time of sacrifice, the anastomoses
were inspected and there was no evidence of disruption or leak in any animal. See Figure 3
below.

The tensile strength of abdominal wounds was evaluated to determine if Sutent® has a
deleterious effect on wound healing. For ultimate tensile strength measurements, wounds were
analyzed inuniaxial tension on a screw-driven Instron 5542 Load Frame with a 500N load cell
(Instron, Canton, MA) at a constant strain rate of 0.001/s. Results of wound tensile strength are
shown in Figure 3.

Figure 2: Bowel Bursting Strength
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Figure 3: Wound Tensile Strength
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Objective: To evaluate the effect of Sutent® on uterine function following uterine abrasion and
adhesion formation

To determine the efficacy of angiogenesis inhibitors, we proposed to evaluate the effect
of Sutent®on uterine function following uterine abrasion and adhesion formation. Uterine
function, defined as the ability to conceive, gestate, and deliver offspring, will serve as the
primary outcome measure in the evaluation of anti-angiogenic treatment on adhesion formation
following abdominal surgery in rabbits. In order to evaluate functionality, we requested approval
(within the no-cost extension) to breed animals, and then monitor and follow pregnant animals

12



through gestation and delivery. Breeding occurs following the uterine abrasion procedure and
randomized treatment with Sutent®vs vehicle for 10 postoperative days, a duration previously
shown to prevent adhesion formation in these animals.

Preliminary results demonstrate that treatment with Sutent®does not affect the breeding
pattern (e.g gestation, uninterrupted delivery), normal development of the fetus, litter size, and /
or maintenance of normal maternal behaviors. Treated animals have minimal to no adhesions
on necropsy compared to untreated animals with multiple areas of adhesed tissue. Ultrasound
images of fetuses are displayed below, in addition to uteruses post-delivery in treated vs
untreated animals.

LTHORN RABBIT OB 22DAYS RT HORN

Fetus in Left Uterine Horn Fetus in Right Uterine Horn

Uterus from Treated Aimal Uterus from Untreated Animal

IV. KEY RESEARCH ACCOMPLISHMENTS:

1. The optimal dosage and treatment duration of Sutent®are 10mg/kg/d and 10
postoperative days, respectively.

2. Sutent® appears to decrease bowel bursting strength in treated vs untreated animals
3. There is no significant difference in wound tensile strength between groups
4, Based on preliminary results, Sutent® administration following uterine abrasion and

before parturition does not appear to affect breeding pattern, fetal development or
maintenance of maternal behaviors.
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V. REPORTABLE OUTCOMES:

Manuscript: Meisel JA, Le H, de Meijer VE, Puder M. Sunitinib Inhibits Postoperative Adhesions
in a Large Animal Model. To be submitted to British Journal of Surgery.

Presentation: Meisel JA, Le HD, de Meijer, VE, Puder M. Inhibition of Intra-abdominal Adhesion
Formation in a Rabbit Model with the Angiogenesis Inhibitor Sunitinib. American Pediatric
Surgical Association — 40" Annual Meeting, Fajardo, Puerto Rico, May 2009.

Abstract: Fallon EM; Le HD, de Meijer VE, Puder, M. Effect of Anti-Angiogenic Therapy on

Adhesion Formation and Functional Outcome in a Leporine Model. Submitted to the American
College of Surgeons Annual Meeting, October 2010.

VI. CONCLUSIONS:

Sutent®has been shown to significantly reduce postoperative adhesions in murine [4]
and leporine models. The use of angiogenesisinhibitors may be an efficacious strategy to
prevent or treat adhesions following abdominal procedures and improve related morbidity and
mortality. In addition, anti-angiogenic therapy may be beneficial in maintenance of reproductive
uterine function with elimination of adhesion-related uterine complications. Future work will be
directed towards clinical trial development.

"So What Section”

Adhesions are the major cause of intestinal obstruction, which can lead to prolonged
hospital stays and often additional abdominal operations, which perpetuates the problem itself.
Adhesions also increase the morbidity and mortality of each subsequent operation because they
lead to increased blood loss and injury to internal organs. In the United States, the total cost
from complications from adhesions is over $1 billion a year, and accounts for over 846,000
inpatient care days [5]. The prevention of adhesions would profoundly decrease the morbidity
and reduce health care costs across a broad range of medical disciplines [6].
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. ABSTRACT:

We have shown that human endothelial progenitor cells (EPCs) and mesenchymal
progenitor cells (MPCs) can be isolated from blood or bone marrow, expanded ex vivo and used
to build new vascular networks in vivo™ 2. The robust vasculogenesis (defined as de novo blood
vessel formation from progenitor cells) that can be achieved using normal human cells has
brought us closer to our goal of building blood vessel networks from human progenitor cells
obtained without sacrifice of healthy tissues, veins or arteries.

Our specific objectives for the past year have been to 1) improve methods for isolating
and expanding human MPCs, 2) to determine if EPCs and MPCs can be isolated from
cryopreserved blood samples and 3) to determine if EPCs and MPCs can form vascular
networks in regenerating tissues. In regard to Objective 3, during the past two months we have
pursued a liver regeneration model in collaboration with Dr. Puder’s laboratory, because initial
studies with vascularizing skin constructs were not successful. Specific details of our progress
are described below. Objective 3 represents an important culmination of this DOD sponsored
research because it will be important to determine whether or not EPCs and MPCs can form
functional blood vessels in a relevant tissue or organ setting; this will be an important step
beyond our well-established but somewhat artificial Matrigel model.

In studying the time course of blood vessel formation in the Matrigel model, we
discovered a transient incursion of myeloid cells into the Matrigel, and demonstrated a
functional role for these cells®. This provides important information about the role of host cells in
facilitating vessel formation. The work was published in Tissue Engineering in March 20103, A
pdf is included in the report.

II. INTRODUCTION:

Our goal is to build vascular networks from human endothelial progenitor cells (EPCs)
and mesenchymal progenitor cells (MPCs) to re-vascularize damaged tissues and organs. We
envision use of a soldier’'s own EPCs and MPCs for a variety of tissue-engineering (TE)
applications and for tissue regeneration. For TE, vascular networks created from EPCs/MPCs
would be incorporated into TE constructs in vitro such that upon implantation in vivo,
anastomoses with the host circulation would occur rapidly to establish blood flow. For tissue
regeneration in situ, EPCs/MPCs would be delivered to the site in vivo where they would
undergo vasculogenesis, as we have demonstrated can occur in vivo in our Matrigel-based
model system. Our overall hypothesis is that EPCs and MPCs applied to either a TE organ or
to regenerating ischemic tissue will establish an adequate blood supply and thereby promote
resident cells to undergo appropriate tissue development and regeneration. We are testing this
hypothesis in a liver regeneration model with Dr. Puder’s laboratory (Objective 3).
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lll. BODY:

We envision that the beneficiary population would be patients/soldiers with injuries that
require new tissue and/or regeneration. Soldiers are well-suited to this proposed strategy
because our studies have shown that EPCs can be isolated from adult peripheral blood and
MPCs can be isolated from adult bone marrow. Therefore, the cells needed to build new blood
vessels can be isolated without sacrifice of healthy tissue and would be autologous cells, and
thus immune-compatibility would not be a concern. New results performed for Objective 2, and
results from Dr. Juan Melero-Martin’s laboratory, show that EPCs can be isolated from
cryopreserved blood samples. This establishes that blood samples could be stored frozen with
only minimal preparation. EPCs and MPCs could then be isolated at a later date, if and when
they were needed, to treat the soldier. Furthermore, there are new reports in the literature
showing the increasing ease with which EPCs and MPCs can be isolated from relatively small
blood or bone marrow samples, and that EPCs can be obtained from adults up to age 60, even
from individuals with cardiovascular disease* ®. In summary, there is now strong evidence from
multiple laboratories that demonstrate 1) the ability to isolate and expand EPCs from adult blood
and MPCs from adult bone marrow and 2) the ability of these two cells to form functional blood
vessels in vivo in implanted gels of extracellular matrix. The critical, next step will be to
determine if functional vascular networks can be formed in an ischemic or regenerating tissue
and if this results® in improved outcomes.

To address this, we are collaborating with Dr. Puder’s lab to pursue the goals of
Objective 3 using a liver regeneration model that his laboratory has pioneered®. The important
attributes that make the liver regeneration model particularly useful are 1) less tissue necrosis
after partial hepatectomy and 2) immediate initiation of liver regeneration without any
complications of inflammatory reactions. Preliminary results in this model are shown below.

Objectives:

Objective 1 - Determine if we can isolate mesenchymal progenitor cells (MPCs) from
adult peripheral blood.

Dr. Nasreena Bashir has identified Mesencult Media (Stem Cell Technologies) as advantageous
for isolating and expanding human MPCs. We are continuing to test this media for isolating
MPCs from adult peripheral blood.

Objective 2 - Cryopreserve mononuclear cells (MNCs) to determine if EPCs and MPCs
can be isolated from a previously frozen aliquot of human MNCs.

Dr. Bashir has shown that umbilical cord blood samples can be processed to obtain a nucleated
cell fraction and cryopreserved in three different types of typical solutions for cryopreservation.
After storage in liquid nitrogen for 1 or 3 months, samples were thawed and EPCs were readily
obtained. A thorough analysis of EPCs obtained from cryopreserved blood cells has been
conducted by Dr. Juan Melero-Martin, and he has submitted a manuscript for publication.
Therefore, this objective has been achieved for EPCs.

Objective 3 - Test ability of human EPCs and MPCs to migrate into human skin
equivalents and form vascular structures.

We do not have data to report on this but as described in the introduction, we submitted and
received approval (and funds) to test the ability of EPCs and MPCs to form functional vascular
networks in a liver and pancreatic regeneration models in collaboration with Dr. Puder’s
laboratory.
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We hypothesize that delivery of EPCs and MPCs to animals undergoing organ
regeneration will accelerate regeneration by providing building new blood vessels and providing
increased perfusion to the regenerating organ. If this hypothesis is correct, delivery of
EPCs/MPCs could be developed as a novel cell-based strategy for enhancing organ
regeneration in soldiers with organ or tissue damage.

