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Abstract:

Achieving adequate vascularization within implanted engineered tissues is a significant obstacle to
maintaining viability and functionalityln vitro prevasculaization of engineered tissues has been
explored as a potential solution to this challenge. The traditional paradigmwvitfo prevascularization
isto implant an engineered tissue with a pfermed vascular networkhat is perfused following
anastomoss with the host circulation. We investigated the efficacy of this strategy by implas#ihg
denseprevascularizetissues created via celhediated contraction and composed of collagen and a
collagenfibrin mixture into dorsal window chambers surgicadhgpared on immunocompromised mice.
We found that hosimplant anastomosis takes place i¥62lays and that perfusion of vessels within the
implants is subsequently restricted by thrombosis. However, by day 7, a functional vascular network
composed of bst and implant vessels developed. Prevascularization enhancedrmtant pQ
significantly as early as 2 days poaplantation, reaching a maximum of 55 mmHg by dayich was
significantly greater than the maximum within cellularized control &ss{i8 mmHg)By day 14,
collagentissues supported approximatel§.51 x 1¢ implanted and hosterived cellsper mL Our
findingselucidatekeyfeaturesof in vitro prevascularizatiothat can be usedoward thedesign & larger

and more functionally complex engineered tissues.
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Introduction:

The ultimate goal of tissue engineering is to restore, maintain, or improve tissue function. To
date, the majority of clinically relevant examples of such engineered tis$ingted to skin and
cartilage™™ This leaves aignificantgap inthe clinical applicatiospace formore metabolically active
tissuessuch & heart, liver, and braifi Perhaps the most significant reason for this gap is the difficulty
associated witldelivering adequate nutrients, specifically oxygen, to implanted engineered ti§<ues.
In native tissuedelivery of such nutrients performed bythe vascular systemTo accommodate the
YSGlIo2f A0 RSY!I y R dlod Vessél&eXhibi & chara@téristit iefiagchizél Heometry that
results in capillarieghe vessels responsible for nutrient and gas exchabpgjag located no more than
approximatelyn nn >Y FNRBY YSil © Tapllabiesimtistmaint@ithistBse §pdding & @
due to axygenconsumption as oxygeniffusesfrom the capillary to the perivascular interstitiuff.

Several strategiekave been developetb createa functional vascular network within
implanted engineered tissuefRerhaps the most explored strateggtails induction of angiogenesis
from host vesselmto an implant. This can be done dalivery of preangiogenic growth factors either
exogenouslyr via gene transfet™*® However this process can takup to several days, arbe tight
spatiotemporal controtequired to deliver these factors is compleX. Alternative strategies include
the use ofcustomfabricated or patterned matrices arakcellularized native tisesthat are seeded
with cells of interest and cultureith vitro prior to implantation'>*® These straégies mark progress
toward creatingengineered tissues with vascular networks that better reflectdieasity and hierarch
of native vascular networks. Howevére in vivoperformance of engineered tissues with custom
fabricated or patternednatriceshas not been extensively studied and there remaingertainty
regarding how to best introduce new cells irtecellularizechative matricesat densities high enough to

mimic native tissug’
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In vitroandin vivoprevascularizatiomre promising methodologies for creating engineered
tissues that quickly form a functional vascular network following implant&tiéhWe previously
showed that fibrin-only engineered tissues that have been prevasculariredtro and implanted into
dorsal window chambersurgically prepared oimmunodefcient micewill anastomose with the host
circulation in as short aspproximately20 hoursfollowing implantation?®> However, thrombosisan
occurrapidly (< 1 hour) after anastomosis, resulting in fionctional vasculature. Furthermore, the
densityof cells wasipproximately 3 x 10cells/mL, far les than that found imetabolically activeative
tissue(approximately 18cells/mL)?* 2’ Such tissues likely do no accurately reflect the metabolic and
functional characteristics of native tissue.

The goals of ar current study werdour-fold: 1) employprevascularizedissues that had
undergonefibroblastmediatedcontractionto increase cell density and thus metabolic demand to a
level morerepresentativeof nativetissue; 2)determine whether early anastomosis and thrombasis
enhance the oxygen tension within the implan® assess whether, and over what time frame, the
prevascularized network of vessedsnodel and become functional; and 4) quantify the number of

viable @llsremaining within the implantby day 14.
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Materials and Methods:

ECF&EC isolation

Endothelial colomforming cellderived endothelial cell (ECHET) isolation was performed as
follows and as described previoudfy?”® ECFE&Cs were isolated from human umbilical cord blood that
was obtained from the University of Californievine Medical Center according to an Institutional
Review Boargpproved protocol. Mononuear cells were separated from 15 to 20 mL cord blood using
a lymphocyte separation medium (Fisher Scientific, Pittsburgh, PA). The mononuclear cells were then
seeded on 1% gelatin (Sigmddrich, St. Louis, M@joated tissue culture flasks and fed with:4a
mixture of endothelial growth medium (EGR4 Lonza, Walkersville, MD) and M199 (Invitrogen,

Carlsbad, CA), supplemented with 20% fetal bovine serum and 1% endothelial cell growth supplements
(Fisher Scientific) for 24 weeks. The endothelial outgih cells were purified usinGD31(Dako,

Carpinteria, CAyoated magnetic beads (New England Biolabs, Ipswich, MA).

ECF&C transduction

ECF&Cs were transdudeusing a lentivirus to express enhanagden fluorescent protein
(EGFP) as follows. HEKZ9cells were seeded on day 1 inteimwell plate at a density of 0.5 x 46ells
per well. 0.5 mL of DMEM without sodium pyruvate and with 10% fetal bovine serum (Invitrogen) was
added to each well. Cells were kept at 37°C in 100% humidified airinomg&% CO

On day 2, media were replaced with 1 mL of fresh media per well. Additionally, the following

gl & LISNF2NXYSR F2NJ SIOK ¢StfyY o >MMENMMvittafen)ATHA R 5 b !
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YR nonp >3 Lla5H®D 6! RRAISYST /FYONARISE al 0o ¢KS
AyOdzoo I GS F2NJHup YAY G NR2Y GSYLISNI GdzNB o C dzNJi K S N.
to 250> [ 2 MEM arilih the mixture was allowed to incubate for 5 min at room temperature. These
solutions were then combined and added dropwise to each well of HEK293T cells.

