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In reconstructive surgery, there is a clinical need for an alternative to our current
methods of autologous reconstruction which are complex, costly and trade one defect
for another. Tissue engineering holds the promise to address this increasing demand.
However, most tissue engineering strategies fail to generate stable and functional
tissue substitutes because of poor vascularization. This paper focuses on an in vivo
tissue engineering chamber model of intrinsic vascularization where a perfused artery
and a vein either as an arteriovenous loop or a flow-through pedicle configuration is
directed inside a protected hollow chamber. In this chamber-based system angiogenic
sprouting occurs from the arteriovenous vessels and this system attracts ishaemic and
inflammatory driven endogenous cell migration which gradually fills the chamber space
with fibro-vascular tissue. Exogenous cell/matrix implantation at the time of chamber
construction enhances cell survival and determines specificity of the engineered
tissues which develop. Our studies have shown that this chamber model can
successfully generate different tissues such as fat, cardiac muscle, liver and others.
However, modifications and refinements are required to ensure target tissue formation
is consistent and reproducible. This article describes a standardized protocol for the
fabrication of two different vascularized tissue engineering chamber models in vivo.
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SHORT ABSTRACT:

This is a guideline for constructing in vivo vascularized tissue using a microsurgical
arteriovenous loop or a flow-through pedicle configuration inside a tissue engineering
chamber. The vascularized tissues generated can be employed for organ regeneration and
replacement of tissue defects, as well as for drug testing and disease modeling.

LONG ABSTRACT:

In reconstructive surgery, there is a clinical need for an alternative to the current methods of
autologous reconstruction which are complex, costly and trade one defect for another. Tissue
engineering holds the promise to address this increasing demand. However, most tissue
engineering strategies fail to generate stable and functional tissue substitutes because of poor
vascularization. This paper focuses on an in vivo tissue engineering chamber model of
intrinsic vascularization where a perfused artery and a vein either as an arteriovenous loop or
a flow-through pedicle configuration is directed inside a protected hollow chamber. In this
chamber-based system angiogenic sprouting occurs from the arteriovenous vessels and this
system attracts ischemic and inflammatory driven endogenous cell migration which gradually
fills the chamber space with fibro-vascular tissue. Exogenous cell/matrix implantation at the
time of chamber construction enhances cell survival and determines specificity of the
engineered tissues which develop. Our studies have shown that this chamber model can
successfully generate different tissues such as fat, cardiac muscle, liver and others. However,
modifications and refinements are required to ensure target tissue formation is consistent and
reproducible. This article describes a standardized protocol for the fabrication of two
different vascularized tissue engineering chamber models in vivo.
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INTRODUCTION:

Fabricating functional vascularized tissue using a tissue engineering approach is an emerging
paradigm in regenerative medicine.? Many approaches to engineer new and healthy tissue
for the replacement of injured tissue or defective organs have been developed,®®
experimentally in small animal models with promising clinical potential.”® However,
vascularization remains one of the great challenges for tissue engineering limiting its
potential to grow tissues of clinically relevant size.®

Current approaches to vascularize tissue follow either an extrinsic pathway where new
vessels grow from the recipient vascular bed and invade throughout the implanted tissue
constructs™® or an intrinsic vascularization pathway where the vasculature grows and expands
in unison with the newly developing tissue.!* The extrinsic approach traditionally involves
seeding cells onto a scaffold in vitro and implanting the complete construct into the living
animal with the expectation that nutrients, previously supplied by culture media, will be
sourced from the circulation.''® The concept is simplistic as vascular ingrowth is too slow
and only very thin implants (>1-2 mm thick) will remain viable. Providing nutrients and
oxygen by means of a sufficient and rapid vascularization is at the heart of any successful
attempts to grow more complex and larger tissue-engineered substitutes such as bone, muscle,
fat and solid organs.}*!® Intrinsic vascularization offers the potential for larger constructs to
develop by progressive tissue growth commensurate with its expanding blood supply. One
design is the in vivo implantation into a chamber of a vascular pedicle with or without a cell
seeded scaffold.>® This has paved the way to new procedures for the generation of thicker
intrinsically vascularized tissues.6:’

More recently, strategies have been developed to pre-vascularize tissue grafts, prior to
implantation. These incorporated blood vessel networks are aimed to inosculate with host
vessels at implantation allowing for the rapid provision of a complete blood supply to
improve the survival of all parts of a transplanted thick tissue graft.'