Figure 1 shows preliminary data from the liver regeneration model. The first
experiments have been directed at tracking EPCs alone and EPCs combined with MPCs after
tail vein injection into mice that received partial hepatectomy. EPCs were labeled with firefly
luciferase to enable tracking by bioluminescence imaging. Three experiments have been
conducted thus far. The preliminary results in Figure 1 show a bioluminescence signal
(blue/turquoise) in % mice injected with EPCs and MPCs. The variability of the signal among
the different animals is under investigation. After Day 7, livers were harvested and half of each
was saved to measure the luciferase activity and the remaining half was stained for EPC and
MPC markers with antibodies against human antigens. We are encouraged by this data and will
continue with this Objective for the remainder of the funding period.

IV. KEY RESEARCH ACCOMPLISHMENTS:

1. Published paper showing the transient influx of myeloid cells into Matrigel implants at 2-3
days after in vivo injection and that in vivo depletion of myeloid cells reduced the number of
blood vessels formed at 7 days, indicating a positive, functional role for myeloid cells in building
bio-engineered human blood vessels.

2. Steady improvement on cellular isolation, expansion and cryopreservation techniques for
human EPCs and MPCs

3. Success with in vivo tracking of luciferase-labeled EPCs (Figure 1) in the liver regeneration
model.

V. REPORTABLE OUTCOMES:

Manuscripts published April, 24, 2009-April 23, 2010:

Figure 1: Luciferase-labeled cbEPC and MPC Image

Hjortnaes J, Gottlieb D, Flguelredo JL, localized to the liverfspleen region at Day 4. g

Melero-Martin J, Kohler RH, Bischoff
J, Weissleder R, Mayer J, Aikawa E.
Intravital molecular imaging of small-
diameter tissue-engineered vascular
grafts: A feasibility study.Tissue Eng
Part C Methods.2009 Sep 14. [Epub
ahead of print] PMID: 19751103

Melero-Martin JM, De Obaldia ME,
Allen P, Dudley AC, Klagsbrun M,
Bischoff J. Host myeloid cells are
necessary for creating bio-engineered

human vascular networks in vivo. Luciferase-chEPCs (1. 2 x 10f) and Counts
bone marrow MPCs (1.8 x 108) Color Bar
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Tissue Eng Part A. 2010 Apr 20. [Epub ahead of print]PMID: 20218762

Awards:

**2009 Best Manuscript Award, Circulation Research, award received in November 2009 at the
Circulation Research Editorial Board Meeting, Orlando FL for the following manuscript:

Melero-Martin JM, De Obaldia ME, Kang SY, Khan ZA, Yuan L, Oettgen P, Bischoff J.
Engineering robust and functional vascular networks in vivo with human adult and cord blood-
derived progenitor cells.

Circ Res. 2008; 103(2): 194-202

Invited Presentations related to this project given by Dr. Bischoff between April 24, 2009 -
April 23, 2010

2009 Center for Vascular Remodeling and Regeneration, University of Pittsburgh, Pittsburgh,
PA
May Keynote Speaker

Title: Building Blood Vessels with Human Blood- and Bone Marrow-derived
Progenitor Cells

2009 International Stem Cell Meeting/ Israel Stem Cell Society, Tel Aviv Israel
June Invited Speaker/Plenary Session

Title: Tissue Vascularization using Blood- and Bone Marrow-derived Progenitor
Cells

2009 Buck Institute for Age Research, Novato, CA
Oct  Seminar Speaker

Title: Building Blood Vessels with Human Blood- and Bone Marrow-derived
Progenitor Cells

2009 CardioVascular Institute, Beth Israel Deaconess Medical Center, Harvard Medical
School, MA Dec Seminar Speaker

Title: Building Blood Vessels with Human Blood- and Bone Marrow-derived
Progenitor Cells

2010 Wound Healing Society, Orlando, FL
April  Plenary Session Speaker

Title: Building Blood Vessels with Human Blood- and Bone Marrow-derived
Progenitor Cells

Upcoming Invited presentations related to this project:
2010 Eleventh International Workshop on Scleroderma Research
Boston University, Boston, MA August 1-4, 2010
Invited Speaker
2010 International Society for Applied Cardiovascular Biology
(ISACB), 12th Biennial Meeting, Boston, MA September 22-25, 2010
Invited Speaker
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VI. CONCLUSIONS:

Our in vitro studies performed during this funding year have added practical, useful
information concerning the culture and expansion of human EPCs and MPCs that will enhance
the feasibility of using these cells for clinical application. Our in vivo studies (Objective 3) are
encouraging in that we have an approach to test the ability of the EPCs and MPCs to assemble
into functional vascular networks in regenerating liver. Moving from the Matrigel model to a
tissue/organ model represents a critical step in this project and in eventual translation of this
research to clinical application. We will seek new funding mechanisms, from the DOD or other
funding agencies, to continue this work after the July 31, 2010 termination date.

“So what section”

Our goal is to build vascular networks from human endothelial progenitor cells (EPCs)
and mesenchymal progenitor cells (MPCs) to re-build damaged tissues and organs. We have
shown that human EPCs and MPCs can be obtained from blood or bone marrow and expanded
in the laboratory without difficulty. Our published data demonstrate the vasculogenic capability
of these cells in vivo. In the future, we envision use of a patient’s own EPCs and MPCs for a
variety of tissue-engineering (TE) and regenerative medicine applications. In summary, we
envision our two-cell system as an enabling technology that can be applied to many different
tissues/organs wherein functional blood vessels are needed.

VIl. REFERENCES:

1. Melero-Martin JM, Khan ZA, Picard A, Wu X, Paruchuri S, Bischoff J. In vivo
vasculogenic potential of human blood-derived endothelial progenitor cells. Blood.
2007;109(11):4761-4768.

2. Melero-Martin JM, De Obaldia ME, Kang SY, Khan ZA, Yuan L, Oettgen P, Bischoff J.
Engineering robust and functional vascular networks in vivo with human adult and cord blood-
derived progenitor cells. Circ. Res. 2008;103(2):194-202.

3. Melero-Martin JM, De Obaldia ME, Allen P, Dudley AC, Klagsbrun M, Bischoff J. Host
Myeloid Cells Are Necessary for Creating Bioengineered Human Vascular Networks In Vivo.
Tissue Eng Part A.

4, Reinisch A, Hofmann NA, Obenauf AC, Kashofer K, Rohde E, Schallmoser K, Flicker K,
Lanzer G, Linkesch W, Speicher MR, Strunk D. Humanized large-scale expanded endothelial
colony-forming cells function in vitro and in vivo. Blood. 2009;113(26):6716-6725.

5. Stroncek JD, Grant BS, Brown MA, Povsic TJ, Truskey GA, Reichert WM. Comparison
of endothelial cell phenotypic markers of late-outgrowth endothelial progenitor cells isolated
from patients with coronary artery disease and healthy volunteers. Tissue Eng Part A.
2009;15(11):3473-3486.

6. Alwayn IP, Verbesey JE, Kim S, Roy R, Arsenault DA, Greene AK, Novak K, Laforme A,
Lee S, Moses MA, Puder M. A critical role for matrix metalloproteinases in liver regeneration. J.
Surg. Res. 2008;145(2):192-198.

20



ViIl. APPENDICES:

Pdfs for the following manuscripts:

Melero-Martin JM, De Obaldia ME, Allen P, Dudley AC, Klagsbrun M, Bischoff J. Host
myeloid cells are necessary for creating bio-engineered human vascular networks in vivo.
Tissue Eng Part A. 2010 Apr 20. [Epub ahead of print]PMID: 20218762
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Mayer J, Aikawa E. Intravital molecular imaging of small-diameter tissue-engineered vascular
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Host Myeloid Cells Are Necessary for Creating
Bioengineered Human Vascular Networks In Vivo

Juan M. Melero-Martin, Ph.D., Maria E. De Obaldia, A.B., Patrick Allen, B.S.! Andrew C. Dudley, Ph.D.]
Michael Klagsbrun, Ph.D.;®* and Joyce Bischoff, Ph.D!

The recruitment of myeloid cells has been consistently associated with the formation of new blood vessels during
pathological angiogenesis. However, the participation of myeloid cells in bioengineered vascular networks
remains unclear. Therefore, we tested whether host myeloid cells play a role in the formation of bioengineered
vascular networks that occurs in vivo upon coimplantation of blood-derived endothelial progenitor cells and
bone-marrow-derived mesenchymal progenitor cells, suspended as single cells in Matrigel, into immune-
deficient mice. We observed an influx of spatially organized host CD11b " myeloid cells into the Matrigel implant
1 to 3 days after implantation, which was shown to be cell mediated rather than a nonspecific response. Myeloid
cells were significantly reduced once the implants were fully vascularized at days 6 and 7, suggesting an active
role during steps that precede formation of functional anastomoses and perfused vessels. Importantly, depletion
of circulating myeloid cells resulted in a significant reduction in microvessel density in the implants. In sum-
mary, the recruitment of myeloid cells occurs rapidly after coimplantation of endothelial and mesenchymal
progenitor cells and is necessary for full vascularization in this model. This is the first demonstration of a role for
recruited myeloid cells in the formation of  bioengineered vascular  networks.