On day 3, media in each well were replaced with 2 mL of fresh media. On dawitath
supernatant in each well was collected and centrifuged to remove cell debris. Supernatant was then
frozen at-80 °C prior to use.

ECFE&ECs atpassageg3 6 SNB (N} yaRdzOSR 6& FRRAY3I W Y[ 27F ¢
polybrene (MilliporeBillerica, MA) to approximately 40% confluent EEES in 150 chilasks along
with 18 mL of EGM2 (Lonza). ECHCs were then cultured at 37°C in 100% humidified air containing
5% CG@for 2 days, after which media and viral supernatant were aspirateccatisl were used as

described above. Transduction efficiency was greater than 93% for all cells used.

Preparationof prevascularized tissues

Prevascularized tissues were composed of H&Eand normal human lung fibroblasts (NHLFs)
suspendedn amatrix consisting of eitheype | rat tail collagen (n = 9) or 50:50 collagigmin (by
mass) (n = 9)Here we define prevascularized tissues as any tissue wherein embedded endothelial cells
have formed an interconnected network of tubuleBriorto tissue preparation, ECHELCs and NHLFs
were cultured in EGA2 (Lonza) and fibroblast growth medium (F@M_onza), respectively. Media
were changed every-2 days. ECHECs were used from passages 8hd NHLFs were used from
passages-B. Duringcollagentissue preparation, cells were trypsinized and resuspended in 4 mg/mL
type | rat tail collagen (BD Biosciences, San Jose, CA) diluted in-distitikrd water, 10X PBS

OLYBAGNRISYOS FYR mMb bl hl 6CAaKSNIs{Thaf@aldelu@mi O0 | &
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concentrations were 1 x 2ECF@&Cs/mL and 2 x 1BIHLFs/mL. These cellular concentrations have
been previously shown to result in vitrovessel formation and anastomosis with the host following
implantation®*#> During collageibrin tissue preparation, cells were trypsinized and resuspended in a
50:50 mixture ot mg/mL bovine fibrinogen (Sigmidrich) dissolved in serum and phenol red free
5dzf 6 SO02Qa Y2 RA DMENR Ingtloge) Sn@ dg/mL $ypell det¥ail collagen prepared
as described above. The final cellular concentrations were identical to the pure collagen tissues.
C2NJ 620K YIFIGNRE F2NXdz | GA2Yy &S pammrdrculd fassOSt ¢
cover slip with an affixed polydimethylsiloxane (PDMS) retaining ring. The PDMS retaining rings had a
diameter of 8mm and a height of 0.8mm. For collagibrin gels, the pipetted cell suspension was then
YAESR 6AGK u >[ 2 @mbp (Sigdaydrichi Kias(ies voete @lfowes to fiok/iNarize
for 20 min at 37°C and were then suspended in E&B&hd maintained at 37°C in 100% humidified air
containing 5% CQor the next 7 days. Media were changed eveily @ays. Celinediated contractin
of the tissues resulted in the formation t$sues 1.54+ 0.23mm in diameter duringn vitro culture
which were roughly spheroidal in shgp@us giving an average volumelo®1 +0.2p0 >[ | aadzyAy 3
sphericity Representativanagesof collagen and diagenfibrin tissues with EGFPexpressing ECHECs
on day 7 ofn vitroculture can be seen in supplementary Bb.
Acellular controtissues (n = 9Wwere created as described abovewever, after 7 days dh
vitro culture, thetissues were kept in an aittight container for 7 days to induce apoptosis in the
embedded cells. Prior to implantation, the acellular contisdues were put in a solution of 70%
ethanol for 1 hour to ensure no living cells remained withinithplants. The absercof living cells was
confirmed using live&lead staining (Invitrogen) (data not shown).
Collagen NHL&nly control tissues (n = 9) were created using the same steps described above;

however, a cellular density of 3 x®ldlls/mL was used to maintaincansistent number of cells within

a d.
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each tissue. As with the prevascularized tissues, MiHlyrcontrol tissues were suspended in EGM

and maintained at 37°C in 100% humidified air containing 5%@Q days following creation.

Animal model

Allin vivo experiments were conducted under a protocol approved by the Institutional Animal
Care and Use Committee at the University of California, Irvine. Titanium dorsal window chambers were
surgically installed onto the dorsal area of #8®ID (Taconic Farn®xnard, CA) mica £ 36) under
anesthesia (50 mg/kg ketamine and 5 mg/kg xylazine administered via i.p. injection). Additional
anesthetics were administered during surgery as needed. Preparation was performed asfoffofis.
PYAYFEaQ SeSa ¢SNBE FANRG fdzoNAOFGSR 6AGK | adSNAC
Dorsal hair was removed using electric clippers, followed by application of a commercial depilatory
cream (Nair; Cheh & Dwight Co., Inc., Princeton, NJ) to remove fine hair. The dorsal skin was then
pulled up and transilluminated using a white light source to enable visualization of the surgical field and
location of blood vessels. One half of the window chambenéravas used as a template to find the
appropriate placement. Three ifauge needles were pushed through the bolt holes of the window
chamber frame and underlying dorsal skin, creating a channel through which bolts could be pushed. The
needles were thenamoved and bolts were pushed through the three bolt holes of the window
chamber frame. Spacers were threaded onto each of the three bolts and the remaining half of the
window chamber frame was placed over the points of the inserted bolts. The windowbeiham
assembly was then secured by screwing three nuts onto the frame bolts, followed by suturing the frame
and dorsal skin together via suture holes at the four corners of the window chamber frame. The skin
framed by the window chamber was then pinched @pa/using forceps and a roughly 1 rlomg

incision was made into the skin. This incision was used to remove one full thickness of skin, revealing
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the dermis of the underlying skin. A smalbgroximately0.5mm) border of skin around the frame
opening wageft to prevent the leakage of fluid from the window chamber. Ripped forceps and
microscissors were then used to remove fascia from the exposed skin.

