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Abstract: This study was designed to unravel if arterial grafts treated with phosphate buffered saline or 10Gy
irradiation to induce endothelial cell loss, still contain enough biological information to drive proper endothelial
regeneration. To demonstrate that damage to donor arteries retains the biological information needed to drive
proper differentiation of circulating endothelial precursor cells, arteries were either irradiated (n=10) (10Gy) or
stored for 30 min in PBS (n=10) at 20°C. After treatment the arteries were grafted end to end in the aorta
descendens of GFP transgenic rats. Three weeks after implantation 5 grafts were recovered and the remaining
5 after 6 weeks and were analyzed immuno histochemically using antibodies to endothelial cell ineage markers
(CD31 and von Willebrand factor), Griffiona sunplicifolia lectin and Green Fluorescent Protein (GFP). Arteries
processed immediately after surgery served as control. Grafted arteries had an intact endothelial layer. Three
weeks after graft implantation the arteries were totally denuded for both treatment protocols, while cells attach
to the fibroelastic layer. Six weeks after grafting the grafts showed neomntima formation and were totally
reendothelialized with recipient cells. The fibroelastic layer and adventitia also contained green recipient cells.
These results provide compelling evidence that mild treated arteries loose their endothelial lining but still
contain the biological information to drive endothelial differentiation of recipient circulating endothelial
precursor cells resulting m a intact endothelial layer six weeks after surgery. This in contrast to harsh treated
grafts.
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INTRODUCTION wwvolvement of bone marrow derived circulating

endothelial progenitor cells in vasculature repair is

There 1s a need for a blood vessels constructed from
non-immunogenic materials that incorporate living and
autologous cells (Koike et al., 2004; Sarraf et al., 2003;
Poh et al., 005). Such materials should contain the
biological information, as present Iz vivo in blood vessel
tissue, to prevent the forming of unwanted scar tissue
(Kasmmir et al., 2003) and poor performance (Daly et al.,
2004). When the cells in and on the blood vessel are of
recipient origin immune suppressive treatment is
unnecessary. The recent discoveries of circulating
endothelial stem cells opens the possibility to use those
cells to replace allogeneic endothelial cells present on
the graft (Reyes et al., 2002, Peichev et al., 2000, Ashara
et al., 1999, Wamer et al., 2002). Those circulating cells
originate from the bone marrow (Isner ef af., 2001; Rafii,
2000). Moreover, their mvolvement in reendothelialization
has been established (Tsneret et al., 2001). However, the

debated. In a renal transplantation study recipient
endothelial cells were detected in the vessel wall of the
graft suggesting they arose from circulating endothelial
progenitor cells (Lagaay) ef al., 2001; Xu et al., 2002). Also,
patients suffering from limb ischemia showed therapeutic
angiogenesis after autologous bone marrow injection in
the ischemic limb (Tateisni et af., 2002). In contrast, no
incorporation of bone marrow cells m blood vessels was
observed in mouse models of hind limb ischemia
(Zieglhoeffer et al., 2004). Moreover, no contribution of
circulating vascular progenitor cells was observed during
compensatory lung growth (Voswinckel et al, 2003).
Also, in transplant arteriosclerosis no contribution of
bone marrow was observed (Hillebrands e# ., 2002). Tn
contrast, serial transplantations clearly showed the
involvement of bone marrow m  endothelium repair
(Grant et al, 2002). None of those studies denies the
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existence of circulating bone marrow derived
endothelial progenitor cells. Apparently, not in all studies
circulating endothelial progenitor cells are recruited to
replace lost endothelial cells. To encompass all those
apparently conflicting datasets we argued that the graft
should contain ‘biclogical cues’ to drive endothelial
progenitor cell attachment and differentiation.
Replacement of donor endothelial cells by recipient cells
has to be so subtle that the circulating endothelial
progenitor cells are able to bind to the graft and
differentiate into mature endothelium cells. Cells inside
the matrix of the vessel wall should also be replaced for
autologous cells to escape from immunelogical attack
and maintain and remodel the structure of the matrix
(Bujan et al., 2004; Leon and Greisler, 2003). In vitro
seeding of autologous mature cells on an a cellular
allograft resulted in the formation of a confluent
endothelial layer and a good function (Cebotari et al.,
2002; Numata et al., 2002; Lamm et ol , 2001 ). However, in
vitro culturing of recipient endothelial cells is a laborious
and costly procedure besides that those cells have a
limited life span that is overcome by retroviral infection to
introduce the telomerase gene (Poh et al., 2005). We
suggested to incorporate endothelial stem cells to replace
senescent cells (Torensma, 2005).