Introduction genitor cells (EPCs), there is now a better consensus on the
distinction between the accessory role of myeloid cells and
HE PARTICIPATION OF bone-marrow-derived mononu- the lumen forming, structural role of true EPCs.!® Another
clear cells (MNCs) in pathological neovascularization example of the pro-angiogenic role is the apparent beneficial
has been well studied. For example, numerous clinical and effect of autologous bone-marrow-derived MNCs adminis-
experimental reports have shown that infiltrated accessory tered to ischemic tissues,'*!” findings that have prompted
myeloid cells, including monocyte/macrophages, neutro- clinical trials.'® Finally, myeloid cells have also been shown
phils, eosinophils, mast cells and dendritic cells, actively to influence neo-vessel formation by paracrine mechanisms
contribute to tumor progression by modulating angiogene- ~when recruited to perivascular sites of neovascularization.'?
sis.'® Less well-studied is the role of myeloid cells in non- We and others have proposed the combined use of EPCs
neoplastic neovascularization; however, experimental hind and mesenchymal progenitor cells (MPCs) to engineer vas-
limb ischemia models suggest that the initiation of angio- cular networks in vivo.”*** Here we show for the first time
genesis is related to a neutrophil-mediated increase in matrix  that a population of recruited CD11b™ myeloid cells consti-
metalloproteinases (MMP)-2 and -9 activity.” In other stud- tutes an important cellular component of this vasculogenic
ies, subpopulations of myeloid cells were observed at the tips ~ process and that their recruitment should be considered a
of nascent capillaries in neonatal murine retina® and in ex- necessary step during the early events that take place after
perimental models of growth factor-induced angiogenesis implantation of endothelial and mesenchymal progenitors.
and tissue regenera’rion.g’12 Taken together, these studies
suggest that myeloid cells facilitate the comigration and the Materials and Methods
spatial arrangement of multiple cell types and assist pro-
genitor cells during neovascularization in health and disease.
The pro-angiogenic features of subpopulations of peri- EPC/MPC-driven vasculogenesis in vivo was evaluated
pheral blood MNCs have been recognized,lg"14 and even using a previously described xenograft model 23 Briefly,
though their participation during neovascularization has led = EPCs and MPCs (40:60 ratio; 1.9x10° cells total) were re-
to some confusion over the definition of endothelial pro- suspended in 200 pL of Matrigel and injected subcutaneously

In vivo vasculogenesis assay

Vascular Biology Program and Department of Surgery, Children’s Hospital Boston, Harvard Medical School, Boston, Massachusetts.
Departments of “Cardiac Surgery and *Pathology, Children’s Hospital Boston, Harvard Medical School, Boston, Massachusetts.
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into 6-week-old male athymic nu/nu mice (n1=4 or n=5, as
indicated, for each experimental condition). (The immune-
deficient nu/nu mice are lacking in B-cells.) The following
implants served as controls: (a) Matrigel without cells, (b)
Matrigel with EPCs alone, (c) Matrigel with MPCs alone, and
(d) Matrigel with human MNCs (hMNCs; 3x10° in 200 pL of
Matrigel). Additional controls were performed using mouse
dermal endothelial cells and mouse bone-marrow-derived
MPCs isolated from C57BL/6 mice** (40:60 ratio; 1.9x10°
cells total) injected into either (a) 6-week-old male athymic
nu/nu mouse or (b) 6-week-old male immune-competent
C57BL/6 mice.

Myeloid depletion experiment

Rat Ly-6G (Gr-1) (herein referred to as Gr-1) or control (rat
immunoglobulin G [IgG]2b) antibodies at 200 mg/mouse
were administered intraperitoneally as follows: 2 days before
Matrigel-EPC/MPC implantation, the same day of Matrigel
implantation, and 3 days postimplantation. Each group was
performed with five mice. Myeloid cell depletion was con-
firmed on blood samples by flow cytometry (FC) using Gr-1
antibody. Implants from each group were harvested at days
2 and 7 and analyzed by histology. Blood was withdrawn
from the retro orbital sinus for complete blood count (CBC)
with differential analyses (Department of Laboratory Medi-
cine at Children’s Hospital Boston).

Analysis

The presence of myeloid cells was evaluated by both FC
and immunohistochemistry using antibodies against CD11b
and Gr-1. EPCs were observed using a human-specific anti-
body against CD31 (hCD31). Evaluation of explant micro-
vessel density (MVD) was carried out as described. 2

Statistical analysis

The data were expressed as mean =+ standard error of mean.
Unless otherwise stated, all p-values reported were generated
by two-tailed Student’s unpaired t-tests. Additionally, mul-
tiple comparisons were performed where appropriate by
one-way analysis of variance followed by Tukey’s multiple
comparison tests. p-Values <0.05 were considered statistically
significant.

An Expanded Methods section (Supplemental Material,
available online at www liebertonline.com /ten) describes cell
isolation and expansion, cell retrieval from Matrigel explants,
FC, histology and immunohistochemistry, retroviral trans-
duction, and MVD.

Results
Progressive vascularization of implants

We previously showed that coimplantation of EPCs and
MPCs in Matrigel into immunodeficient mice leads to ex-
tensive networks of human blood vessels with functional
anastomoses to the host circulatory system.”" In particular,
vascular networks contained erythrocytes by day 7 and im-
plants remained vascularized for up to 4 weeks. We have
now studied time points <7 days to analyze cellular events
before the onset of connections between human and murine
vessels. Human EPCs and MPCs were implanted, and ex-

23

MELERO-MARTIN ET AL.

plants examined at daily intervals (n =4, each day) (Fig. 1).
Gross examination at the time of harvest revealed partial
vascularization of some implants (judged by the red color) at
time points earlier than day 7 (Fig. 1A), suggesting that
the formation of functional anastomoses occurs progres-
sively during the first week. Histological analyses supported
progressive appearance of functional blood vessels as shown
by the presence of erythrocyte-filled vessels in hematoxylin
and eosin (H&E)-stained sections and immunohistochemical
staining of the lumenal structures with hCD31 antibody
(Fig. 1B). Some implants showed partial vascularization at
day 3 to 5. Specifically, one of four implants at day 3, two of
four at day 4, and three of four at day 5 were vascularized.
Finally, all implants were perfused at days 6 and 7. Quan-
tification of the average MVD in implants that were vascu-
larized (Fig. 1D) revealed a significant increase between day
5 (37 +11 vessels/mm?, average + standard deviation) and
day 7 (97 £14 vessels/mm?). These results suggested that
from day 5 to 7, vascularization was still in progress.

Early presence of infiltrated host myeloid cells

Histological examination of the implants at daily intervals
also revealed what appeared to be polymorphonuclear leu-
kocytes at day 2 (red arrows in Fig. 1B). These cells were
spatially organized into bundles of cells with some arranged
into cellular cords and/or circular clusters. This observation
suggested an involvement of host-derived leukocytes early
in the vasculogenic process. To confirm the contribution of
murine cells at different stages of vascularization, we im-
planted green fluorescent protein (GFP)-transfected MPCs
together with unlabeled EPCs and examined the explants at
daily intervals (1 =4, each day) (Fig. 2A). This combination
of GFP-MPCs and EPCs allowed unequivocal tracking of
both cell types by confocal microscopy. MPCs were identi-
fied as GFP positive (green staining in Fig. 2A), whereas
EPCs were observed using a hCD31 followed by a Texas
Red-conjugated secondary antibody (red staining in Fig.
2A). This analysis allowed for the identification of unstained
nucleated murine cells that had infiltrated the implants (i.e.,
4 6-diamidino-2-phenylindole (DAPI"), GFP~, and hCD31~
cells in Fig. 2A). Murine cells infiltrated as early as day 1 (Fig.
2A, left panel), with increased abundance at day 2 (middle
panel), and a progressive decrease thereafter. Of note, at day
7, few murine cells remained, and as expected based on our
previous work, EPCs and MPCs were found at lumenal and
perivascular locations, respectively (Fig. 2A, right panel).

To confirm the presence of infiltrated murine leukocytes,
we carried out flow cytometric analysis of the cells re-
trieved from the implants by enzymatic digestion at days 2
and 7. Using a murine-specific antibody against the pan-
hematopoietic marker CD45 (see Supplemental Fig. S1,
available online at www liebertonline.com/ten for antibody
specificity), we found that implants contained 34.2% murine
CD45% (mCD45") cells at day 2. This number dropped to
6.1% by day 7 (Fig. 2B, C), confirming the histological ob-
servation of more murine cells present at the early time
points. At the same time, the percentage of hCD31" cells
(EPCs) increased from 44.7% (day 2) to 54.2% (day 7),
whereas the percentage of hCD90" cells (MPCs) increased
from 18.1% at day 2 to 36.7% at day 7 (Supplemental Fig. S2,
available online at www.liebertonline.com/ten). These increases
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FIG. 1. Time course of bioengineered vascularization. EPCs/MPCs were implanted in nu/nu mice by subcutaneous in-
jection and harvested at daily intervals (1 =4). (A) Macroscopic view of explanted Matrigel (scale bar, 500 pm). (B) H&E and
hCD31 immunohistochemical staining of explants harvested at days 2, 4, and 7. The presence of blood vessels containing
erythrocytes was evident from day 4 (black arrowheads). Both microvessels and individual EPCs (black arrows) stained
positive for hCD31. In addition, day 2 explants contained circular clusters of polymorphonuclear cells (red arrows). Scale bar,
50 pm. (C) High-power image of implant removed at day 2 to show morphology of circular clusters (scale bar, 30 um). (D)
Microvessel density quantification was performed by counting erythrocyte-filled vessels in all implants. Each bar represents
the mean =+ standard deviation (Vessels/mmz) obtained from only vascularized implants. *p < 0.05 compared to implants
harvested at day 5. EPCs, endothelial progenitor cells; MPCs, mesenchymal progenitor cells; H&E, hematoxylin and eosin;
hCD31, human-specific antibody against CD31. Color images available online at www.liebertonline.com/ten.

in the percentages of EPCs and MPCs at day 7 are in part
explained by the less prominent presence of murine hema-
topoietic cells.