We pioneered an in vivo vascularized tissue engineering model in small animals that involves
a subcutaneously implanted semi-rigid enclosed chamber containing a perfused vascular
pedicle and cell-containing biomaterials. The chamber creates an ischemic environment that
stimulates angiogenic sprouting from the implanted vessels.® The vascular pedicle can either
be a reconstructed arteriovenous loop or an intact flow-through artery and vein.>%° This
vascular pedicle sprouts a functioning and extensive arterio-capillary-venous network that
links at both arteriole and venous ends with the vascular pedicle.®>? Furthermore, the
surrounding hollow support chamber protects the developing tissue from potentially
deforming mechanical forces and prolongs the ischaemic drive to enhance
vascularization.®?22 If the vessel pedicle is simply implanted into normal tissue and not
inside the protected space of the chamber, angiogenic sprouting ceases along the same
timeline as a normal wound and no new tissue will accumulate around the pedicle.
Investigators have used this in vivo configuration to produce three-dimensional functional
vascularized tissue constructs with supportive vasculature and of clinically relevant size.*?®
Furthermore, the engineered vascularized tissue constructs with its intact vascular pedicle can
be harvested for subsequent transplantation at the injury site.?*?> A more clinically feasible
scenario would be creating the chamber at the definitive site for reconstruction such as the
breast. Thus, this de novo tissue engineering approach could have clinical potential to provide
a new source of functional target tissue for reconstructive surgery.?6-2



The following protocol will provide a general guide to construct an in vivo vascularized tissue
engineering chamber in the rat, which could be adapted in different animal models and
employed to examine the intricate processes of angiogenesis, matrix production, and cellular
migration and differentiation.

PROTOCOL.:

The protocols described here have been approved by the Animal Ethics Committee of St.
Vincent’s Hospital Melbourne, Australia, and were conducted under strict adherence to the
Australian National Health and Medical Research Council Guidelines.

NOTE: Two chamber protocols are described below. The two different models and their
specific chamber designs are illustrated in Figure 1. Chamber (1) is made of polycarbonate
(for rat arteriovenous loop chamber model). It is cylindrical with an internal diameter 13 mm
and height 4 mm. A window at one point in the wall allows unimpeded access for the pedicle.
In the second model (for rat flow-through pedicle chamber model), the chamber is made of
polyacrylic and is rectangular (10 X 8 X 4 mm internal dimensions). It has two 1.5 mm
openings on opposite sides to accommodate the femoral artery and vein as they transgress the
chamber.

1. Rat arteriovenous loop chamber model (one chamber per animal)

NOTE: Prior to starting surgery, make sure all the instruments have been properly sterilized.
Likewise, ensure the instruments rest on sterile towels and are at a reasonable distance from
the surgical field to avoid contamination during the procedure.

1.1. Preparation of the animal for surgery
1.1.1. Use rats weighing at least 250 g for their large size of vessels for creation of the
arteriovenous loop.

1.1.2. Anaesthetize the animal with 4% isoflurane inhalation. Corroborate adequate depth of
anesthesia by assessing unresponsiveness to toe-pinch. After anesthesia, keep the animal in
continuous sedation throughout the procedure with 2% isoflurane.

1.1.3. Place the animal in a supine position and apply sterile lubricant to the eyes to prevent
desiccation during surgery.

1.1.4. Using an electric razor, shave both groins and remove hair with a piece of moist gauze.

1.1.5. Prep the surgical sites with chlorhexidine/70% ethanol solution and drape the animal
with sterile towels.

1.2. Harvest of femoral vein graft
1.2.1. Using a #15 blade, make a 4 cm long skin incision on the left groin parallel to the
inguinal ligament. This exposes the inguinal fat pad.

1.2.2. Cut through the fat pad circumferentially with scissors leaving it attached to its
vascular pedicle based on the epigastric vessels.

1.2.3. Using micro scissors, free the filmy connective tissue adhesions between the
abdominal wall and underlying femoral vessels.



1.2.4. Place a retractor on the abdominal wall and pull medially. This exposes the inguinal
ligament and the whole length of the femoral vessels.

1.2.5. Using micro forceps and curved scissors dissect the epigastric vein and isolate it from
its surrounding fat by gently pulling and cutting. This vein acts as a tether when constructing
the loop.

1.2.6. Using micro forceps and curved micro scissors open the perivascular sheath
containing the femoral vessels and nerve all the way from the inguinal ligament to its
bifurcation distal to the epigastric branch.

1.2.7. Using micro forceps, pick up the femoral vein by its adventitia and gently separate it
from the surrounding tissues and accompanying artery. Do this with micro forceps and
curved round-pointed micro scissors by pulling the tissue apart and cutting through it. NOTE:
Never grab the whole thickness of the vein wall as this might cause trauma to the intima
making it prone to thrombosis.