Three engineered tissueere then placed into the window chamber, in direct contact with the
exposedsubdermal tissue Care was taken to avoid placing tiesues in direct contact with arterioles
or venules as doing so can confound accurate quantification of blood flow andTmGenable
quantification of pQ, approximately 10&-L of 5 x 18 mol/L Oxyphor G4 dissolved in sterile saline was
injected into the window chambef. The chamber was closed by placing a 12 mm cover slip into the
window of the frame. Following the surgical procedure, buprenorphias administered (0.1 mg/kg
administered via i.p. injection). Mice were imaged once per day for 14 days. After all imaging was

completed, mice were sacrificed via pentobarbital overdose.

Imaging system

Allin vivoimaging was performed on a Nik@naphot TMD microscope (Nikon, Melville, NY).
During imaging, mice were anesthetized using 1.5% isoflurane (IsoFlo; Abbott Laboratories, Abbott Park,
IL) with balance oxygen. Color images were acquired at 1X, 4X, 10X, 20X, and 40X magnification using a
color chargecoupled device camera (Grasshopper 2; Point Grey Research Inc., Richmond, BC, Canada).
LSl images were acquired at 4X magnification using monochrome et@upked device camera

(Nuance; Caliper Life Sciences, Woburn, MA).

Laser speckle imagg
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Laser speckle imaging (LSI) was used to create maps of the relative flow of blood in and around

implanted tissue$>*** These maps were used to compute the functional vascular density (FVD) within
and aroundmplantedtissues. During LSI, the dorsal window chamber was transilluminated asing
heliumneon laser (Newport, Irvine, CA) and 10 images were acquired at three camera exposure times
(T): 10, 100, and 1000 ms. Multiple exposure times were used to compensate for the fact that the
linearity and sensitivity of LS| depends on proper chof@xposure time in relation to the speed of

blood movement within an imag&:***” Use of longer exposure times increases sensitivity to the
relatively slow flow in smattaliber vessel®* Exposure times of 1000 ms enable detection of flow
aLJSSRa |a aftz2¢ a mp >YK& O0dzylLlzmfAaKSR RFEGFO D
using a polarizer suclnat the entire dynamic range of the CCD camera was utilized without
overexposure. Speckle contrast images were then computed from the collected raw images by

performing the following computation using a 7 x 7 sliding window algorithm:

K= @

whereKis speckle contrast, is the standard deviation of the pixel values within the sliding window,
and< | >is the averagéntensity of the pixel values within the sliding window. Care was taken to assure
that, on average, each imaged speckle was sampled by at least two CCD pixels to satisfy the Nyquist
criterion* The 10 speckle contrast images computed for each exposure time were tbeagad

together to reduce noise and the resultant image was used to compute a speckle flow index (SFI) map

using the following simplified speckle imaging equation at each fiixel:

SFI = @)

2TK?

[
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SFl is assumed to be inversely proportional to the correlation time at each pixel and thus proportional to
the speed of blood flow/®** All image processing was performed using MATLAB (MathWorks, Natick,

MA).

Calculation of vascular density and functional vascular density

Vascular density (VD) (length of blefiked vessels, but not necessarily exhibiting floer pnit
area) and functional vascular density (FVD) (length of bfitled vessels exhibiting flow per unit area)
were computed withirtissuesin a manual fashionsing ImageJ (US National Institutes of Health,
Bethesda, MDJ>* A single individual blinded to the sample grouping was used for all computations to
avoid interobserver variability. For VD calculations, 4X color images of impltsseds were used to
first compute the total length of abloodHilled vessels witm a givertissue VD values were then
computed by dividing this value by the area of tlesue FVD was computed similarly, however, 4X SFI
maps acquired using LS| were used for this computation because SFI maps display only blood vessels

exhibiting flowv.

Phosphorescence lifetimmeasurements

pO, values were acquired using phosphscence lifetime measuremeahda
phosphorescent oxygesensitive probe (Oxyphor G#) The probe was introduced into the tissue
microenviroment during dorsal window chamber preparation and subsequeptg@surements using
the probe were performed on the same microscope setup as described above. Duging pO

measurements, the probe was excited using a helneon laser (wavelengtbf 632.8 nm) pulsed>s
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in duration. Pulsing was achieved using an aceapte modulator (2309€-LTD; Gooch and Housego,
Melbourne, FL). Phosphorescence immediately following the end of the laser pulse was collected using
a 10X objective and filtereasing a longpass filter (ET780Ip; Chroma, Bellows Falls, VT). During
measurements, the beam spot was centered within the implatigglies to acquire a single p@alue

from the interrogated volume. Additionally, at least 15 minutes was allowed tohmtsgeen induction

of gas anesthesia amhosphorescence lifetime measuremesince isoflurane has been shown in

induce a transient alteration in p@evel that recovers within 10 minutes of continued administratfon.

The size ofhe region interrogated using the 10X jelbtive wasestimated by measuring the full
width at halfmaximum of the emission spot size produced by interrogating a tissualating phantom
with 2.5 x 10 mol/L Oxyphor G4 added. The tisssimulaing phantom was composed of an@n thick
layer of 2% Intralipid (Baxter Healthcare, Deerfield, IL) diluted in saline. This type of phantom has been
shown previously to have a reduced scattering coefficient of 1.2'mmal an absorption coefficient of
0.03 mni* at 632.8 nm, similar to @ of 1-2 mm of skirf>** The emission volume was imaged using a
chargecoupled device camera (Grasshopper 2; Point Grey Research Inc.).

In vivophosphorescence intensity was measured using a photomultiplier tube (R928;
Hamamatsu, Bridgewater, NJ). After each pulse of the excitation source, phosphorescence intensity was
measired for 1.2 ms at a sampling rate of 1.25 MHz. The process of excitation and phosphorescence
intensity measurement was repeated 5050 times and the results averaged together to achiawe
appropriatesignal to noise ratio.