To specifically examine the presence of myeloid cells we
used an antibody against mCD11b. Myeloid lineage cells,
including monocytes, polymorphonucleated granulocytes
(i.e., neutrophils, eosinophils, and basophils), and mast cells,!
express CD11b in addition to CD45. In contrast, lymphocytes
(the other major nucleated cell population) are negative for
CD11b, with the exception of natural killer cells. Since all

CD11b" myeloid cells are also CD45", we quantified the
CD11b"/CD45" cell ratio in the implants and compared it
to the ratio found in the peripheral blood of the implant-
bearing mice (Fig. 2B, D) at day 2. The peripheral blood ratio
was 58.2%. In contrast, the implant ratio was 98.1%, indi-
cating that myeloid cells preferentially migrated into the
implants during the early days of the vasculogenic process.
Immunostaining with an antibody against CD11b (see Sup-
plemental Fig. S3, available online at www liebertonline.com/
ten for controls) supported the observation that infiltrated
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FIG. 2. Early infiltration of host myeloid cells. Matrigel implants containing EPCs and either GFP-MPCs (A) or unlabeled
MPCs (B-E). (A) Confocal microscopy of immunostained sections from implants harvested at different time points (green,
red, and blue staining correspond to GFP, hCD31, and DAPI, respectively). Host cells (DAPI", GFP~, hCD31~; white
arrowheads) were first seen at day 1 (left panel), were abundant at day 2 (middle panel), and declined thereafter. Perfused
human vessels (white arrows) were observed at day 7 with EPCs (red) and MPCs (green) found at lumenal and perivascular
locations, respectively (right panel). Scale bar, 50 pm. (B, C) Flow cytometry analysis of cells obtained from both implants and
peripheral blood were carried out at days 2 and 7 (1 =4 at each time point) with antibodies against mCD45 and mCD11b.
Representative dot-plot diagrams from day 2 are depicted. Red box shows region of nonstained hematopoietic cells. (C)
Quantitative analyses showed that the number of infiltrated mCD45" cells at day 2 was significantly higher than at day 7
(*p <0.05, n=4). (D) Quantitative analyses at day 2 revealed that the ratio CD11b*/CD45" cells in the implants was
significantly higher than in peripheral blood (*p < 0.05, n=4). (E) The presence and absence of myeloid cells at days 2 and 7,
respectively, were confirmed using antibodies against CD11b and Gr-1. Images at each time point are representative of
implants harvested from four different mice (scale bars, 50 um). GFP, green fluorescent protein; mCD45, murine CD45; IgG,
immunoglobulin G; FITC, fluorescein isothiocyanate. DAPI, 4',6-diamidino-2-phenylindole; FL1-H, fluorescence channel-1
for FITC; SSC-H, side light scatter. Color images available online at www liebertonline.com/ten.
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CD11b™ cells were abundant at day 2 but barely detectable at
day 7 (Fig. 2E). In fact, the low detection of CD11b™ cells
throughout the tissue at day 7 suggested that the number of
CD11b™" found by FC (Fig. 2C) likely corresponded to mye-
loid cells present in the peripheral blood in the implant
vessels. Similar results were found using an antibody against
Gr-1, a marker shared by granulocytes and some mono-
cytes." Infiltrated Gr-1" cells were abundant at day 2 but
less so at day 7 once the implants became fully vascularized
(Fig. 2E).

To elucidate the cellular components of the implant re-
sponsible for the early infiltration of murine myeloid cells,
we compared the following (1 =4 for each group): (a) our
standard EPCs/MPCs in Matrigel, (b) Matrigel without cells,
(c) EPCs alone in Matrigel, (d) MPCs alone in Matrigel, and
(e) hMNC alone in Matrigel. Histological and anti-CD11b
staining of the explants at day 2 revealed that both EPCs and
MPCs alone were able to instigate the recruitment of myeloid
cells (Fig. 3). In contrast, implants with Matrigel alone
showed minimal cell infiltration, suggesting that Matrigel
itself was inert and the presence of infiltrated myeloid cells
was cell mediated. Medium components such as fetal bovine
serum in the implant did not cause myeloid cell recruitment,
since Matrigel implants spiked with culture medium also
lacked murine cell infiltration (data not shown). To elucidate
whether the recruitment of myeloid cells was due to the fact
that our model uses human cells, hMNCs in Matrigel were
tested, but showed no signs of CD11b" murine cell infiltration
by immunostaining (Fig. 3) or by FC (not shown). Thus, the
lack of mCD11b* cells indicated specificity; human cells
per se were not sufficient to instigate the recruitment of host
myeloid cells into Matrigel. In another test, we substituted
human EPCs and MPCs with murine dermal endothelial
cells and murine MPCs, both cell types isolated from
C57BL/6 mice,** and implanted into either nu/nu mice
(Fig. 3 bottom panels) or into immune-competent C57BL/6
mice (n=4 each group; see Supplemental Fig. S4, available
online at www liebertonline.com/ten). At day 2, implants
from both groups of mice presented a large number of in-
filtrated myeloid cells as observed by H&E and CD11b
staining, again indicating that recruitment was not due to a
reaction against human cells, or a consequence of using im-
mune-deficient mice as an animal model.

MMP-9 and -2 expression by infiltrated
murine myeloid cells

The infiltration of myeloid cells at sites of neovascular-
ization has been associated with expression of MMPs. To
investigate whether the infiltrated myeloid cells expressed
MMP-9 and -2, we carried out double-label immunofluo-
rescence (CD11b/MMP-9 and CD11b/MMP-2) on sections
taken from explants at days 2 and 7. As depicted in Figure 4,
CD11b™ cells expressing MMP-9 were very abundant at day
2, but negligible at day 7 (the fluorescent signal detected
within the lumen of multiple blood vessels at day 7 was an
artifact caused by erythrocyte autofluorescence). Expression
of MMP-2 by some infiltrated CD11b™ cells was also evident
at day 2, although MMP-9-expressing cells appeared to pre-
dominate. Expression of both CD11b and MMP-2 at day 7
was absent, suggesting the absence of infiltrated myeloid
cells at later stages of the vasculogenic process. Control
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FIG. 3. Cell-mediated infiltration of CD11b™ cells. Matrigel
implants containing either EPCs and MPCs, no cells, EPCs
alone, MPCs alone, human MNCs alone, or mDECs and
mMPCs. Implants were harvested at day 2 (n=4) and
stained by H&E (left column) and CD11b immunohisto-
chemistry (right column). Images are representative of ex-
plants harvested from four different mice (scale bars, 50 pm).
MNCs, mononuclear cells; mDECs, mouse dermal endothe-
lial cells; mMPCs, mouse bone-marrow-derived mesenchy-
mal progenitor cells. Color images available online at
www liebertonline.com/ten.
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FIG. 4. MMP-9 and -2 ex-
pression by infiltrated mye-
loid cells. Matrigel implants
containing EPCs and MPCs
were harvested at day 2 (left
column) and day 7 (right col-
umn). Double immunofluo-
rescent staining was carried
out using antibodies against
MMP-9 (green) and CD11b
(red) or MMP-2 (green) and
CD11b (red) (top and bottom
panels, respectively). Con-
focal microscopy revealed
abundant CD11b™" cells ex-
pressing MMP-9 at day 2,
and negligible expression at
day 7. Expression of MMP-2
by some infiltrated CD11b"
cells was also evident at day
2, but absent at day 7. The
fluorescent signal detected
within lumens at day 7 was
due to erythrocyte auto-
fluorescence (asterisks). Ima-
ges at each time point are
representative of implants
harvested from four different
mice (scale bars, 50 um).
MMP, matrix metalloprotei-
nase. Color images available
online at www liebertonline
.com/ten.

MMP-9/CD11b/DAPI

MMP-2/CD11b/DAPI

staining for MMP-9 and -2 expression was carried out with
sections from mouse liver and spleen (Supplemental Fig. S5,
available online at www .liebertonline.com/ten).

Depletion of circulating myeloid cells
impairs vasculogenesis

To elucidate whether the infiltrated myeloid cells are
necessary during the vascularization process, we imple-
mented a strategy that has proved effective in the depletion
of circulating Gr-1" cells from the peripheral blood of mice.*®
Two groups of mice (n=>5 each) were given, by intraperi-
toneal injection, 200 mg/mouse of either anti-Gr-1 or IgG
control antibodies 2 days before, the day of, and 3 days after
EPCs/MPCs implantation (Fig. 5A). The successful depletion
of Gr-17 cells from the mouse peripheral blood is shown in
Figure 5B by FC analysis: IgG-treated mice presented 57.3%
Gr-1" cells at day 2, whereas the aGr-1-treated group had
only 7.9%. Myeloid depletion was also evident from the CBC
with differential analyses of the blood from each group of
mice. The CBC showed a significantly reduced level of both
neutrophils and monocytes in the aGr-1-treated group (see
full analysis in Supplemental Fig. S6, available online at
www.liebertonline.com/ten). Depletion of circulating mye-
loid cells affected the number of infiltrated CD11b™ cells seen
in the implants. As expected, both H&E- and CD11b-stained
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Day 7

sections of explants harvested at day 2 from the IgG-treated
mice showed abundant and uniform presence of infiltrated
myeloid cells (Fig. 5C). In contrast, the number of infiltrated
CD11b cells in the aGr-1-treated group was significantly
reduced and their presence was limited to the periphery of
the implants, suggesting that remaining circulating myeloid
cells were insufficient to infiltrate the implant. This pattern of
impaired myeloid cell recruitment correlated with expression
of MMP-9 as observed by immunofluorescent staining: IgG-
treated mice showed uniform expression of MMP-9, whereas
implants from oGr-1-treated mice showed MMP-9 limited to
the periphery (Fig. 5D, E).