1.2.8. Ligate side branches found during the dissection with 10/0 nylon suture or coagulate
them with a bipolar coagulator.

1.2.9. With the femoral vein completely free, ligate its proximal and distal ends with 10/0
nylon sutures. Make sure to obtain a vein graft of at least 15 mm length and include
approximately 0.5 cm length of the epigastric branch to be used as a guy rope tether to hold
the loop open in the chamber.

1.2.10. Using micro forceps and straight micro scissors, trim the adventitia from the graft’s
ends by gently pulling and cutting. This can also be done later, before microsurgical
anastomoses.

1.2.11. Flush the vein graft with heparinized saline solution (10 U/mL of heparin) and leave it
to rest in the solution. Close the wound using continuous running 4/0 silk suture plus two or
three additional simple interrupted stitches.

1.3.  Creation of arteriovenous loop and implantation of chamber
1.3.1. Repeat steps 1.2.1 to 1.2.4 in the exact same way on the contralateral limb.

1.3.2. Using micro forceps, dissect and isolate both the epigastric artery and vein form the
surrounding fat pad. Do this by gently pulling the tissue away from the vessels

1.3.3. Using micro forceps, pick up the femoral artery by its adventitia and free it from the
surrounding tissues. Do this with micro forceps and curved round-pointed micro scissors by
pulling the tissue apart and cutting through it. Ligate or coagulate its side branches.

1.3.4. Ligate the femoral artery and vein distal to the emergence of the epigastric vessels
using 10/0 nylon suture.



1.3.5. Place a single clamp proximally on the femoral artery and vein. Using a sharp straight
micro scissor, make a clean transverse cut in each vessel distal to the emergence of the
epigastric branches. Place a sterile plastic contrast background under the vessels.

1.3.6. Flush the vessels vigorously with generous amounts of heparinized saline until all the
blood is removed from the lumen.

1.3.7. Bring the vein graft into the operative field. Make sure that it is reversed so that its
distal end is anastomosed to the artery. Anastomose the proximal end of the vein graft to the
femoral vein. This will allow the blood to flow from the arterial to the venous side without
resistance from valves inside the vein graft. NOTE: Make sure the femoral vessels and the
vein graft rest in their natural position without any twists.

1.3.8. Remove any redundant adventitia from the vessels’ ends as per step 1.2.10, if needed
and perform both microsurgical anastomoses with 10/0 nylon suture.

1.3.9. Check for leaks at both anastomotic sites. Resolve small leaks, which look like non-
pulsating blood coming out of the anastomotic site, by placing a small piece of fat on top and
gently compressing for 5 — 10 minutes. Larger pulsating leaks that rapidly flood the entire
field will need additional stitches.

1.3.10. Check patency of the arteriovenous loop. Gentle occlusion of the femoral artery
should make it shrink while the same in the femoral vein should engorge it.

1.3.11. Place the base of the tissue engineering chamber under the arteriovenous loop with the
latter resting in its natural position without twists or kinks.

1.3.12. Secure the base of the chamber to the inguinal ligament and underlying muscle fascia
with 6/0 nylon sutures.

1.3.13. Place the lid over the base so that the femoral vessels enter the chamber through a
notch (window in the side of the chamber). When closing the lid, make sure it catches the
epigastric branches, between the chamber base and lid, which act as tethers to hold the
arteriovenous loop into position.

1.3.14. Close the wound using continuous running 4/0 silk suture plus two or three additional
simple interrupted stitches.

1.3.15. Allow the animal to recover from anesthesia and administer a single dose of
Carprofen (5 mg/kg, subcutaneously) as analgesic.

1.3.16. Do not leave the animal unattended until it has regained sufficient consciousness to
maintain sternal recumbency. Likewise, do not return an animal that has undergone surgery
to the company of other animals until fully recovered. Treat the wound with topical antibiotic
ointment for 5 days.

2. Flow-through pedicle chamber (two chambers per animal)
2.1. Preparation of the animal for surgery



2.1.1. Repeat steps 1.1.1 through 1.1.4. Two chambers can be implanted into both groin
regions of a single rat.

2.2. Isolation of femoral vessels and insertion of the chamber
2.2.1. Repeat steps 1.2.1 through 1.2.8.

2.2.2. With both artery and vein completely freed of surrounding tissues and their branches
ligated, bring the chamber into the operative field.

2.2.3. Place each of the intact femoral vessels on the corresponding slit of the chamber base
making sure there are no twists or kinks.