Here, we have set out a series of experiments to find
the conditions in which donor cells are replaced for
recipient cells I» wvive. Since imradiation has been
described as a methodology to delay reendothelialization
(Cho et al, 2003, Lasordo et al., 2003) we compared
irradiation versus mild treatment by storage of the graft in
phosphate buffered saline. As a first approach for blood
vessel grafting we transplanted wild type aortic blood
vessels in the abdomen of green fluorescent syngeneic
rats. By working in a syngeneic setting the putative
repopulation of the graft can be studied without
immunologic involvement. Based on those data the next
step is to transplant aortic vessels in a complete major
histocompatibility complex mismatched recipient. Since
the subtle treatment of the donor graft will leave donor
endothelium on the graft, the origin of the endothelium
has to be determined. By using green fluorescent
transgenic animals we easily could discriminate between
recipient derived endothelial cells and putative outgrowth
of residual donor endothelium. Moreover, by using a large
graft (=1cm) total reendothelialization of the graft cannot
totally be accomplished by recipient endothelial cells
present at the site of integration (Isner et al., 2001).
Circulating endothelial progenitor cells must have a major
contribution in case total reendothelialization is observed.

MATERIALS AND METHODS

Transgenic animals: Green fluorescent protein transgenic
rats (Sprague-Dawley) were raised in Japan (Okabe et al.,
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1997). After transport to the Netherlands the animals
were kept in quarantine for six weeks and tested for
pathogens. The animals were maintained in the
University animal facilities in a special pathogen free unit
that 18 surveyed regularly on pathogens, using sentinel
animals. No pathogens were found during the
experimental period. All experiments conformed to animal
care protocols and were approved by the board for animal
experiments of the Radboud University Nijmegen Medical
Centre. For each time point and each treatment protocol
five animals were used.

Experimental outline: Table | describes the experimental
setup and the number of ammals used.

In total 35 donor rats were used and 30 transgenic
GFP recipient rats. Untreated aortas were collected from 3
donor ammals and immediately frozen after mounting in
OCT compound. Those tissue samples served as
representative for the onset of the experiment. Frozen
aortas were stored at -80°C. until use. Grafted aortas were
collected after three and six weeks and processed in the
same way.

Treatment of aortas: A 10-15 mm segment of wild type
donor aorta descendens was collected after closing all
side branches with suture and stored m PBS for 30 min
at room temperature or stored in PBS and irradiated
using a Cesium"™ source applying a dose of 10Gy.
The latter procedure lasted also approximately 30 min.
For each time point and each treatment 5 animals were
used.

Implantation of aortas: Microsurgery was performed
under inhalation anesthesia with methoxyflurane. Pain
treatment consisted of ip. injection of carprofen (Smg
kg™ and started one day before surgery and was given
once daily on three subsequent days. The wild type rat
aortas were used to replace an segment of the GFP animal
with end-to-end anastomoses with magnification provided
by an operative microscope. Total grafting procedure
lasted approximmately 45 mimn.

Immunohistochemistry of aortas: Three and 6 weeks after
grafting the aortas were collected and mounted in OCT
compound (Tissue-Tek, Sakura Finetek Europe,
Zoetermeer, The Netherlands) and frozen immediately
thereafter and stored at -80°C. Tissue was cut into 1.5 pm
sections for fluorescence labeling and 5-8 um for
immunohistochemistry and fixed with acetone (HE,
vWF,CD31 and GST and 4% paraformaldehyde (anti-GFP)
prior to staimng. Sections were also stamned with
Hematoxyln and Eosm (HE). Immunohistochemmistry was
performed with antibodies against GFP (Molecular Probes,
Leiden The Netherlands), CD31 and von Willebrand
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Tahle 1: the expenmental setup and the number of antmal s uged

Time point (weeks) T=10 T=0

T=4

Treatment Mone control FEBS
Number of donor animals 5 5

10GT

factor. Antibodies were used at a concentration of 5 pg
mL~'. The sections were then treated with biotinylated
horse anti mouse. Final development was performed
with the ABC kit and AEC (Vector Burlingame, Ca.).
Fluorescent immunohistochemistry was performed with
endothelium specific Griffonia Simplicifolia (G3) lectin
conjugated with Alexa Fluor 568 (Molecular Probes
Leiden, Netherlands) and goat-anti rabbit Texas Red for
anti GFP.