We then evaluated the effect of myeloid cell depletion on
the formation of blood vessels at day 7. As expected, sys-
temic treatment with IgG had no detrimental effect on the
formation of vascular networks. A large number of human-
specific lumenal structures containing erythrocytes were
observed in H&E- and hCD31-stained sections; however,
explants taken from the oGr-1-treated mice showed a re-
duction in the number of blood vessels (Fig. 6). MVD
quantification revealed a statistically significant (p=0.01)
reduction of 52.8% in the number of blood vessels found in
the oGr-1-treated mice (33 4 8 vessels/mm?) as compared to
the IgG-treated mice (71+9 vessels/mm?), indicating that
depletion of circulating myeloid cells impaired the process of
vasculogenesis.
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implants containing EPCs and MPCs were injected subcutaneously and harvested at days 2 and 7 (n =5). (B) Flow cytometry
analyses of peripheral blood MNCs from implant-bearing mice were carried out with anti-Gr-1 to confirm myeloid depletion.
Representative dot-plot diagrams from day 2 analyses are depicted. Red boxes indicate region of Gr-1-positive cells.
Quantitative cytometric analyses from both groups of mice (1 =5) were compared at days 2 and 7 (*p < 0.05; n=5). (C) H&E
and CD11b immunostaining carried out at day 2 showed a reduced number of infiltrated CD11b™ cells in the aGr-1-treated
group compared to IgG-treated mice (scale bars, 50 pm). (D, E) Immunostaining carried out at day 2 showed that infiltrated
MMP-9" cells were reduced and preferentially located in the periphery of the implants in the aGr-1-treated group; in contrast,
MMP-97 cells were abundant and uniformly distributed in implants from IgG-treated mice (E: scale bars, 200 pm; D: scale
bar, 50 pm). D: White dashed line indicates demarcation between the center and periphery of the Matrigel implant. All images
are representative of implants harvested from five different mice. Color images available online at www. liebertonline
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Discussion

Since EPCs were first identified in peripheral blood,”
there has been great motivation to apply these cells to new
therapies for vascularization. Recently, we and other authors
have proposed the combined use of EPCs and perivascular
cells to engineer vascular networks in viv0,%*2 but none of
these studies investigated the participation of host cells as the
nascent vessels form.

Using our vasculogenic model of subcutaneous coimplanta-
tion of human EPCs and MPCs into immune-deficient mice,
we examined the contribution of host cells from the time of
subcutaneous injection to the time at which blood vessels
were fully formed. As expected, the formation of functional
anastomoses was found to be progressive: perfused blood
vessels were seen in the implants as early as day 3 (partial)
with full vascularization achieved by day 7.*' These results
were similar to those reported by other authors using dif-
ferent perivascular cells®”**; however, it was the examination
of early time points, before the appearance of perfused ves-
sels, that revealed an abundant and unexpected presence
of infiltrated murine myeloid (CD45%, CD11b*, Gr-1") cells.
The myeloid cells were spatially organized in bundles and
arranged into cellular cords and/or circular clusters. Two
important aspects of our initial observations are the follow-
ing: (1) the proportion of CD11b*/CD45" was significantly
higher in the implants (98%) than in peripheral blood (57%),
suggesting recruitment of myeloid cells rather than a non-
specific diffusion of total white blood cells from potentially
leaky vasculature, and (2) the presence of infiltrated myeloid
cells was temporary; their disappearance coincided with the
onset of anastomoses formation.

Even though myeloid cells have frequently been observed
at sites of neovascularization, their presence often provokes
debate about possible nonspecific inflammatory reactions. In
this regard, we have demonstrated that the recruitment of
host hematopoietic cells was specific and cell mediated based
on the following observations: (1) both EPCs and MPCs,
independently and in combination, were able to recruit

FIG. 6. Effect of myeloid cell
depletion on posttransplanta-
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mCD11b™ cells to the Matrigel implant; (2) there was no such
recruitment when Matrigel alone (with and without culture
medium) was injected or when hMNCs were implanted; (3)
murine endothelial and mesenchymal cells produced re-
cruitment of myeloid cells similar to the human counterparts,
ruling out the possibility of an inflammatory reaction driven
by species differences. Past studies have shown that the role
of recruited myeloid cells at sites of neovascularization is
often multifaceted, and their presence has been associated
with the production of vast array of pro-angiogenic cytokines
and vascular-modulating enzymes, including MMPs.'*2%2°
In this context, we found that the large majority of infiltrated
CD11b™" cells uniformly expressed MMP-9, and to a lesser
extent MMP-2. The potential for MMP-mediated matrix
remodeling may in part explain the necessity of early host
cellular support. Collectively, these observations suggest a
purposeful recruitment of host circulating CD11b™ cells by the
implanted vasculogenic cells. Further work is needed to elu-
cidate the molecular mechanism by which myeloid cells are
recruited during the early steps of bioengineered vasculo-
genesis.

The definitive confirmation of active myeloid cell partici-
pation was found by carrying out depletion experiments.
By significantly reducing the number of circulating myeloid
cells available in the peripheral blood, implants recruited
fewer CD11b" cells. Importantly, this reduction in myeloid
cells correlated with a significant decrease in the number of
perfused blood vessels found at day 7 (53% reduction in
implants from myeloid-depleted mice). This finding clearly
indicated an active and necessary involvement of host my-
eloid cells since their absence led to impaired (or at least
delayed) vasculogenesis. In previous work, we showed that
optimal vasculogenesis occurs when EPCs are combined
with an appropriate source and proportion of perivascular
cells (e.g., MPCs), and that neither cell type alone can produce
high MVDs in Matrigel.”! We have now found that both cell
types are capable of host myeloid cell recruitment and this
recruitment is necessary, but not sufficient to achieve rapid
neovascularization at high density.

tion vascularization. (A) Im- A
plants harvested at day 7 from

IgG treated

aGr-1 treated

both aGr-1- and IgG-treated
mice. H&E and hCD31 im-
munohistochemistry revealed
a reduced number of blood
vessels (arrowheads) in the
aGr-1-treated group. Images
are representative of implants

H&E

— - 100

80 1

60 1

harvested from five different
mice (scale bar, 50 um). (B)
Microvessel density quantifi-
cation of aGr-1-treated mice as
compared to the IgG-treated
animals. Each bar represents
the mean + standard deviation

hCD31
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*

20 1
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n=>5). Color images available
online at www liebertonline
.com/ten.
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MYELOID CELLS IN VASCULOGENESIS

In summary, we demonstrate for the first time that a popu-
lation of recruited CD11b™ myeloid cells plays an active role in
the formation of bioengineered vascular networks using EPC
and MPC. Myeloid cells were found to be increased at early
time points, but their number was reduced when functional
anastomoses between the newly formed lumens and the host
circulation formed. Depletion of myeloid cells from peripheral
blood before implantation resulted in a reduced number of
blood vessels, indicating that the presence of myeloid cells is a
necessary step during the early stages of vasculogenesis.
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Intravital Molecular Imaging of Small-Diameter
Tissue-Engineered Vascular Grafts in Mice:
A Feasibility Study

Jesper Hjortnaes, B.Sc.,"" Danielle Gottlieb, M.D. 2" Jose-Luiz Figueiredo, M.D.,
Juan Melero-Martin, Ph.D. 2 Rainer H. Kohler, Ph.D.," Joyce Bischoff, Ph.D.?
Ralph Weissleder, M.D., Ph.D., John E. Mayer, M.D.? and Elena Aikawa, M.D., Ph.D!

Objectives: Creating functional small-diameter tissue-engineered blood vessels has not been successful to date.
Moreover, the processes underlying the in vivo remodeling of these grafts and the fate of cells seeded onto
scaffolds remain unclear. Here we addressed these unmet scientific needs by using intravital molecular imaging
to monitor the development of tissue-engineered vascular grafts (TEVG) implanted in mouse carotid artery.
Methods and Results: Green fluorescent protein-labeled human bone marrow—derived mesenchymal stem cells
and cord blood—-derived endothelial progenitor cells were seeded on polyglycolic acid—poly-L-lactic acid scaf-
folds to construct small-caliber TEVG that were subsequently implanted in the carotid artery position of nude
mice (1 =9). Mice were injected with near-infrared agents and imaged using intravital fluorescence microscope
at 0, 7, and 35 days to validate in vivo the TEVG remodeling capability (Prosense680; VisEn, Woburn, MA) and
patency (Angiosense750; VisEn). Imaging coregistered strong proteolytic activity and blood flow through
anastomoses at both 7 and 35 days postimplantation. In addition, image analyses showed green fluorescent
protein signal produced from mesenchymal stem cell up to 35 days postimplantation. Comprehensive correl-
ative histopathological analyses corroborated intravital imaging findings.

Conclusions: Multispectral imaging offers simultaneous characterization of in vivo remodeling enzyme activity,
functionality, and cell fate of viable small-caliber TEVG.