2.2.4. Close the chamber by attaching the lid to the base. Close the wound using continuous
running 4/0 silk suture plus two or three additional simple interrupted stitches and allow the
animal to recover as previously described.

3. Harvest of chambers and tissue processing
3.1.  Once the experiment’s time points (4-6 weeks post-implantation) are reached,
anesthetize the animal as in step 1.1.2 and repeat steps 1.1.3 through 1.1.5.

3.2. Open the wound using a #15 blade and cut through the tissues with scissors until the
chamber is completely exposed.

3.3.  Expose the femoral vessels proximal to the construct and test for vascular patency:
gently occlude the vessel with two microforceps, then milk the blood in a distal direction and
finally release the proximal forceps. If the vessel fills with blood again, this confirms patency.
Ligate the femoral vessels proximally in the case of the arteriovenous loop and both
proximally and distally in the case of the flow-through configuration, and remove the
chambers with the containing tissue en-bloc.

3.4. At the end of the experiment, euthanize the animal using a lethal dose of
intraperitoneal lethobarb injection (163 mg/kg in 0.25 ml by 23 gauge needle).

3.5.  Fix tissues in 4% paraformaldehyde at room temperature for 24 hours. Divide tissues
into multiple transverse sections (1-2mm thick) and embed in paraffin wax or optimal cutting
temperature compound for paraffin sections (5 um) or frozen sections (10 pm),
respectively.34817,22.24

3.6.  Perform routine histological staining such as hematoxylin and eosin to examine the
general morphology of tissues. Perform immunohistochemical staining with specific antibody
to identify cell type of interest,®#4817:22242% for example cardiac troponin T immunostaining
for cardiomyocytes.

REPRESENTATIVE RESULTS:

The microsurgical creation of tissue engineering chambers was performed as described in the
protocol above. Tissues generated inside the chambers can be examined histologically as
describe in protocol step 3. Various tissue types have been successfully engineered using the
in vivo vascularized chamber (Figure 2). These include cardiac tissue with neonatal rat
cardiomyocytes (Figure 2A), muscle tissue with rat skeletal myoblasts (Figure 2B), and

7



adipose tissue with a hydrogel derived from adipose tissue extracellular matrix (Figure 2C).

Morphometric evaluation of the tissues can be performed with either a stereo investigator
system or Image J software.3#817.222% |n addition to qualitative assessment of various tissue
components, the stereology system also allows for unbiased quantification of specific tissue
volume. For example, lectin (a marker for rodent endothelial cells) stained transverse sections
(Figure 3) can be used to estimate the vascular volume of the harvested tissue constructs
using video microscopy with stereology system. Similar quantification methods can be
applied to assess the volume of other tissue types.

The tissue engineering chambers can also be employed to track cell fate following in vivo
implantation. Cells can be pre-labelled with fluorescent dyes such as Dil, PKH26 or quantum
dots before implantation. For example, neonatal rat cardiomyocytes pre-labelled with Dil can
be detected in the tissue constructs harvested at 3 day post-implantation (Figure 4A). We
have also successfully tracked implanted cells that have been pre-labelled with Dil for up to 4
weeks post-implantation. Alternatively, species-specific antibodies can be used to identify
implanted cells in xenotransplantation studies. For example, human induced pluripotent stem
cells implanted inside tissue engineering chambers in immunocompromized rats can be
identified in the harvested tissue constructs by immunostaining with human-specific Ku80
antibody (Figure 4B).

FIGURE LEGENDS:

Figure 1. Cardiac tissue engineering with the in vivo vascularized chamber. Intrinsic
vascularization approach with arteriovenous loop chamber model and flow-through pedicle
chamber model. The chambers were made from either polycarbonate or polyacrylic, these
materials were tested to be non-inflammatory and non-toxic in vivo. Scale bar = 5 mm. Re-
printed with permission from*°.

Figure 2. Tissues engineered from the in vivo vascularized chambers. (A) Cardiac tissue
with neonatal rat cardiomyocytes. Cardiomyocytes were immunostained with cardiac
troponin T antibody (brown). (B) Muscle tissue with rat skeletal myoblasts. Muscle cells
were immunostained with desmin antibody (brown). (C) Fat tissue with a hydrogel derived
from adipose tissue extracellular matrix.3! Haematoxylin and eosin staining. Scale bar = 50

um.

Figure 3. Vascularity of a tissue constructs harvested at 4 weeks post-implantation.
Representative images of lectin-stained sections. The blood vessels sprouting from the
femoral artery (*) were labelled with lectin (brown). Scale bar = 200 um (left) and 100 um

(right).