RESULTS AND DISCUSSION

Immunohistology at start of experiment: Staining for
CD31, von Willebrand factor as well ag GS lectin indicated
that in PBS treated as well as 10Gy irradiated grafts the
endothelial layer was still intact for all animals studied.
Figure 1 shows the results obtained with the endothelial
marker GSI. Similar results were obtained with CD31, von
Willebrand factor. HE staining revealed no damage to the
integrity of the vesszel wall. Since the fibroelastic layer
showed green auto fluorescence sections were stained
with anfibodies against GFP. As expected no staining was
observed for the wild type aorta.

Immunohistology three weeks after grafting A
completely different view was observed for the aortas
obtained three weeks after grafting. The endothelial layver
was completely lost already evident from the HE staining
and further demonstrated by the lack of staining with all
endothelial markers (Fig. 2). Several blood cells appeared
to be attached to the denuded blood vesszel. In all ten
animals (five irradiated and five PBS treated) similar data
were observed.
Immunohistology six weeks after grafting: The
endothelial layer was completely recovered six weeks after
grafting as evidenced for the all endothelial markers. Also
the HE staining showed an intact endothelial layer. Based
on several stainings an overall coverage of 95% was
estimated. For all ten animals (five irradiated and five PBS
treated) similar staining patterns were observed
Fluorescence analysis also revealed GFP positive cells in
the fibroelastic layer. In all animals neointima formation
was observed (Fig. 3).

Isografting: To unravel the role of immunological
mediated neointima formation, full syngeneic grafting was
performed. Fig. 4 shows the results of a GFP 3D aorta
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Fig. 1: a) Aortas immediately frozen after collecting and
stained for endothelial integrity with Griffiona
simplicifolia lectin. Arrows point at the thin
endothelial lining. b) Aortas were kept for 30 min at
room temperature in PBS and frozen thereafter and
stained with Griffiona simplicifolia lectin. c) Aortas
were irradiated 10Gy and frozen therefater and
stained with Griffiona simplicifolia lectin. One out
of 5 idenfical stainings obtained from different
animals is shown
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Fig 2: Array of stained aortas obtained three weelks after grafting. The first row displays the outcome of staining with
Hematoxylin Eosin (HE). The second row staining for vonWillebrand Factor (vWF). The third row staining with
antibodies directed to CD31. The fourth row fluorescence for GFP One out of five identical stainings obtained

from different animals iz shown

grafted to GFP SD rat. Algo in this situation neointima
formation iz obszerved like the previous shown results
where wt aorta was grafted to GFP SD rats.

Influence of surgical procedure on neointima formation:
Hardly any neointima formation was found when aortas
were collected from donor animals and immediately
grafted in the recipient rat. Onset of neoinfima formation
was obszerved in cases where there was a delay in the
grafting procedure (Fig. 5).
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Long term integrity of grafted aortas: The integrity ofthe
graft was deduced from data sets obtained 6, 8 and 15
months after grafting. After 6 , 8 as well az 15 months the
endothelial layer wag still intact (Fig. 6). The neointima
was present and compared to the zix weeks graft not
significantly increased in size. This indicates that the
neointima does not grow any further nor does it shrink
after total reendothelialization.

Circulating endothelial progenitors cells originating
from the bone marrow are congidered to play arolein
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Fig. 3: Array of stained aortas obtained six weeks after grafting. The first row displays the outcome of staining with
Hematoxylin Eosin (HE). The second row staining for vonWillebrand Factor (VIWF). The third row shows
ngtaining with antibodies directed to CD31. The 4th row displays the staining with Griffiona Simplicifolia (GS)A.
The results with aortas that were kept for 30 min at room temperature in PBS. B. The results obtained with aortas
that were irradiated. One out of five identical stainings obtained from different animals is shown

