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Abstract

Inducing axial vascularisation of tissue engineering constructs is a well-established method
to support tissue growth in large 3-dimensional tissues. Progenitor cell chemotaxis towards
axially vascularized tissues has not been well characterized. In a prospective randomized
controlled study including 32 male syngeneic Lewis rats we investigated the capability of the
axially vascularized constructs to attract systemically injected bone marrow mononuclear
cells (BMMNCs). The underlying mechanism for cell homing was investigated focusing on
the role of hypoxia and the SDF1-CXCR4-7 axis. Sixteen animals were used as donors for
BMMNCs. The other animals were subjected to implantation of a tissue engineering con-
struct in the subcutaneous groin region. These constructs were axially vascularized either
via an arteriovenous loop (AVL, n = 6) or via uninterrupted flow-through vessels (non-AVL, n
=10). BMMNCs were labelled with quantum dots (Qdot® 655) and injected 12 days after
surgery either via intra-arterial or intravenous routes. 2 days after cell injection, the animals
were sacrificed and examined using fluorescence microscopy. The Qdot® 655 signals were
detected exclusively in the liver, spleen, AVL constructs and to a minimal extent in the non-
AVL constructs. A significant difference could be detected between the number of labelled
cells in the AVL and non-AVL constructs with more cells detected in the AVL constructs spe-
cially in central zones (p <0.0001). The immunohistological analysis showed a significant
increase in the absolute expression of HIF-1 in the AVL group in comparison to the non-AVL
group. The PCR analysis confirmed a 1.4-fold increase in HIF-1 expression in AVL con-
structs. Although PCR analysis showed an enhanced expression of CXCR4 and CXCR7 in
AVL constructs, no significant differences in SDF1 expression were detected via immuno-
histological or PCR analysis. At the examined time point, the AVL constructs can attract
BMMNCs in a mechanism probably related to the hypoxia associated with a robust tissue
formation.
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Introduction

Tissue engineering and regenerative medicine are rapidly progressing as a promising recon-
structive modality with the major advantage of avoiding donor site morbidity. Despite the
progress in the techniques of regenerative medicine in the last decade, a major concern is still
the ability to provide an adequate vascularisation for large 3-dimensional tissues [1]. Among
the methods of providing vascularisation to tissue engineering constructs is the induction of
axial vascularisation via arterio-venous loops (AVL) using standard microsurgical techniques
[2-4]. This method of axial vascularisation has shown satisfying results in providing adequate
blood supply to reconstruct critical size defects of several tissues both in animal and clinical
studies and is currently a subject for further clinical trials [5-7].

The robust ability of the AVL to induce neo-vascularisation and tissue regeneration has
been the focus of intensive research. Beside the already proven role of an induced high flow
within the loop [8] and that of the controlled ischemia within the AVL-constructs in the initial
phases [9], the role of the AVL as a chemotactic point for progenitor cells could be relevant but
remains inadequately investigated. Our previous work on AVL- bone constructs proved their
ability to induce bone formation even after applying a high dose of irradiation. This suggested
a definite role of progenitor cell chemotaxis towards the constructs [10]. However, the native
ability of the AVL-constructs to attract progenitor cells from the systemic circulation is still
not well characterized. The aim of the current study is to explore the ability of AVL-constructs
to specifically attract systemically injected bone marrow mononuclear cells (BMMNCs).

BMMNC:s are a clinically convenient source for progenitor cells and are currently well
established as a rich pool of progenitor cells for many clinical applications [11]. BMMNC:s are
a heterogeneous group of cells derived from the bone marrow containing B-cells, T-cells,
monocytes, as well as rare progenitor cells such as hematopoietic stem cells, mesenchymal
stromal cells, endothelial progenitor cells and very small embryonic-like cells representing a
rich plethora of cells which interactively augment tissue regeneration and vascularisation [12].
Using the whole pool of BMMNC:s in cell therapies does not require sophisticated techniques
of ex vivo cell isolation and expansion and has shown advantages in several clinical trials
including tissue repair after injury [11, 13]. BMMNC engraftment to target tissues after sys-
temic injection remains however a challenge facing cell therapies [14]. One of the well-studied
chemotactic axes regulating progenitor cell trafficking under physiological and pathological
conditions is the hypoxia induced factor 1- (HIF-1)—stromal derived factor (SDF-1, also
known as CXCL12) axis with its target receptors CXCR4 and CXCR7 (also known as atypical
chemokine receptor, ACKR3) [15, 16]. In this work, we investigated the native capability of
the AVL-constructs to specifically attract systemically injected BMMNC:s. Studying the cell
distribution of systemically injected BMMNCs would provide information about the cell
behavior of endogenous BMMNC:s in relation to AVL-constructs. In a similar setting to pro-
genitor cell therapy, we studied the engraftment of the injected BMMNC:s to the AVL-con-
structs in comparison to non-AVL constructs after both intra-arterial and intravenous cell
injections. The underlying mechanism for this progenitor cell homing was also investigated
focusing on the role of hypoxia and the SDF1-CXCR4-7 axis.