Figure 4. ldentification of transplanted cells in the tissue constructs. (A) Dil-label
neonatal rat cardiomyocytes (red and white arrows) in a rat tissue construct harvested at 3
days post-implantation. (B) A representative human-specific Ku80 stained histology image of
a tissue construct harvested from a rat tissue engineering chamber implanted with human
induced pluripotent stem cells at 28 days post-implantation. Human nuclei were immuno-
labelled brown and immunocompromized rat was used to prevent rejection of human cells.
Scale bar =50 pm.



DISCUSSION:

Engineering of the microcirculation is currently being investigated essentially through two
approaches. The first involves developing a highly interconnected vascular network within
the construct in vitro so that when implanted, capillaries from the host vascular bed connect
with those of the transplanted construct through a process called inosculation, thus ensuring
the delivery of nutrients not only to the periphery but also to the core.?>%23 This is called pre-
vascularization. The second approach attempts to enhance the host’s own vasculature directly
in vivo, so that capillary sprouting occurs either before or concomitantly with implanted cell
differentiation and tissue growth.1”3*

The in vivo tissue engineering chamber protocol presented here exploits the latter concept by
placing an artery and a vein, either as an arteriovenous loop or a flow-through pedicle
configuration, inside a protected empty space, allowing significant sprouting and formation
of new capillaries over time.® Advantages of the chamber include (1) the absence of in vitro
manipulations; (2) the generation of a completely autologous vascular network which will not
be rejected by the host; and (3) the fact that it does not need an inosculation period which can
take between 1 to 7 days rendering the tissue construct prone to ischemia.®3¢

Nevertheless, it must be noted that it takes around 3-7 days for significant capillary sprouting
to occur, a period during which the implanted tissue is also poorly supplied.® Delayed cell
implantation once the chamber is adequately vascularized has in fact shown improved
survival.l” A further advantage includes the biocompatibility and non-immunogenicity of the
chambers’ material (i.e. polycarbonate and polyacrylic). In addition, the rigid non-collapsible
chamber provides a protected space for the tissue and vasculature to grow without merging
and integrating with the surrounding environment, which would otherwise hamper expansion
and make harvest of the newly formed tissue difficult. Contrastingly, the fact that chambers
are closed may limit tissue growth. This, however, has been addressed in the arteriovenous
loop model, which now uses a perforated chamber that has been shown to grow tissue more
effectively than the closed one.®’

The tissue-engineering chamber protocols presented here are highly reproducible but it
should be stressed that the chambers rarely fill to completion, usually to about 70% capacity.
Consistent results are achieved provided that some critical steps and technical issues are
taken into consideration. Pedicle patency is the ultimate aim when working with blood
vessels, particularly if microsurgical anastomoses are performed. We have consistently found
no tissue grows if the vascular pedicle thromboses early post-surgery. Factors affecting
patency can be broadly grouped into four categories, namely surgical technical, blood flow,
thrombosis and spasm.

First, a delicate surgical technique is the key to success. In this sense, it should be noted that
these procedures, especially the one involving the creation of an arteriovenous loop require a
certain level of surgical skill which can be readily acquired by practicing first in non-living
models and subsequently in the rat’s femoral vessels following the principles and techniques
described here and elsewhere.®® Damage to the vessel wall, especially the intima, must be
avoided at all times by proper handling of the vessels, which includes never grabbing the full
thickness of the vessel wall, preventing excessive stretching, judicious use of the bipolar
coagulator, and in the case of the arteriovenous loop, performance of meticulous and
atraumatic microsurgical anastomoses. Although flushing with heparinized saline helps
prevent clotting, it will never replace a fine surgical technique. Second, blood flow factors
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relate mainly to turbulence and stasis. Turbulent flow secondary to twists, bends or kinks of
vessels promotes thrombus formation. Therefore a streamline unrestricted flow must be
ensured in both the arteriovenous loop and the flow-through models. In this sense, the
tethering effect of the epigastric branches in the arteriovenous loop model is essential to
prevent bending; if for any reason these branches cannot be used, simple 10/0 nylon stitches
from the vessel wall to the surrounding tissues should be carefully placed instead. Static
blood at the anastomotic site during the arteriovenous loop procedure is also highly
thrombogenic and must be prevented by flushing the vessel vigorously with heparinized
saline prior to and throughout the anastomosis. Thirdly, pro-thrombotic factors such as
contaminants from the operative field and most importantly the presence of pieces of
adventitia inside the anastomosis are to be avoided. Preparing the vessel ends correctly prior
to microsurgical suturing and keeping the field and anastomosis clean by flushing regularly
are important aspects to consider when constructing the arteriovenous loop. Last but not least,
there is the issue of vessel spasm. Even though the pathophysiology of vessel spasm has not
been completely elucidated, it is likely to be due to both local and systemic factors. Local
factors include vessel trauma, presence of blood in the operative field and tissue desiccation.
Systemic factors, on the other hand, comprise low core temperature, hypotension and
sympathetic response to pain.3®