Introduction cells produce their own extracellular matrix proteins. Many
differentiated and progenitor cell types have been utilized for
N ESTIMATED 80,000 PATIENTS PER YEAR in the United cell seeding: autologous endothelial progenitor cells (EPCs)
States alone are not able to undergo coronary artery and bone marrow—derived mesenchymal stem cells (MSCs)
bypass grafting due to lack of suitable autologous vesselsand  have been utilized in this report and others,” as they provide
poor function of currently available small-diameter synthetic ~ antithrombotic and extracellular matrix—producing functions,
vascular grafts.1 Current synthetic grafts, made of nonde- respectively, thereby resembling the native cell types found in
gradable synthetic materials, have been used as vascular a small-diameter artery.é’s’9 After an in vitro stage of tissue-
conduits in cardiovascular surgery. However, the small- engineered construct conditioning,'® the vascular construct
caliber grafts have shown shortcomings, including thrombus  can be implanted, followed by an in vivo stage of scaffold
formation resulting in poor patency rates, infection, and lack  degradation and tissue remodeling intended to recapitulate
of growth and remodeling potential.> Small-caliber tissue- normal tissue architecture and function.'' Although the
engineered vascular grafts (TEVGs) are being developed to  functional feasibility of using TEVGs has been established,>'?
overcome these limitations to create living autologous struc-  the mechanisms underlying formation of neovascular tissue
tures that are biocompatible and tailor-made, and that may and the remodeling of these grafts remain unclear.
exhibit the capacity to grow and remodel.’ Molecular imaging techniques have been used to investi-
A common approach begins with a biodegradable syn- gate a number of different biological processes in vivo.'>'*
thetic preshaped carrier or scaffold,* formed like an artery, Remodeling of neovascular tissue is mirrored by the degra-
which is seeded with cells.>® This scaffold functions as a dation and synthesis of extracellular matrix and has shown to
temporary matrix for cell support and anchorage until seeded  be largely mediated by matrix-degrading enzymes (matrix

1Center for Molecular Imaging Research, Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts.
2Children’s Hospital, Harvard Medical School, Boston, Massachusetts.
*These two authors contributed equally to this work.
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metalloproteinases [e.g., MMP-1, MMP-2, MMP-9, and MMP-
13] and cysteine proteases [e.g., cathepsins S, K, and B]). Ac-
tivated vascular cells overexpress MMPs and cathepsins,
which, depending on the experimental or clinical scenario,
may represent ongoing tissue development, remodeling, or
disease progression.!>¢ Using molecular imaging ap-
proaches, we recently detected endothelial cell activation,
MMP, and cathepsin activity in normal and atherosclerotic
mouse aortas and aortic valves.'>!” Current imaging modal-
ities are able to detect in vivo expression and activity of
molecules responsible for vascular remodeling and can
monitor remodeling of native vascular tissue in individual
patients.'®"?

Considerable research in the field of tissue engineering has
relied on using large animal models;??! which are intrinsi-
cally limited by the lack of genetically modified strains re-
sulting in an inability to investigate tissue engineering (TE)
applications of human-derived cell sources. Several studies
have also demonstrated the feasibility of utilizing immuno-
deficient mice as a reliable tool to study small-caliber
TEVGs.?>?* However, these studies have not addressed
important questions regarding the late fate of engrafted cells
and in vivo TEVG remodeling over time. A recent report used
magnetic resonance imaging to monitor TEVGs seeded with
iron-oxide nanoparticle-labeled cells.”> While this study
provided important functional and anatomical information,
it did not offer biological information at the cellular and
molecular levels.

The inability to understand real-time dynamic remodeling
processes and cellular changes in tissue engineered structures
accounts for the limited knowledge in the field. In the present
study, we used a small animal model and different imaging
tools to address the specific questions concerning TEVG mat-
uration in vivo. We aimed to investigate the dynamic re-
modeling capability of TEVGs by observing in vivo proteolytic
enzyme activity otherwise undetectable by conventional im-
aging modalities. This method additionally offers the advan-
tage of data collection in real time, without animal sacrifice.
The secondary goal of this study was to trace in vivo the fate of
engrafted cells. The results of the present study provide new
insights into biology of implanted TEVGs and may aid in the
exploration of novel diagnostic imaging strategies.

HJORTNAES ET AL.

Materials and Methods
Study design

TEVGs (1 mm diameter) were made from 50% polyglycolic
acid (PGA), 50% poly-L-lactic acid (PLLA) nonwoven scaf-
folds, seeded with green fluorescent protein (GFP)-labeled
human bone marrow-derived MSCs and EPCs. They were
subsequently implanted into carotid arteries of nude mice
(n=9) and evaluated using intravital molecular imaging and
histological approaches (Fig. 1). To target key molecular pro-
cesses involved in tissue remodeling of implanted grafts, we
used Prosense680 (VisEn, Woburn, MA) to image cathepsin
protease activity. Intravital Microscopy (IV100; Olympus,
Tokyo, Japan) was performed postoperative follow-up on
mice with implanted grafts, who were anesthetized with 2%
isofluorane anesthesia at the time of implantation (1 =3) and
after 7 (n=3) and 35 (1 =3) days postimplantation. After im-
aging, mice were euthanized and the grafts were explanted for
histological evaluation. All experimental procedures were
approved by Institutional Animal Care and Use Committee of
Children’s Hospital.

Tissue engineering of vascular graft

Cells. Human MSCs were isolated from the mono-
nuclear cell fraction of a 25 mL commercially available hu-
man bone marrow sample (Lonza, Walkersville, MD).? Cells
were seeded on 1% gelatin—coated tissue culture plates using
endothelial growth medium (EGM-2) (except for hydrocor-
tisone, vascular endothelial growth factor, beta fibroblast
growth factor [BFGF], and heparin; Lonza), 20% fetal bovine
serum (FBS) (Hyclone, Logan, UT), 1x glutamine—penicillin—
streptomycin (GPS; Invitrogen, Carlsbad, CA), and 15% au-
tologous plasma. Unbound cells were removed at 48h, and
the bound cell fraction maintained in culture until 70%
confluence using MSC medium: EGM-2 (except for hydro-
cortisone, vascular endothelial growth factor, BFGF, and
heparin), 20% FBS, and 1x GPS. Thereafter, MSCs were
subcultured on fibronectin-coated (1 pg/cm? Chemicon In-
ternational, Temecula, CA) plates using MSC medium. MSCs
between passages 4 and 9 were used for all the experiments.
The characterization of the MSCs was performed as de-

nvitro TN Vivo
T=1 » T=0 > T=1 » T=
Group |
FIG. 1. Study design. In vitro (n=3TEVG) E
phase—T = —1: cell isolation, ' !
tissue-engineered vascular con- i |
struct creation. In vivo phase— E
T =0: preimplantation; T=1: 7 Group I —_— 5
days; T=2: 35 days post- (n=3 TEVG) ' i
implantation. Color images avail- i |
able online at www liebertonline :
.com/ten. i
Group Il ! !
(n=3 TEVG) A a—— — ——— %
Imaging Imaging Imaging
Histoloay Histology Histology
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scribed in previous studies.?**” The Harvard Committee on
Microbiological Safety approved a protocol to work with
human bone marrow—derived MSCs.

Retroviral transduction of MSCs. GFP-labeled cells were
generated by retroviral infection with a pMX-GFP vector
using a modified protocol from Kitamura et al.*® Briefly,
retroviral supernatant from HEK 293T cells transfected with
Fugene reagent was harvested, and MSCs (1 x 10° cells) were
then incubated with 5mL of virus stock for 6h in the pres-
ence of 8 ug/mL polybrene. GFP-expressing cells were sorted
by fluorescence-activated cell sorting (FACS), expanded un-
der routine conditions, and used for in vivo experiments.

Isolation and culture of EPCs. Human umbilical cord
blood was obtained from the Brigham and Women’s Hospital
in accordance with an Institutional Review Board-approved
protocol. EPCs were isolated from the mononuclear cell
fraction of cord blood samples, and purified using CD31-
coated magnetic beads as previously described.” EPCs were
subcultured on fibronectin-coated plates using EPC medium:
EGM-2 (except for hydrocortisone) supplemented with 20%
FBS (Hyclone), 1x GPS. EPCs between passages 5 and 7 were
used for all the experiments.

Scaffold. Imaging studies of complex tissues require use
of polymers with minimal autofluorescent potential in 488,
633, and 748nm wavelength channels. We, therefore, first
imaged several scaffold candidates (PGA-PLLA; Concordia,
Coventry, RI; poly-4-hydroxybutyrate [P4HB] and P4HB-
film; Tepha, Lexington, MA) without cell seeding. The gray
values in all channels were subsequently quantified and
subjected to statistical analysis using analysis of variance to
compare differences between groups (p <0.05). The differ-
ence between P4HB and P4HB-film is that the nonwoven
mesh is extruded as fibers and then laid into a mesh, and the
film is melted into a film. The mesh is very porous and the film
is essentially nonporous. In addition, the PAHB-film produces
high fluorescence signals in all channels, and therefore could
not be used for imaging. In contrast, the PGA-PLLA scaffold
showed minimum fluorescence as validated by quantification
analysis (Fig. 3) and as such was selected as the candidate for
this imaging study. In addition to low autofluorescence, the
PGA-PLLA polymers have sufficient tensile strength for im-
plantation into the circulation® and acceptable biomechanical
properties, porosity and biocompatibility, to function as an
arterial graft as previously described.”1%2° We therefore
constructed the small-diameter biodegradable tubular scaf-
folds using 50% PGA, 50% PLLA nonwoven polymers. Nine
tubular scaffolds of ~1mm in inner diameter, ~1.3 mm in
outer diameter (comparable to carotid artery diameter of
mouse model), and 5mm in length were constructed.

Construct development. PGA-PLLA scaffolds were can-
nulated with a plastic cannula (Angiocath, 20G; Wilburn
Medical, Kernesville, NC) and sterilized via ethylene oxide
gas. Scaffolds were prewet with 70% ethanol, washed x3 with
sterile phosphate-buffered saline (PBS), and then incubated in
a solution of FBS and antibiotics (10x) for 2-3h while cells
were prepared. MSC/EPC coculture was initially seeded in a
ratio of 3:1 onto the scaffold by directly pipetting cells onto the
scaffold, and then changing medium daily. One end of the

scaffold was occluded with a sterile surgical clip and pipetting
the cell suspension into the lumen through the opposite end.
After the initial seeding period, each graft was incubated
for 9 days in 80mL of Dulbecco’s modified Eagle’s me-
dium (DMEM) with 20% FBS, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 2ng/mL PBFGF,
80 png/mL of ascorbic acid-2-phosphate, and 1x antibiotic/
antimycotic, which was changed every 3-4 days. The angio-
catheter was replaced in the lumen on culture day 9 to prevent
occlusion due to cellular ingrowth. On culture day 10, the
angiocatheter was removed and ~ 6x10° EPCs were pipetted
into the lumen of the graft by applying a surgical clip to one
end of the graft, pipetting cells into the lumen, and then
applying a clip to the other end of the graft. To allow for
endothelial cell adhesion, the graft sat for 10 min before sub-
mersion in medium, 24 h before surgical implantation.'**

Surgical implantation of TEVGs in nude mice

TEVGs were implanted in the right common carotid artery
of 12-week-old nude mice under 2% isofluorane anesthesia.
A right longitudinal cervicotomy was made; using a dis-
secting microscope, the right common carotid artery was
then separated from the left vagus nerve using fine-tipped
dissecting forceps. Two vascular clamps were used to stop
the carotid artery flow; a proximal clamp was placed 10 mm
from the bifurction of the common carotid artery, and a
distal clamp was applied at the bifurcation. After flow was
occluded, the right common carotid artery between the two
clamps was excised and replaced with the TEVGs, via end-
to-end anastomoses created using 10-0 monofilament nylon
sutures. The wound was closed with running 7-0 prolene
sutures. There were no known complications or mortality
during the surgical graft implantation.