Materials and methods
Study design

A prospective randomized controlled study including 32 male syngeneic Lewis rats weighing
290-340 g (Charles River, Sulzfeld, Germany). Sixteen animals were used as donors for
BMMNC:s. The other 16 animals were subjected to implantation of a tissue engineering
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Table 1. Study design.

Chamber implantation
AVL construct (n = 6)

Non-AVL construct (n = 10)

https://doi.org/10.1371/journal.pone.0272697.t001

construct in the subcutaneous groin region. These constructs were axially vascularized either
via an arteriovenous loop (AVL) or via uninterrupted flow-through vessels (non-AVL). Twelve
days after implantation, all animals received a single injection of nanoparticle labelled
BMMNC:s either via intra-arterial or intravenous route as shown in Table 1. Two days after
injection, the animals were sacrificed and the tissue distribution of the labelled BMMNC was
analyzed in the implanted constructs and in various organs. Additionally, the expression of
HIF-1alpha, SDF-1, CXCR4 and CXCR?7 in the constructs was analyzed via immunofluores-
cence and RT-PCR analysis. The study was approved by the institutional animal care commit-
tee and the local governmental authorities (Landesuntersuchungsamt Rheinland-Pfalz, study
registration number 23177-07 / G16-7-037).

Surgical implantation of tissue engineering constructs

Custom-made fenestrated teflon chambers were implanted in the groin region (Harhaus Tech-
nical and Medical Devices Development and Invention Center, Remscheid, Germany) of 16
Lewis rats. The cylindrical chambers (inner height = 7 mm, inner diameter = 11 mm) are fen-
estrated to allow additional extrinsic vascularisation after implantation. The constructs were
vascularized either through a microsurgically anastomosed arteriovenous loop (AVL group)
or through the non-interrupted flow-through saphenous vessels (non-AVL group) (Fig 1). All
animals were operated under aseptic conditions by the same surgeon (2" author). The opera-
tions were performed under general inhalational anesthesia (O2-isoflorane 2%, 0.3 ml/min)
and all efforts were made to minimize animals’ suffering. To create the AVL, the left saphenous
artery and vein were exposed in the subfascial plane. A 2 cm long saphenous venous graft was
dissected free from the right thigh and interposed between the saphenous artery and vein of
the left side under the operative microscope (Carl Zeiss, Oberkochen, Germany) using 11/0
Polyamid sutures (Ethicon, Norderstadt, Germany). To support the AVL inside the teflon
chamber, provide mechanical stability and avoid kinking, two layers of MatriDerm® (Med-
Skin Solutions, Dr. Suwelack AG, Billerbeck, Germany) were applied on the floor of the cham-
ber before inserting the AVL. After fixing the chamber to the thigh muscles using 6-0 Prolene
sutures, 1ml of clotted collagen gel (PureColTM EZ Gel, Sigma-Aldrich, USA) was used to fill
the chamber (Fig 1). Before the chamber was closed, another layer of MatriDerm® was
applied without any pressure.

To create the non-AVL constructs, the same procedure was applied as in the AVL group
except for creating the AVL. Instead of that, the saphenous vessels were passed uninterrupted
through a slit in the wall of the chamber after disconnecting their side branches and tributaries.
The uninterrupted saphenous vessels represented the flow-through vascular axis inside the
construct (Fig 1).