Thus, in both arteriovenous loop and flow-through models, proper handling and preparation
of the animal together with a delicate surgical technique cannot be overemphasized.
Strategies to resolve spasm include irrigation with warm saline or undiluted 1% Xxylocaine
and having a rest period of 5 — 10 minutes. Vessel dilation and stripping of the adventitia can
also help to relieve spasm due to its local sympathectomy effect.® To circumvent the need to
perform microsurgical anastomoses and the technical challenge it implies, the cuff technique
can be employed as described elsewhere.®® This technique consists of inserting one of the
vessel ends into a cuff, evert it and secure it with a circumferential 6/0 nylon suture. Next, the
other vessel end is slid over the cuff and secured in a similar way.

The tissue-engineering chamber has opened a new window of possibilities in experimental
research and is steadily advancing towards a potential clinical purpose. Until now, the models
presented here have been used mainly for the generation of tissues of different
lineages.*"817.22,24.25,27-29.3740  Nevertheless, they do have a number of other potential
applications. For example, we have used the flow-through chamber as an effective and
comparatively fast model for teratoma formation after implantation of human induced
pluripotent stem cells.***? Thus, this approach may be used as a “quality control” tool to
achieve tumor-free tissue engineering with pluripotent stem cells. Also, drug toxicology
studies could be explored in human tissues grown inside the chamber. Likewise, generation
of pathologic tissue could yield an interesting approach towards disease modeling and drug
testing. Finally, the tissue-engineering chamber might also become a potential model to study
growth of tissue and tracking of cell fate in vivo.

In conclusion, we have described a protocol involving the placement of a subcutaneous
chamber in animals through two different approaches: using a microsurgical arteriovenous
loop, or a flow-through pedicle configuration. The technique is highly reproducible and
yields consistent results. Its use has been exploited mainly in the field of tissue engineering so
far, however, there are other potential research fields for which these chambers might be of
great application.
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MATERIALS LIST

Product/Instrument Concentration |Company

1 15 Blade Scalpel Braun

1 Toothed Adson Forceps Braun

1 Needle Holder Braun

1 Bipolar Coagulator Braun

1 Micro Needle Holder B-15-8.3 S&T

1 Micro Dilator Forceps D-5a.2 S&T

1 Micro Jeweler's Forceps JF-5 S&T

1 Micro Scissors - Straight SAS-11 S&T

1 Micro Scissors - Curved SDC-11 S&T

2 Single Clamps B-3 S&T

2 10/0 nylon suture S&T

1 6/0 nylon suture Braun

2 4/0 Silk Sutures Braun
Xilocaine 1% 10 mg/ml Dealmed
Heparin Sodium 5000 Ul / ml Dealmed
Ringer Lactate 500 ml Baxter

1 dome-shaped tissue engineering chamber custom made
1 flow-through chamber custom made
Lectin I, Griffonia Simplicifolia 1.67 pg/mL Vector Laboratories
Troponin T antibody 4 pg/mL Abcam
Human-specific Ku80 antibody 0.06 pg/mL Abcam
Desmin antibody 2.55 ug/mL Dako

Cell Tracker CM-Dil dye

3 mg/10° cells

Thermo Fisher Scientific
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Title of Article:

Author{s}):

Item 1 (check one box): The Author elects to have the Materials be made available {as described at

http://www.jove.com/publish } via: l J J Standard Access (1 Open Access

Item 2 {check one box):

MThe Author is NOT a United States government employee.