As expected,ite phosphoescence intensity of the Oxyphor G4 followed an expected
exponentialdecay, and the decay time)(was related to the partial pressure of oxygen {pfy the

SternVolmer relationship®
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~ |

*,[pQ] 3)

°\|H

where_g is the phosphorescentféitime in the absence of oxygen akglis the quenching constanthe
kqvalueof 222 mmHgs® was wsedas this value corresponds to a temperature of 27°C, the average
temperature of the dorsal window chamber skin during imagthghe value of,was determined to be
H N o unged our experimental conditions ing asolution of Oxyphor G4 into which nitrogen gas was

bubbled for 20 minutes.

Fluorescence imaging of intravascular fluorescent dextran

To visualize the location of functional mouse humanderived blood vessels, a
tetramethylrhodamineisothiocyanatedextran (Sigmaldrich) or fluorescein isothiocyanatkextran
(Polysciences, Warrington, PA) solution was injected retbitally. These fluorescent dextrans had an
average molecular weight of 155 kDa and 150 kDa, respectively, and weoéved in sterile

physiological saline to a final concentration of 10 mg/mL prior to injection.

Histology

Following host sacrifice, implanteégsues were removed with adjacent host skin and fixed in
10% formalin. Samples were embedded in paraffinsagittal sectionss > Y Ay oftknadO | y S & a
Adjacent gctions werealternativelylabeled usingither hematoxylin and eosin @ntibodies for human
(rabbit antthumanCD31 Abcam, Cambridge, MA) and mouséeka Fluor 488onjugatedrat anti

mouseCD31 Biolegend, San Diego, CA) endothelial cells. Immunofluorescent staining was performed
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as follows’*® After deparaffinization and rehydration, tissue sections were blocked with a 2% bovine
serum albumin (Sigmaldrich) and 0.1% Tween 20 (SigAddrich) solution for 1 hour. Sections were
then incubated forl hour with the primary antibody, diluted 1:200 (adimanCD3) or 1:100 (ant
mouseCD3) in a 0.1% Tween 20 solution. Sections were then washed 4 times for 1 min, followed by
incubation for 1 hour with an Alexa Fluor 5Bheled goat antrabbit antbody (Invitrogen) diluted
1:500 in a 0.1% Tween 20 solution. Sections were then washed 4 times for 1 min, followed by
incubation in a 200 nM DAPI (Invitrogen) solution for 20 min.

To estimate the number of live cells within collagessues, hematoxylirand eosinstained
sections fromthe center ofsixtissueswere analyzed Within each sectiorthe area fraction of cell
nuclei to total implant area was computed. In addition, the agelength ofthe short and long axisf
each implant was recorded. Finally, fleagth ofthe short and long axisf 100 cell nucleivere
measured and used to compute an average nucleus 3ike.averagéissueand nucleus volume was
then computed using the averagshort and long axis diemsions by modeling these obje@s oblate
spheroids. The approximate number of live cells within colldigsnes was then computed by
multiplying the averag&olume of thetissues by the average area fraction of nuclei, followed by dividing
the resultby the average nucleus volumdéverage cell density was then computed by dividing the
result by the average implant volumét. was assumed that haematoxyatained nuclei represented

viable cells.

Statistical analysis

Average values are expressesimean * standard deviation. Comparisons and changes in FVD,

VD, and p@values were analyzed statistically using the Makihitney test. pvalues < 0.05 were

considered significant.
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Results:

Measurementof the phosphorescencemissionspot sizein a tissue phantom

The imaged emission spinitensity distribution ha an approximately Gaussigmofile. Anon-
linear least squarefit through a crosssectiondrawnthrough the center of the spdb a Gaussian
resulted in an Ralue of 0.98 The @ll width half maximum of the Gaussian fit wa8 mm. The data
andthe Gaussian fit can be seen in supplementary &g .This was considered an appropriate size for
measuring p@within the implantedtissues, which had a diameter adpproximatelyl-2 mm upon

implantation

Prevascularizedissues anastomose with the host circulation

Microvasculature within bothallagen and collagefibrin prevascularizedissues anastomosed
with the host circulation following implantation. Anastomosis was idiemtiby the presence of bloed
filled vessedwithin prevascularizetissues. The time required for prevascularizédsues to
anastomose with the host was 3.8 + 1.2 days for collaigsnes and3.9 + 0.7daysfor collagenfibrin
tissues. Anastomosis wasequently accompanied by perivascular hemorrhaging of blood as has been
noted previously” Hemorrhaged blood waabsorbedby the host in 23 days.To assure that these
bloodilled vesselsvithin the implantswere of human origin and not due to angiogenesis of host
vessels, fluorescence microcopy weed to determine whether suckessels could be eocalized with
EGFP fluorescence from implant&®FPexpressingcCFEECs.The results can be seen in Fig. Ig. EA
shows a color image of a collagbasedtissuefollowing anastomosis on day 5. The corresponding

fluorescence image (Fig. 1B) shows that the biblbe vessels within théssueare of human origin.
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Similarly, Fig 1D andLE shows a color imagad corresponding fluorescence image of a collafijerin
tissueon day 5 showing that bloefilled vessels within théssueare of human origin.The finding that
the initial influx of blood into the prevascularizégdsues was due to hosimplant anasbmosis was

consistent through akamples

Thrombosis occurs withimhuman-derived vessels

Following anastomosis with the host circulatitmmanderived vessels were perfused with

host blood. Howevethrombosisoccurredwithin all collagerand collagerfibrin tissues, resultingn

cessation of blood flown affected vessels within 24 hours.

Clotting was identified by a lack of blood flow as determined using LSI. Representative results

for a prevascularized collagamd collagenfibrin tissueare shown in Fig..1TheSFI map correspondo
the bloodfilled vessed previously describedrigs. 1A andl), anddemonstratethat bloodflow is only
present in hoswvesseland that the humarderived blood vessels are clotteak indicated byhte lack of

SFI signdFig. 1C and 1FAll clotted vessels were composeati least in parbf implanted ECFECSs.