postnatal angiogenesis (Reyesef al.,2002; Asahara et al.,
1999; Isneref al.,2001; Gill ef al., 2001; Cogleef ., 2004).
Vascular damage will recruit endothelial progenitors cells
from the bone marrow via elevation of the SDF-a.
(Schober et «l., 2003) In general, mechanical and
decellularized and cross linked animal grafts are unable to
recruit endothelial cells. However, reendothelialization
appeared to depend on the decellularization procedure
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(Kasimir et al., 2003; Numata ef /., 2002; Booth &f al.,
2002). Therefore, the biol ogical information that is retained
in the vessel wall will drive differentiation into the
appropriate cellz. Here, we studied the putative repair of
wild type ischemic (mild treatment) and 10 Gy irradiated
(less mild fireatment) abdominal aortaz after
transplantation into transgenic green fluorescent rats.
Three and six weeks after graffing the aorta’s were
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Fig. 4: Neointima formation obszerved in aortas obtained
from GFP rats grafied to GFP rats

Fig. 5: Lack of neointima formation observed after
immediate grafting of aorta with a fast procedure
{A). Onset of neointima when the surgical
procedure lasted longer (B). Arrows show onset
of neointima formation

recovered. After three weeks the endothelial lining was to
a great extend lost in all tested animals. After six weeks
new endothelial cells were preszent on the graft forming a
continuous lining in all animals. Those cells were from the
green recipient rat excluding outgrowth of residual wild
type non-green endothelial cells from the graft donor.
Irradiation showed damage to the extracellular matrix of
the aorta while PBS treatment of the grafted aorta left the
structure intact (data not shown). Remarkably, no
difference in denuding the graft, as seen after three
weeks, as well as total reendothelialization after six
weeks for the two freatment protocols was observed.
The damage to the mairix was minimal since after six
weeks the elastic layers of the aorta were intact and
covered with endothelium. The fibroelastic layer became
populated with recipient cells indicating that all
biological information to drive proper differentiation was
retained irrespective of the treatment protocol. The rapid
removal of donor cells from the graft and the subsequent
rapid recovery with recipient cells opens more clinical
feasible grafling with all ografts and treat recipients for the
first few weeks with immune suppression to circumvent
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Fig 6: Stable neocintima 8 months after grafting aortas
from SD rats to SD recipients {(syngeneic grafting)

immunological destruction of the wvessel wall with
concomitant 1oss of biological information.

Besides total endothelial coverage of the vessel wall
neointima formation occurred. Neointima formation can
have different causes as evidenced from several
treatments that prevented neointima formation. Long-term
inhibition of Rho kinases (M atsumoto ¢ a!., 2003), statin
therapy (Walter f </., 2002), triggering of the bradykinin
receptor, (Agata ef al., 2000; ) prostacyclin synthase gene
transfer, (Numagueri et 2l., 1999) immediate early response
gene induction, (Schulz ef /., 2003) macrophage
depletion, (Donenberg &t a/., 2003) C-type natriuretic gene
delivery, (Ohno ¢f al., 2002) immunosuppressive drugs,
{(Matsumoto ef ol., 2003) or freatment with carbon
monoXide (Otterbin ef <l., 2003) all reduced neointima
formation. We observed neocintima formation even when
izografts were transplanted excluding an immunological
cause of the observed neointima formation in our case. In
an attempt to unravel the cause of the neointima we
grafted aortas immediately after collecting them from the
donor animal. Remarkably when the grafting proceeded
smoothly no intima formation was observed while the
beginning of neointima was observed when the surgical
operation took somewhat longer. This pointzs to a
mechanism that the more the graft iz exposed to izchemia
the more damage is inflicted causing rapid loss of the
endothelial lining. Three weeks after grafting the graft is
totally denuded and cells attach to fibroelastic layer.
Subsequently this cell layer is covered by recipient
endothelial lining. This demonstrates that
reendothelialization is slower than the attachment of cells
to the denuded fibroelastic layer. Faster replacement of
the endothelial layer can prevent neocintima formation.
Recent data suggest that this could be achieved by
treatment mobilizing endothelial stem cells with GM-CSF
(Cho et al., 2003).
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Based on these results, we propose that minimal
damage to endothelial lining but with retaming the
biological information, recruits circulating stem to the
damaged tissue and differentiates them mto endothelium
that replace the damaged cells completely.
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