I : ‘ The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

[,, . 1 The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEG LICENSE AGREEMENT

i, Defined Terms. As used in this Article and Video License
Agreement, the following terms shall have the following
meanings: “Agreement” means this Article and Video License
Agreement; “Article” means the article specified on the last
page of this Agreement, including any associated materials
such as texts, figures, tables, artwork, abstracts, or summaries
contained therein; “Author” means the author who is a
signatory to this Agreement; “Collective Work” means a work,
such as a periodical issue, anthology or encyclopedia, in which
the Materials in their entirety in unmodified form, along with a
number of other contributions, constituting separate and
independent works in themselves, are assembled into a
collective whole; “CRC License” means the Creative Commons
Attribution-Non  Commercial-No Derivs 3.0 Unported
Agreement, the terms and conditions of which can be found
at: http://creativecommons.orgflicenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound
recording, art reproduction, abridgment, condensation, or any
other form in which the Materials may be recast, transformed,
or adapted; “Institution” means the institution, listed on the
last page of this Agreement, by which the Author was
employed at the time of the creation of the Materials; “JoVE"
means Mylove Corporation, a Massachusetts corporation and
the publisher of The Journal of Visualized Experiments;
“Materials” means the Article and / or the Video; “Parties”
means the Author and JoVE; “Video” means any video(s} made
by the Author, alone or in conjunction with any other parties,
or by JoVE or its affiliates or agents, individually or in
collaboration with the Author or any other partles,
incorporating all or any portion of the Article, and in which the
Author may or may not appear.
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to loVE,
subject to Sections 4 and 7 below, the exclusive, royalty-free,
perpetuat {for the full term of copyright in the Article,
including any extensions thereto) license {a) to publish,
reproduce, distribute, display and store the Articte In all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Article into other languages, create adaptations, summaries or
extracts of the Article or other Derivative Warks (including,
without limitation, the Video) or Collective Works based on all
or any portion of the Article and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works and
(€} to license others to do any or all of the above, The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically necessary
to exercise the rights in other media and formats. If the “Open
Access” box has been checked in item 1 above, JoVE and the
Author hereby grant to the public all such rights in the Article
as provided in, but subject to all limitations and requirements
set forth in, the CRC License.
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4. Retention of Rights in Article. MNotwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright In the Article is
included. All nen-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the "Standard Access” box has been checked in Item
1 above or if no box has been checked in ltem 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
loVE is and shall be the sole and exclusive owner of all rights of
any nature, Including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclalms
alt such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in

item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright In the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video In all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b} to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a} above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (¢} to license others to do any or all of
the above. The foregoing rights may be exercised in all media
and formats, whether now known ot hereafier devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Emplgyees. [f the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United S$tates government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scape of the 17 U.5.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute,

8. Likeness, Privacy, Personality. The Author hereby grants

JoVE the right to use the Author's name, voice, likeness,
picture, photograph, image, biography and performance In any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author {or, if more than
one author Is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not viclate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's retevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JoVE in praducing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author, JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have



1 Alewife Center §200
Cambridge, MA 02140
tel. 617.945.90651
wWww.jove.com

JOURHAL OF
VISUALIZED EXPERMENS

full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and thelike.

11. Indemnification. The Author agrees to indemnify JoVE
and/or Tts successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, Including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of vielation
of intellectual property rights, damage to the Author’s or the
Author's institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilitles and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shalt be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors. Al sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author's
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expense, All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12, fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. $hould the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author,
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE. If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder, This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall he deemed to me one
and the same agreement. A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission.
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In vivo tissue engineering chamber for tissue construction with intrinsic vascularization
(JOVES4099R2)

We thank the editor and reviewers for his/her helpful and constructive comments. Please find our
response below.

Editorial comments:

* Formatting

-Please check that all portions of protocol steps are in the imperative tense (e.g., 1.1.2-“Adequate
depth of anesthesia...toe-pinch.”; 1.3.7-“The proximal end...vein graft.”). In certain instances, such
statements can be included as Notes.

This change has now been made.

-Please include catalog numbers in the Materials/Equipment list. In addition, please check that all
items have been included in this list (e.g., cardiac troponin T antibody).
This change has now been made.

*Additional detail is required:
-1.2.11-Please elaborate on how to “close the wound in two layers.”
This has been clarified in Procedure.

-3.1-What are the typical time points used?
The typical harvesting time points are 4-6 weeks post-implantation. This has now been added to 3.1.

-3.3-Please elaborate on, or provide a superscript reference, for the test for vascular patency. In
addition, how is the chamber removed? Do any specific cuts need to be made?

The test for patency has been described in step 3.3 of Procedure. The chamber is removed as
explained after ligating the femoral vessels. No additional or specific cuts need to be made.

-3.5-Is fixation performed at room temperature or 4°C? In addition, provide a reference for
microtome/cryostat sectioning.

Tissue fixation was performed at room temperature. This has been added to the manuscript (Please
see page 7). Reference for microtome/cryostat sectioning has been added to the manuscript (Please
see page 7).

-3.6-Provide references for immunohistochemistry.
References have been added to the manuscript (Please see page 7).