Prevascularizedissues develop a functional vascular netwoibllowing thrombosis

The presence of bloafilled vessels withinmplantedtissues resulted in an increase in VD over
time (Fig. ). The hcreasing number of clotted bloefilled vessels present within collagen and
collagenfibrin prevasculdzedtissues is reflected byhe increase in VBtarting on day 3 Startingat
day 4,VD within collagen and collagdibrin tissues was significantly higher than their respective day 1
values. Groups of clotted vessels were often found to be discontinuous, suggesting that multiple

anastomoses with the host circulation occurraiddifferent time points.Small increases in VD were
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seen in NHL:Bnly andacellularcontrol tissues. This was due to the ingrowth of hasissels The VD
within NHLFonly and acellular contrdissues never significantly increased over their respectiag 1
values. Representative color images of édisuetypes on day 1 and day 14 can be seen in
supplementary FigS3.

The greatest increase in FVD occurred in prevascularized cotlagees (Fig. B), andwas
significant from day 7 onwardTheFVD in prevascularized collag&sues was significantly greaténan
that in NHLFonly and acellular contrdissues from day 9 onwardandgreater than the FVD within
collagenfibrin tissues on days 12 and 1Because prevascularized collagessues exhibited greater
FVDas compared to prevascularized collagémin implants,thus creating a microenvironment more
amenable toadequateoxygen deliverysubsequentontrol experiments were performed usicgllagen
tissues. Theincreasen FVD in NHL&nly andacellularcontroltissueswas concomitant with the
increase in VD, both of which resulted frahe ingrowth of host vesseldHowever, this increaseas

not signifcantcompared today 1 values.

Functional vasculature in prevastarizedtissuesis composed of hostand humanderived vessels

To determine the origin (host versus human) of the functional vasculature that developed within

prevascularizedissues, fluorescence microscopy was used to determine whether fluorescertagiex
injected into the host vasculature docalized withEGFHluorescencdrom ECFECs Huorescence
from the injected fluorescent dextran (redjten wasnot co-localized withfluorescence from ECHECs
(green)at the border of the implantedissues,indicating the ingrowth of host vessdiig. 3A) Thus it
was frequently observed that the initial functional vasculature observed within prevasmdéssues
was hostderivedvasculature resulting from angiogenesidowever, cdocalization of fluoescent

dextran and ECHEC fluorescence was frequently visipest the border of the implantindicating the
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presence of functional humaderived vessel@-ig. 3B).The above findings wergresent inboth
collagen and collagefibrin tissues.

The fnding that functionahumanderivedvesselsvere present within the core of the implant
was confirmed using histolodifig. &E). This representative histological section was taken from the
center of a collagetissueon day 14 that no longer containedkible clotted vessels (see supplementary
videoSl). All vessels containing hgaatelets(green) stained positive for adtiumanCD31(red),

indicating that thesevesselsare derived fromECF&ECs.

Functional vasculaturelevelops from the outside to the inside of implantetissues

Functional vasculature was always initially found to be present around the periphery of
implantedtissues, gradually developing toward the center of tesues (Fig. 4) Althoughsixof the
nine collagentissues contained functional vasculature that ieed the center of the implanthis
degree of vascularization occurred on daysl#iand was preceded by development of functional

vasculaturearound the border of the implant.

pO; is significantlyhigher in prevascularizetlssues ascompared to controls

For days 214, the pQwithin prevascularized collagdissues (Fig.5A) wassignificantly greater
than the day 1 value. It was alsignificantlygreaterthanthe value withincollagenfibrin
prevascularizetissueson days 2 and 7 and significantly greater thla@ value withinNHLFonly and
acellular controtissues at varying time pointbetween daydl-14. Starting at day 4 fte pQ within

prevascularized collageibrin tissues (Fig.5B) was significantly higher than the day 1 value; w{hin
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NHLFonlytissues was significantly greater than the day 1 value from day 2 on{¥agd 5C) pQ within

acelular tissues never significantly increased above the day 1 véfige 5D)

Quantification of live cells within collagetissues using histology

Theestimatednumber of live cells withisixcollagentissues at day 14vas0.21+ 0.16x 16.
The average length of the short and long axes of the colltigsenes were0.53 £0.14 mm and 1.21 +
0.19 mm, respectively. This resulted in an average day 14 volume aof 0.42>L and averagéve cell
density of 0.5 0.43x 10 cells/mL. A representativiissuesection can be seen in supplementary Fig.
4. Although thin histabgical sections are prorte error in computing nuclear volumgecause nuclei
are sectioned in varyinglanes, the use of 100 nuclei to compute average volume and presence of more
than 400 nuclei per section when computing area fractikely mitigated ag bias. Additionally,
although the cellular density varied within collagen implants depending on the portion of the tissue
sampled, quantification was performed on sections through the center of implants because this region
better reflects the vascularieg 2 NJ Qa OF LJ OA e G2 RSt AGSNI 2E&3Sy
compared to the periphery of the implants, which may benefit to a greater degree from oxygen

diffusion.
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Discussion:

In this study, pevascularizedissues composed ogither collagenonly or a 50:50 mixture of
collagen and fibrin weramplanted into surgicaliprepared dorsal window chambers on SCID mice
Optical analysis over the 14 days following implantation was used to quantify VD, FVD ,anthpO
tissues, as well as identifjhe role of the host and humaderived vessels in forming a vascular network.
Additionally, histological analysis of excised collaigsues was used to estimate the number of live
cells that could be supportedOur major finding is that, despite rapitbtting following initial
anastomosis between the host and implanted vesselsurringl-6 dayspostimplantation(Fig. 1) the
human vasculanetwork within prevascularizetissues progressively remodels and becomes functional
by day 7(Figs. 2.3). Therapid anastomosis and remodeling of the human vascular netwitfkn
collagentissuesresults in enhancedlascular densitas early aslay4 and enhanced oxygen levels as
early agday?2 following implantation(Figs. 2,5) As a result, the viability ofpproximately0.21x 10
cellsat a cell density of approximately 0.51 X tells/mLcan be supported by day 1&he viable cell
density is similar to cell dense vivotissue (~ 1®cells/ml), and thedindings aid in determining the
upper limit ofimplant cellular density that this technique carpgort.