Near-infrared imaging agents

Remodeling potential. The activity of matrix-degrading
enzymes in the TEVGs was assessed by a near-infrared (NIR)
protease-activatable imaging probe (Prosense; ex 680; VisEn)
injected intravenously 24 h before imaging (2 nmol/150 pL in
PBS). The agent has been validated in a mouse model for
tissue remodeling that revealed activity of cysteine proteases
(predominantly cathepsin B).'”” These quenched substrate
probes produce negligible fluorescence at baseline because
of closely spaced fluorochromes. However, on protease-
mediated cleavage and fluorochrome release, the NIR signal
increases by ~200-fold.

Function. Blood pooling NIR fluorescence imaging probes
have been widely used to image the vasculature of different
organs in various disease processes,*® serving as a tool for
studying coronary circulation and cardiac function.*" In
general, these agents circulate in the blood up to 2h, allow-
ing the imaging of vessels. We used blood pooling NIR agent
to assesses the blood flow through surgical anastomoses
(Angiosense; ex 750; VisEn) injected at the time of imaging
(10nmol/150 uL in PBS).

Microscopic laser scanning fluorescence imaging

Microscopic fluorescence imaging was performed with a
laser scanning fluorescence microscope specifically developed
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for imaging small experimental animals (IV100; Olympus).
We first imaged unimplanted seeded scaffolds to detect initial
cellular GFP signal. Then, mice were imaged at time 0 (n =3),
7 (n=3), and 35 (n=23) days after TEVG implantation. Mice
were injected via tail vein with Prosense680 (VisEn) 24 h be-
fore imaging and with Angiosense750 (VisEn) during imag-
ing. TEVGs were excited at 488, 633, and 748 nm and images
collected in three separate channels using dichronic mirror
SDM 570 ad SDM 750 and emission filters BA 505-550 for
GFP, BA 650-700 for Prosense680, and BA 770 LP for An-
giosense750. Images of 512x512 pixels with a pixel size of
2.75x2.75 ym/pixel were collected with the FluoView300
software program (Olympus) and stored as multilayer, 16-bit
tagged image file format (TIFF) files as previously described
by our group.'>* To avoid cross talk between channels, im-
age collection was done serially. Images were processed and
analyzed with Image] computer software (version 1.41; Be-
thesda, MD). After in vivo imaging, TEVGs were excised for
direct NIR fluorescence microscopy and histopathological
analyses. All imaging procedures were approved by the
subcommittee on Research Animal Care at Massachusetts
General Hospital.

Correlative histological assessment

Morphological characterization. Tissue samples were fro-
zen in optimal cutting temperature (OCT) compound (Sakura
Finetech, Torrance, CA), and 5pum serial sections were cut
through the TEVGs. All grafts were stained with hematoxylin

HJORTNAES ET AL.

and eosin for general morphology, Masson trichrome stain for
collagen organization, and von Geison for elastin formation.

NIR fluorescence microscopy. We performed direct NIR
fluorescence microscopy to validate GFP signal and proteo-
lytic activity, representing the remodeling process. Fresh
cryosections through TEVGs were imaged with an upright
epifluoresence microscope (Eclipse 80i; Nikon Instruments,
Melville, NY) with a cooled CCD camera (Cascade; Photo-
metrics, Tucson, AZ). Fluorescence images were then ob-
tained for GFP signal using filter (480 +20 nm excitation and
535 +25nm emission) and for Prosense with filter (650 +
22.5nm excitation and 710 4 25nm emission). The exposure
time ranged from 200 to 500 ms.

Immunohistochemistry. To validate the cellular pheno-
type and proteolytic enzyme expression, immunohistochem-
istry for myofibroblasts (a-smooth muscle actin, 1A4; Dako,
Carpinteria, CA), endothelial cells (anti-mouse CD31 and
anti-human CD31; Dako), mouse macrophages (mac-3; BD
Biosciences, San Jose, CA), cathepsin B (goat polyclonal anti-
bodies; Santa Cruz Biotechnology, Santa Cruz, CA), and ge-
latinases (polyclonal rabbit anti-mouse MMP-2 and MMP-9;
Chemicon International) was used. The avidin-biotin peroxi-
dase method was performed for immunohistochemistry. The
reaction was observed with a 3-amino-9-athyl-carbazol sub-
strate (AEC Sigma Chemical, St. Louis, MO), which yielded
red reaction products. Images were captured with a digital
camera (Nikon DXM 1200-F; Nikon Instruments).

FIG. 2. MSC characterization preseeding. (A) Phase contrast photomicrograph shows morphology of MSCs; (B) MSC
immunostaining with a-SMA; (C) MSC immunostaining with CD31, nuclei stain with 4,6'-diamidino-2-phenylindole (DAPI);
(D) GFP-labeled MSCs. MSCs, mesenchymal stem cells; a-SMA, alpha-smooth muscle actin; GFP, green fluorescent protein.

Color images available online at www liebertonline.com/ten.
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Results

Characterization of MSCs and retroviral
transfection with GFP

MSCs were isolated from the mononuclear cell fractions of
human bone marrow samples as previously described.”
MSCs adhered rapidly to the culture plates, proliferated with
ease until confluent, and presented spindle morphology
characteristic of mesenchymal cells in culture (Fig. 2A).>° The
phenotype of the MSCs was confirmed by indirect immu-
nofluorescent staining: MSCs were shown to express the
mesenchymal marker o-smooth muscle actin (Fig. 2B) but
not the endothelial marker CD31 (Fig. 2C). The ability of
MSCs to differentiate into multiple mesenchymal lineages
was also detected in vitro using well-established protocols.*
Differentiation of MSCs into adipocytes, osteocytes, and
chondrocytes was confirmed by Oil red O staining (adipo-
genesis), expression of alkaline phosphatase (osteogenesis),
and glycosaminoglycan deposition in pellet cultures (chon-
drogenesis), respectively (data not shown). Finally, MSCs
were retrovirally transfected to ubiquitously express GFP
(Fig. 2D) before their use in vivo.

PGA-PLLA is a suitable scaffold

To determine which scaffold would be more appropriate
for use in intravital imaging experiments, different scaffold
polymer materials (PGA-PLLA, P4HB, and P4HB-film) were
imaged and gray values of the fluorescence intensity were
analyzed to evaluate their fluorescence properties (Fig. 3).
PGA-PLLA showed the least amount of fluorescence in 488
and 633nm wavelength, the channels used for imaging of
GFP-labeled MSCs and remodeling proteins, respectively
(Fig. 3A, D). P4HB-based materials showed considerable
fluorescence in all three channels (Fig. 3B-D). As such, using
PGA-PLLA scaffold material in the construct would provide
for the least amount of interfering signal when imaging
TEVGs in vivo.

Tissue-engineered constructs show tissue
formation before implantation

Histological analysis of the cryosections obtained from
cell-seeded tissue-engineered constructs before implantation
demonstrated organized tissue formation and an endothelial
monolayer in the lumen (Fig. 4A, B). The polymers had

PGA-PLIA

488nm 633nm 488nm

748nm

PAHB

PAHB film

488nm 633nm

633nm

60 +

40 -

Signal Intensity (AU)

20 -

PGA-PLLA

| 488nm

rﬁiﬁi '

PH4B

[ | 633nm

P4HB-film

I 7480

FIG. 3.

Imaging of scaffold materials. (A) PGA-PLLA; (B) P4HB; (C) P4AHB-film. (D) Quantitative analysis of signal inten-

sities demonstrates that PGA-PLLA have significantly less fluorescence in all channels (*p < 0.05). Fluorescence channels:
blue, 488 nm; green, 633 nm; red, 748 nm. PGA, polyglycolic acid; PLLA, poly-L-lactic acid; PAHB, poly-4-hydroxybutyrate.

Color images available online at www .liebertonline.com/ten.
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FIG. 4. Histological evaluation of
preimplanted constructs. (A) HE,
bar =200 um; (B) CD31, bar =

100 um; (C) a-SMA; (D) Cathepsin
B; (E) MMP-2; (F) MMP-9.

Bar =50 uym; L =lumen. HE, hema-
toxylin and eosin; MMP, matrix
metalloproteinase. Color images

available online at www »

Jiebertonline.com/ten.

A

MMP-9

degraded minimally before implantation. Further immuno-
histochemical analysis indicated o-smooth muscle actin—
positive myofibroblast-like cell phenotype (Fig. 4C) and ex-
pression of remodeling enzymes such as cathepsin B, MMP-2,
and MMP-9 (Fig. 4D-F).