*Branding should be removed:
-Results-MBF Bioscience, CAST system (Olympus), Invitrogen
The branding has been removed.

-Figure 2 legend-Adipogel
The branding has been removed.

«JOVE reference format requires that DOIs are included, when available, for all references listed in
the article. This is helpful for readers to locate the included references and obtain more information.
Please note that often DOIs are not listed with PubMed abstracts and as such, may not be properly
included when citing directly from PubMed. In these cases, please manually include DOIs in
reference information.

DOls have been included for all references.
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Reviewer #2:

1. The authors have shown vascularity of a tissue constructs at 4 weeks post-implantation in figure
3 and transplanted cells in figure 4. However, it needs to clarify if there is any significant difference
in the vascular number or even more transplanted tissue regenerated within this chamber model
when compared with none (no chamber or no vascular pedicle). | suggest more statements or
control data would be helpful as a supplementary for the representative results.

The chamber creates an ischemic environment that stimulates angiogenic sprouting from the
implanted vessels. Cells are attracted to the chamber and tissue spontaneously grows until the space
fills or encapsulation occurs. From our experience, no tissue grows if no vessel is implanted or the
vascular pedicle thromboses. Equally if the vessel pedicle is simply implanted into normal tissue
and not inside the protected space of the chamber, angiogenic sprouting ceases along the same
timeline as a normal wound and no new tissue will accumulate around the pedicle.

We have added this to the Introduction (page 3) and Discussion (page 9).

2. The authors declared that a human-specific Ku-80 antibody was used to identify human IPS cells
in Figure 4 (B). How to avoid the rejections in a rat model as it is not an immumocomprimised
model? Authors should present the particular timepoint for harvesting and give the descriptions.
Human iPS cells were implanted inside the tissue engineering chambers in immunocompromized
rats and the tissues were harvested at 28 days post-implantation. This has been added to the
manuscript (Please see page 8 and Figure 4 legend).

Reviewer #3:

1. Have the authors proven definitively that "angiogenic sprouting occurs from the arteriovenous
vessels™? The authors should be clear about whether this is true and how it was determined.

We have previously conducted a time course experiment and showed that angiogenic sprouting first
occurred from the femoral vein at 3-7 days followed by sprouting from the artery at day 10.
Although blood vessel sprouting was not evident from the vein graft in the first 14 days, it
occasionally occurred at slightly later time points. Capillary sprouts derived from the artery and
vein were found to develop toward the vein graft and coursed along its abluminal surface and out
into the chamber space.

[Lokmic Z, et al. An arteriovenous loop in a protected space generates a permanent, highly
vascular, tissue-engineered construct. FASEB J. 2007. 21:511-22.]

This reference has now been added to the Introduction section (page 3, paragraph 4).

2. The authors should be clear that these procedures take a reasonable level of surgical skill,
particularly the AV loop. | am not sure all basic researchers could pull it off without training even
with this protocol.

This has been clarified in the Discussion (Please see page 9).

Reviewer #4:

1) While the vascularization aspect of this project is obvious, what is lacking is commentary on the
subsequent steps needed to make this a clinically relevant platform. It is not clear to me whether the
tissue would have to be harvested and subsequently re-transplanted at the injury/disease site, or
whether the in-vivo vascularization would take place at the desired site and then chamber
subsequently removed (or both depending on the case) In the case of the former, is harvesting
possible without tissue morbidity?

Experimentally, the chambers have been typically sited in the groin because of the availability of
large vessels for anastomosis in small animals. Subsequent transplantation to a more desirable site
has been performed to confirm proof of principle (Tee R, Morrison WA, et al. Tissue Eng Part A.
2012. 18:1992-9) (Dolderer JH, et al. Plast Reconstr Surg. 2011. 127:2283-92). However, in the
human clinical scenario, it would be preferable and much more feasible to create the chamber at the
definitive site for reconstruction such as the breast, etc. We have done this in the first human trial of
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breast tissue engineering (Neopac) (presented at the International Breast Cancer Congress, Sydney
2012, and the manuscript is currently under reviewed by Annals of Surgery). We have added this to
the Introduction (page 3).

2) While I can imagine this technique leading to better vascularization and tissue integration, no
controls were used to compare to current approaches.

From our experience, no tissue grows if no vessel is implanted or the vascular pedicle thromboses.
Equally if the vessel pedicle is simply implanted into normal tissue and not inside the protected
space of the chamber, angiogenic sprouting ceases along the same timeline as a normal wound and
no new tissue will accumulate around the pedicle.

We have added this to the Introduction (page 3) and Discussion (page 9).
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