Collagen was chosen as a matrix component in this saglgpposed to fibrivonly
prevascularized tissues used in previous stuydiesause significant resorption of fibronly matrices
can limt the observation period of implanted tissué€> Collagenserves asa non-provisional and more
permanent matrixhat can be used to create longtasting implantable tissuesA 50:50atio of
collagen and fibrin waslso investigatedecause this ratio has been shown to be effective for
developing blood vessel networksvitro.** Additionally fibrin canelicit an intrinsic angiogenic
response’® These positive attributesontribute tothis matrix combinationreceivingincreased usages

scaffolding for engineered tissue construt§’
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Contracedtissues were chosen for use in this studgcause theyotentially offer several
advantagever the diskshaped implantinvestigatedpreviously” Firstly, the tissues created in this
studyinitially were relatively compliant prior tawontraction which began2-4 days followingtissue
creation. It has been shown thahdothelial cellcontainingmatrices with lower concentration@-2.5
mg/mL)of pure fibrinor fibrin and collagemesult in agreater vessel density and lengtbmparedto
higher density(3-10 mg/mL)matrices* ** However, low density matrices are fragile and thus difficult
to handle, limiting their clinical utility. By allowing the tissues ugdtlis study tocontractafter vessel
formation has taken placeghe density of the matrices increases by a factoapproximatelyl5,
resulting intissues that can be easily handliedaddition to resulting in aell density more consistent
with native issue Additionally, we hypothesized that the increased cellular density resulting from
matrix contracion, in combination the denser and thus less permeable matrayelicit greater
metabolic demand than the neoontracied diskshaped implant$ollowing implantation. As a result,
this increased metabolic demand may stimulate the release ofpgiogenic growth factors,
potentially reducing the time required for anastomosis with the host to octmiaddition use of
contracted tissues spatlly limitsthe density of vesdeifurcations, which may be advantageous toward
maintaining continued blood flow since an abnormally high bifurcation density within prevascularized
tissues may contribute to abnormally low intravascular shear rates, whiahates thrombosis®
Lastly contractedtissues undergo directed selissembly andnay serve amodular building
components for larger more complex engineered tisstes.

Acellular and NHL&nly controls were used to determine the degree of implant vascularization
that would result from only inherent prangiogenic properties of the extracellular matrix or cytokines

released from embedded cells, respectively. It should be noted that although acellular controls likely

contained cytokines remaining from the apoptosis of embedded cells, creation of tissues with a matrix

density comparable to the experimental groups (appmmately 50 mg/mL) required the use of
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embedded NHLFs to contract the matrix, as collagen at this higher concentration is not currently
commercially available. Additionally, NKbri#ty controls were used in place SHLF and ECHECG
containingnon-prevascudrized tissues because creation of contracted tissues required 7 days of
incubation, during which time prevascularization of EEB&nd NHLfontaining tissues cannot be
avoided. However, as with the acellular control, the protein expression of a mtneHLFonly
tissue differs from a ceoulture tissue, which could potentially affect the degree of vascularization
following implantation

We found that ollagenfibrin and pure collagen prevasculariziéssues both anastomosed with
the host circulation andequired similar amours of time to do s@3.9 + 0.7days and 3.8 + 1.2 days,
respectively). Thismeframe iscomparableto prevascularized fibrionly diskdmplanted
subcutaneously and within dorsal windaambersstudied previously3.1 + 1.4 days and 3.5+ 2.1
days, respectively’f* ® However, the shortest time required for heshplant anastomosis in this study
wastwo days, which isne day more tharin previous studies* # This is potentiallglue to the
approximately Sfold increase inmplant matrixdensity in this studywhich may have increasdte time
required forendothelial celmigration. We havepreviously shown that the density of ¢mnsplanted
fibroblasts, as well as the choice of endothelial cell source will impact the time required for
anastomosig’ Other factors that may impact the rate of anastomosis include the addition of pro
angiogent and premigratory cytokines, such as VEGF, to the wound site upon implantation

Alsoconsistent with previous findings was the fact that blaokting occurred in
prevascularized implanfsllowing hostimplant anastomosi§® Qotting wasisolatedto vessels
containing ECFECs Qotting may be due to shear rates within bldeessels droppinigelow a critical
threshold @pproximately100 $Y), resulting in longer residence times of clotting factors and initiation of
blood coagulatiorf>***® Suchlow shear rates may result from the fact that prevascularized tissues

created using NHLFs and EERIS have been previously showrgemeratevascular networks that
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violatea dzZNINJ &afdithus fail fo conserve shear rate at bifurcatiéh#\bnormally long residence
GAYS 2F Ot20GAy3a FFLOG2NAR YIlIe& |fa2 NBadzZd FTNRY
flow. These issues may be mitigated by perfusibiine vessel network within the prevascularized
tissuesin vitro prior to implantation. It has been demonstrated thaterfusion encourages vessel
maturationand that perfusion of small capillatike vasculanetworks can be achieved vitro,** >

Administration of anticoagulants is a common strategy for limiting thrombodige have
previously investigated the utility difie thrombin inhibitordabigdran etexilatetoward eliminating
thrombosis in implanted prevascularized tissues. Howeaherpermeability of implanted vessels is
high, as evidenced by the extravasatiorblafod following anastomosis with the host circulation. This
results in the frequent exposure ektravasatedlood to tissue factorwhich has been showto be
expressed by surrounding fibroblasts and by vessebwdll Tissue factor is a potent initiator of blood
coagulation, and it has therefore been suggested thatdased vessel permeability can promote
thrombosis®® Providing an anticoagulant dosage high enough to overcome this eidécnly limits the
ability to effectively imagéhe implanted tissue (see supplementarig.b), but also poses life
threatening bleeding riskS As suchreduction of thrombosis may be better accomplished by
decreasing implanted vessel permeability via furtimevitrovessel maturation, rather than
administration of anticoagulants.