Remodelling of tissue-engineered constructs
validated by imaging

Intravital multichannel laser scanning fluorescence mi-
croscopy was used to observe real-time in vivo remodeling
activity of TEVGs before implantation, immediately after
implantation, and at 7 and 35 days after implantation (Fig. 5;
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green: GFP, ex 488; red: Prosense680, ex 633; blue: Angio-
sense750, ex 748). Imaging of the preimplanted TE con-
struct demonstrated GFP-positive cells on the surface and
throughout the scaffold, but no proteolytic cathepsin activity
(Fig. 5C). Immediately after implantation, grafts showed
strong GFP signal (green) on the graft surface, adequate pa-
tency of the graft anastomosis detected by Angiosense (blue),
and demonstrated a larger diameter of the TE graft than the
native artery, consistent with the macroscopic appearance of
the graft (Fig. 5D). At day 7, the grafts showed patchy GFP
signal (green) and strong protease activity (red) indicating an
active remodeling process (Fig. 5E). At 35 days, implants
demonstrated predominantly proteolytic activity and less
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Pre-implant

E CA F ClA

7 day post-implant

GFP-positive cells, suggesting that the original MSCs were
likely replaced by other cells (Fig. 5F). Intravital imaging
clearly detected the signal from a blood pooling imaging
agent at the anastomoses of 7- and 35-day implants (Fig. 5E,
F). Using this imaging approach, we could show that all
implanted grafts were patent. However, the limitation of
this method is that intravital microscopy cannot penetrate
through the thickened wall of the polymer-based tissue-
engineered constructs, and for that reason, we cannot assure
that all grafts were clear of obstruction.

TEVG remodeling validated by histology

NIR imaging of the tissue-engineered graft 7 days after
implantation showed increased remodeling detected by pro-
teolytic enzyme activity (Prosense680; Fig. 6A). Histological
analysis revealed layered vascularized tissue and the presence
of diffusely distributed macrophages detected by murine

0 day post-implant

FIG. 5. Imaging of TEVGs.
(A) Macroscopic pictures of
native carotid artery and
TEVGs at implantation. (B)
Surgical field of implanted
TEVGs at 7 day after im-
plantation. (C) Intravital mo-
lecular imaging of TEVGs at
the time before implantation
(cross section). (D-F) Intra-
vital molecular imaging of
TEVGs (site of anastomosis)
immediately after implanta-
tion (D), and 7 days (E) and
35 days (F) postimplanta-
tion (green, GFP; red,
Prosense680; blue,
Angiosense750). CA, mouse
carotid artery; TEVGs, tissue-
TEVG engineered vascular grafts.

Color images available online

l at www.liebertonline

.com/ten.

35 day post-implant

mac-3 antibody (Fig. 6B-E). Lumen endothelization was not
consistently present (Fig. 6D). Importantly, cathepsin B ex-
pression was prominent in the majority of cells, corroborating
NIR imaging findings (Fig. 6F). Expression of MMP-2, par-
ticularly, MMP-9, was found in fewer cells (Fig. 6G, H).

Fluorescence NIR microscopy (Prosense680) registered ac-
tive remodeling of TEVGs at 35 days (Fig. 7A). TEVGs
showed distinct layers of organized cells (Fig. 7B), collagen on
the surface (Fig. 7C), and sparse endothelization (Fig. 7D).
Elastin was not detected (data not shown). In addition, the
macrophages were more sparse and appeared to form clusters
(Fig. 7E). Remodeling enzymes, particularly, cathepsin B and
MMP-9, were abundantly present at this stage (Fig. 7F-H).
Of note, the difference between MMP-2 and MMP-9 expres-
sion was more prominent than after 7 days, indicating that
MMP-9 is actively involved in late remodeling. The anasto-
mosis lumen showed no indication of thrombus formation
(Fig. 71).
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FIG. 6. Remodeling of TEVGs 7 days after implantation. (A) NIR fluorescent imaging exhibited proteolytic activity on the
sections through TEVGs at 7 day explant; (red, Prosense680); bar =50 pm. HE and immunohistochemistry correlated with
NIR signal. (B) HE, bar =100 pm; (C) Masson trichrome, bar =50 um; (D) CD31 in endothelium (arrow) and microvessels,
bar =100 pm; (E) Mac3; (F) Cathepsin B; (G) MMP-2; (H) MMP-9, (I) a-SMA. Bar (E-I) =50 um. NIR, near-infrared. Color

images available online at www liebertonline.com/ten.

GFP-labeling signal is preserved over time

GFP-labeling signal intensity, although decreased, re-
mained present over time (Fig. 8). The number of cells in the
TEVGs was qualitatively fewer at 35 days than 7 days, sup-
porting our in vivo imaging findings.

Discussion

This study demonstrated that intravital molecular imaging
can be utilized to observe the dynamic remodeling pro-
cesseses of a small-caliber TEVG implanted into mouse sys-
temic circulation. Key findings documented here show (1)
that in vivo remodeling and maturation of TEVGs could be
monitored by NIR protease-activatable imaging agents; (2)
GFP labeling of the implanted cells provides a means to track
cells over time; and (3) TEVG patency could be monitored
simultaneously by introducing fluorescence molecular im-
aging agents labeling blood pool. (4) In addition, our imag-
ing findings were validated by standard histological
methods, and demonstrated that the remodeling process
involves and is perhaps initiated by macrophage invasion,
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and that by day 35, the majority of the initially seeded
human MSCs were replaced by host murine cells as detected
by immunohistochemistry to mouse-specific antibodies. Over
time, the remodeling enzyme activity decreased and grafts
displayed layered collagenous tissue.

The tissue engineering paradigm used in our study, in
which mononuclear cells derived from bone marrow and
seeded on biodegradable polymer scaffolds are used to create
a vascular graft, has been previously demonstrated.®**
Moreover, successful postoperative results have been re-
ported in humans.”>*® However, studies of the biological and
cellular behavior of human cells are warranted. Therefore,
using a nude mouse model for this study had a number of
benefits. First, the minimized immune response of nude mice
allowed us to study human cells as a source for TEVGs.”*** In
addition, using human cells in preclinical TEVG development
has the advantage of identifying biological characteristics of
human cells, which could potentially influence their clinical
potential.'’ Moreover, a human-mouse chimeric system al-
lows for detailed cell-tracking experiments based on species-
specific markers, providing further insights into the cellular
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FIG.7. Remodeling of TEVGs 35 days after implantation. (A) NIR fluorescent imaging exhibited proteolytic activity on the
sectiones through TEVGs at 35 day explant (red, Prosense680); bar =50 pm. HE and immunohistochemistry correlated with
NIR signal. (B) HE, bar =100 pm; (C) Masson trichrome, bar =50 pum; (D) CD31 in endothelium (arrow) and microvessels,
bar =100 pm; (E) Mac3; (F) Cathepsin B; (G) MMP-2; (H) MMP-9; (I) a-SMA through anastomosis area. Bar (E-I) =50 pm.
Color images available online at www.liebertonline.com/ten.

mechanisms involved in vascular neotissue development. The mechanism of vascular neotissue formation in TEVG is
There are significant differences between human and murine  largely unknown. Hemodynamic forces in the arterial circu-
vascular systems such as size, morphology, and accelerated lation could play an important role in the remodeling process
neointimal hyperplasia (in mice). However, fundamental of the graft by contributing to the recruitment and prolifera-
similarities between both species could allow the translation  tion of MMP-expressing cells.”” As in other studies, we ob-
of findings from a murine model toward clinical application.22 served a significant macrophage infiltration in the TEVG wall,

Cells in vitro Pre-implanted 7 day post-implant 35 day post-implant

FIG. 8. Overtime changes of GFP signal in MSCs. (A) In vitro before seeding; bar =100 pm; (B) preimplanted, (C) 7 days
postimplantation, (D) 35 days postimplantation. Bar (B-D)=50um. Color images available online at www liebertonline
.com/ten.
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implicating a role for inflammation in vascular neotissue
formation. Macrophages degrade the extracellular matrix by
the secretion of proteases such as cathepsins and MMPs and
facilitate their migration through the inflamed tissue. Al-
though MMPs are key mediators of vascular remodeling,
there is incomplete data on the biological roles of MMP-2 and
MMP-9 activity.*® MMP-9 overexpression in vascular smooth
muscle cells leads to expansive remodeling and thinning of
the intima in rat carotid arteries,> and in MMP-2 and MMP-9
knockout mice, remodeling and neointima formation are in-
duced by carotid ligation.04!

Nevertheless, MMPs play a major role in the healing pro-
cess.*! Moreover, even though macrophage activity can be
destructive, this activity seems necessary to promote heal-
ing.41 However, it is difficult to distinguish inflammation as
part of a remodeling or a healing process from inflammation
as part of an elaborate immune response or disease. In our
study, the mouse model lacks a functional T-cell-mediated
immune system, which circumvents host-versus-graft rejec-
tion; however, it may influence results with regard to re-
modeling. Prior reports using scaffolds from similar polymers
have demonstrated no evidence of an adaptive immune re-
sponse to the biomaterials used in this study.”** Nude mice
exhibit an intact innate immune system, which means that
nude mice are capable of mounting a similar inflammatory
response to scaffold material like immunocompetent mice.?®
As a result, we conclude that the inflammation demonstrated
in this pilot study is a part of remodeling activity inherent to
neotissue formation. However, additional studies investigat-
ing long-term remodeling and growth of TEVG in a larger
number of mice are needed.

In previous studies from our laboratories, we demonstrated
promising results in tissue engineering and molecular imag-
ing 15202132 Here, we offer a sensitive and specific detection of
fluorescent signals that allows for multispectral imaging of
biological processes in vivo in tissue engineered structures.
Specifically, we demonstrated that this imaging approach
may serve as an excellent tool to monitor remodeling activity
and cell fate in functional TEVGs. Using different NIR fluo-
rescent agents, information about graft maturation, function,
and cell fate can be gained from one imaging session. Hence,
the model described herein provides benefits for studying
neotissue formation of implanted small-diameter TEVGs.

In conclusion, this study has demonstrated the feasibility
of evaluating remodeling of TEVGs by means of molecular
imaging. A better understanding of the process of neotissue
formation is important to the continued development and
rationale design of TEVGs. This multidisciplinary experi-
mental approach has the advantage of evaluating remodel-
ing and growth of TEVG in vivo and provides a step toward
the development of a reliable noninvasive assessment tools
with potential clinical utility.*®
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