Although theobsenation of bloodclotting wasisolated to the dorsal window chamber
microenvironmentsimilar studies performed within other physiological environments show similar
results. Lesman et ai° observedthat prevascularized tissues composed of fibrin and containing a
mixture of human foreskin fibroblasts and human umbilical vein endothelial cells anastomosed with the
host circulation and filled with host blood following implantation into a-faitknessdefect in the

abdominal walbf nude mice.Humanderived \essels within these engineered tissues were

iKS
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subsequentlyshown to be norunctional, a result that may be explained by clotting within these
vessels.

Jotting within prevascularized implants wésllowed by the development dunctional
vasculaturecontainingboth mouseand human vesselsSignificant dayo-day variations in the vascular
networks within the implants made analysis of single vessels difficult. As such, determining whether
these inctional vessels were derived from the breakdown of thrombi within clotted vessels versus the
creation of new blood vessels from EEEC ngration from clotted vesselwasnot possible. However,
the likelihoodof ECFEECs within the implarmigratingtoward functional vessels to initiathe
extension of functional vasculature into the bulk of the implesupported by a study performday
Cheng et af’, wherein non-prevascularized collagen tissues containing human endothelialarells
implanted into dorsal skinfold window chambemderwenthostvesseingrowth at the border of the
implant followed by development of a predominantly humderived functional vascular network within
the center of the implant.

Thrombosiswill likelycompromise theviability of prevascularized tissudsy limiting nutrient

delivery. However thrombosisnaynonethelesshave beneficial quilesthat increasevascularization.

For example, thrombin, a key enzyme in the clotting cascade, has been shown to induce angiogenesis via

several different mechanisms. Thrombin increases exmresd vascular endothelial growth factor
receptor by endothelial cells, in addition to increasing their proliferation and migréfith.

Additionally, it may induce release of vascular endothelial growth factor, sphingbginesphate, and

angiopoietinm  FNB Y LJ I G6St Sia 0 Kdza T OA " impbriagtid | y I A 23S

these factors are endogenous to the host, potentially mitigating dosing, delivery, and regulatory
complications related to their exogenous delivery.
Angiogenesisnediated bythrombosismay also explain why prevascularized collaibrin

tissues developed less functional vasculature tlralagentissues. The density of clotted vessels within
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collagenfibrin tissues represented byhe quantity ¢/D- FVD, was lowetthan that of prevascularized
collagentissues from days 1 through 9Thus,the concentration of preangiogenic factors resulting from
clotting may havebeen lower in collagerfibrin tissues as compared toollagentissues. It is also

possible that fibrin resorption within collagdibrin tissues results in a more dynamically changing
extracellular environment as compared dollagertissug which may not be as conducive to the
developmaent of mature functional vasculatureThe fact that prevascularized collagen tissues
demonstrated the highest density of clotted vessels at early time points, yet later exhibited the highest
pO, and density of functional vesseliggests that a limited degree of thrombosis within implanted
prevascularized tissues may subsequently support increased vascularization and oxygenation

Our observation that prevascularizedllagentissueshad a significantly higher p@ompared to
both controls and collagefibrin tissues, islikely due toenhanced development aixygendelivering
functional vasculaturelt should however be noted that the p@ithin collagenand collageribrin
tissues may have been affected by differences in oxygen consumption resulting from varying degrees of
cellular replication or metabolism Consistent with this concept is the higharerage p@within
acellulartissues (18 + 6.3mmHg compared taNHLFonlytissues (11 £ 4.7, likely due to the presence of
metabolically active dbs.

The rationale for the multiple ks in p@Qwithin the collagen tissues may be elucidated by the
changing (F)VD within these tissues. Specifically, the initial sharp increassoim @&y 8 occurs soon
after the VD within the collagen tissues reaches an initial peak (day 7). Howsesidanced by the
minimal concurrent increase in FVD in the collagen tisat#ss time,the majority of the vessels
causing this increase are nfunctional. As such, the subsequent decrease inip@he collagen tissues
may be caused by the oxygempply fromclotted bloodthese nonfunctional vessels depleting. The pO
in the collagen tissues then increases from days 11 through 14. Concurrent with this increasis in pO

the FVD within the collagen tissues reaching a maximal plateau. As supktimay reach its
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maximum value during this time due to the increased presence of functional oxigjmering
vasculature.

The maximum p©valuewithin collagertissues (55 mmHg) ascomparableto pO, valuesnear
normal vessels adjacent to tumors imptad into rat dorsal window chambe(§1-72 mmHg)®"®® The
pO, within NHLFonly tissues wasalsocomparable to thameasured withirtissues implanted into the
dorsal window chamber in previous studidsor examplel.S174T human colon adenocinoma tumors
implanted into the dorsalvindow chambers of SCID micad an averagpO, of approximatelyl5
mmHg and 7 mmHat 17 days and 27 dayostimplantation, respectively. In addition,the average
pO, within a tumor composeé of 4T1 mammary carcinoma tumor cells implanted into the dorsal
window chamber of a nude mouseas approximatel mmHg*

It is noteworthy that, unlike the contrdissues, the prevascularizecbllagerntissues reached p®
values above whas generallyconsidered to be hypogi Although the p@required to induce hypoxia
varies depending on ceilpe, hypoxiainducible factor DNAinding ativity and protein levels increase
exponentially for p@values less thaapproximately4s5 mmHgin HelLa cellswith a peak response dt
mmHg™ A range 0pO; values from8 - 20 mmHghas been frequently described as hypoXi€ Thus
while prevascularizing collagdissues resulsin earlyanastomosisand thrombosisit may nonetheless
amelioratehypoxic conditions within thenplant, and thus improvehe overall likelihood o€ellviability
while functional vasculature develsp

Finally, i was found that prevascularized collagéssues supported the viability of an estimated
0.21 + 0.16 x T@ells by day 14, slightly greater than the number of celldiseies were seedd with
at the start ofin vitro culture (015 x 16 cells). This average cell density (0.51 + 0.43 %cHlls/mL) was
comparableto or greater than many native tissue types, sasiadult rat heart (0.08.1 x 18 cells/mL),
human skeletal muscle (0.64 x*I@lls/mL), human articular cartilage (0.02 X ¢6lls/mL), and human

bone (0.12 x 10cells/mL)**2" ™ "® However, the metabolic demands of native tissues suataagiac
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or skeletal muscle are likely much greater than the prevascularized tissues used in thislsaimhuld
be noted that he celldensitywas significantly affected by tlaecrease in averagaatrix volume(1.91
FE NPHG >[ 2nyPnRv & ondaydid NiEisdedknown whether this was due to matrix
degradation or further matrix contraction.

Althoughthe numberof vialde cellswithin the prevascularized tissu@sludes mouse cells that
have migated into theimplants Fig. 3, the presence oEGFPexpressing ECHECs within the implants
at day ¥ indicates thatmplanted cells can remain viable whilefttional vasculure develops. While
the prevascularized implants used in this studgst likely cannot be increased significantly in scale due
to the increase in volume that mube progressively vascularizeour findings provide key details
regarding thevascular dynmics, oxygenation, and number of cells that can be supported usivigro

prevascularization, thus allowing more effective utilization of this strategy.
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Conclusion

Difficulty in achieving adequate nutrient delivery, particularly oxygen, withplanted
engineered tissue currently limits their viability, functionality, and thus broad clinical application.
Prevascularization of engineered tissues may aid in overcoming this limitation by expediting the
development ofa functional and nutrientlelivering vascular networlithin implanted tissues. In this
study, we found thatelldenseprevascularizetissues were capable afonsistent anastomosis
formationwith the host vasculature withiasfew astwo daysfollowing implantation resulting in
perfusion and subsequent clotting in the implant vessels. This process was followed by the
development of a functional vascular network within the implantsgues from day 7 onward. This
procesgesulted in a significantly higher p@ithin prevascularied tissues as compared to contros
early as day 2Althoughour observations deviattom the paradigm oprevascularized tissues
experiencingapid developmentof a functional microcirculationthey suggest that prevascularization
significantlyincreases implant oxygenation while functional vasculature develqsthat

physiologically relevarimplant cell densitie®f approximately 0.51 x £@ells/mL can be supported.
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Fig.1. Clotted blood within implanted collagen and collagfibrin tissues following hostimplant
anastomosiss localized withimumanECFEC containing vessel§A) Implanted collagenissueon day
5. (B)Fluorescence image corresponding(&) showing location oEGFPexpressindiumanECFECs.
(C)Composite ofA)and(B). (D)SFI map corresponding (8) showing that flowing blood is only
present in host vesselgE) Implanted collagetfibrin tissueon day 5. (P Fluorescence image
correponding to(E) showing location oEGFPexpressindiumanECF&ECs.(G)Composite ofE)and
(F) (H) SFI map corresponding (B) showing that flowing blood is only present in host vessBistted
white line indicates implant/host interfac,. OF € S o0 NJ A& pnn >Y®
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Fig. 2. VD(A)and FVOB)within all fourtissuetypes overl4 days following implantation, showing that

VD and FVD within collagéasuss is significantly greater than that in the othessuetypes at multiple

time points. Asteisk (*): collagen (F)VD value is significantly greater than correspondingdiiLand
acellular (F)VD on that day. Caret (*): collagen (F)VD value is significantly greater than corresponding
collagenfibrin, NHLFonly, and acellular (F)VD on that day=9 for each condition Error bars represent
standard errorf the mean.
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Fig. 3.Prevascularizetissues develop functional vasculature composed of both Hosbuse)and

implanted (human) vessels.(A) Fluorescence image obllagentissueon day 9. Ggen and red

fluorescence is frorhumanECF@ECEGFP expression and injected fluorescent dextran, respectively.
White line indicates border dfssue Blue arrowhead indicates presence of functional fuesived

vessels that have grown into thissue White arrowhead indicatepresence of functional vessel lined

with humanECF&Cs.(B) Different location of tissue seen (A) showing perfusion of ECHEGlined
vessels.(GE) Immunofluorescently labeled histological section from center of colldigsneon day 14
following implantation (C)Anti-humanCD31llabeled ECFECs.(D) Anti-mouseCD31labeled host

platelets (E)Merge of(C) and (Dyvith cell nuclei labeledisingDAPI. Green arrowheads indicate
locatiors of humanECFE&Glined vesselscah A YAy 3 Y2dz2AS NBR o6f22R OSf f

a
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Fig. 4. Development of functional vasculature within prevascularitieslies progresses from the
periphery. (A) Two neighboring prevascularizembllagentissues on day 12(B)Fluorescence image
corresponding tdA) showing that functional vessels are only present on the border of the implants.
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Fig. 5 Average p&within all fourtissue types overl4 days following implantation, showing that the
pO, within collagentissues is significantly greater than that in the oth&suetypes at multiple time
points. Plus sign (+): collagen p@lue is significantly greater than correspondingLi¥only pQ on
thatday.L Yy @S NI SR Ol NB valueisisignficadty fréate@any cortasponding Nbihly

and collageribrin pG, on that day. Number sign (#): collagen,p@lue is significantly greater than
corresponding NHL&nly and acéllar pQ on that day. n=9 for each condition. Error bars represent
standard error of the mean.
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Supplementary Fig. SINetworksof interconnected tubule$orm within prevascularizetissues
followingin vitro culture. (A) ECF&Cderivedtubuleswithin collagertissueon day 7 ofn vitro culture.
Inset image shows histological section of collagen tissue on dain #itfo culture showing presence of
lumens(white arrows)Red: Anthuman CD31 labeled ECECs, Blue: DAPI}B) ECF&Cderived
tubuleswithin collagenfibrin tissueon day 7 oin vitro culture.
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Supplementary FigS2 Crosssection through center of phosphorescence intensity profile produced by
exciting a skirsimulating phantom containing oxygesensitive phosphorescemprobe. Rsquared @
Gaussian fit was 0.97. A 10X, 0.25 NA objective was used for excitation and image collection.
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