BMMNC isolation and labeling

Mononuclear cells were isolated from the bone marrow of syngeneic Lewis rats and repre-
sented the progenitor cell pool in this study. The BMMNC:s isolation and labeling procedures

BMMNC injection day 12 postoperative Sacrifice and analysis day 14 postoperative
intravenous (n = 3) fluorescence microscopy (lung, liver, spleen, kidney, bone marrow)
intra-arterial (n = 3) Immunofluorescence (constructs)

intravenous (n = 5) PCR analysis (constructs)
intra-arterial (n = 5)

donor animals (n = 16)
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Fig 1. Above left: AV loop: venous graft (g) saphenous artery (a), saphenous vein (v), above right: AV loop in the chamber, below left: AV
flow-through vessels passing uninterrupted through the chamber, below right: diagrammatic illustration of a cross section of the
construct; a: arterial side of the vascular axis, v: venous side, c: collagen clot, m: Matriderm, 2 layers below and one layer above the vessels.

https://doi.org/10.1371/journal.pone.0272697.9001

were performed on the same day of cell injection, i.e. 12 days after construct implantation.
Under general inhalational anesthesia, syngeneic donor male Lewis rats (age 5-6 weeks) were
euthanized by intra-cardiac injection of 1 ml phenobarbital (Narcoren, Boehringer Ingelheim,
Ingelheim am Rhein, Germany). The tibia and femur were excised from both legs, and the
bone marrow was flushed out with 20 ml bone marrow mesenchymal stem cell (BMSC) cul-
ture medium under aseptic conditions. The mononuclear cells were isolated from the bone
marrow via density gradient using ficoll medium (Ficoll-PaqueTM plus, GE Healthcare, Swe-
den) [17]. The cells were then suspended in 1000 pl of BMSC cell culture medium. To deter-
mine the cell concentration in the isolate, 1 pl of this cell suspension was mixed with 99 pl of a
trypan blue solution (Carl Roth, Karlsruhe, Germany) diluted to 1:100, incubated for three
minutes at room temperature and applied to the counting chamber (C-Chip Neubauer, Carl
Roth, Karlsruhe, Germany). The vital cells not acquiring the stain were counted within the
C-Chip under the microscope to determine the cell concentration in 1yl of the cell isolate. Fol-
lowing the manufacturer protocol, Qdot® 655 nanocrystals (InvitrogenTM / Thermo Fisher
Scientific, Germany) were used to label the fresh isolated cells at a concentration of 10 nM
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[18]. At the beginning of the study, the cell isolation and labeling procedures were repeatedly
characterized using FACS analysis. The efficacy of cell labeling, cell viability, erythrocyte/ gran-
ulocyte contamination and surface expression of CXCR4, CXCR7, CD45 and CD90 were all
verified using the FACSCantoTM II (BD Bioscience, USA) cell sorting analyser. For the FACS
analysis, the isolated BMMNCs were first stained with anti-erythrocyte medium (Life Technol-
ogies GmbH, Thermo Fisher Scientific, Darmstadt, Germany) and anti-granulocyte labeling
(BD Bioscience, USA). This was used to check the efficiency of the ficoll protocol to ensure the
sorting out of erythrocytes and granulocytes. In addition, the surface proteins CD45-FITC
(BioRad AbD Serotec GmbH, Puchheim, Germany) and C90-PE (BioRad AbD Serotec
GmbH, Puchheim, Germany) were analysed. The cells determined as CD45- & CD90 + were
considered to represent the mesenchymal stem cells fraction [19]. In a further step, the isolated
mononuclear cells were examined for the surface receptors CXCR4 (antibodies-online GmbH,
Aachen, Germany), CXCR?7 (antibodies-online GmbH, Aachen, Germany).

Injection of BMMNCs

Twelve days after implantation of the chambers, the isolated and Qdot®) labelled BMMNCs
were systemically injected either via intravenous (iv) or intra-arterial (ia) route. For the iv
injection, 1 x 10 cells were suspended in 1 ml of BMSC cell culture medium and slowly
injected via 24G indwelling vein catheter placed in the lateral tail vein. The cannula was then
rinsed with 1 ml of normal saline to ensure that all the cells were administered. For the ia injec-
tion, a 2 cm long median laparotomy was performed under general inhalational anesthesia.
The abdominal aorta was exposed in the retroperitoneal space over a length of 1 cm through
blunt dissection. 1 x 10” Qdot®-labelled cells were slowly injected into the abdominal aorta
followed by rinsing with 1 ml of saline solution like the iv group. The cannula was removed,
and the puncture site compromised for two minutes. The abdominal incision was closed in
layers using absorbable 4-0 Vicryl suture (VicrylTM, Ethicon®)

Explantation of the constructs

Two days after cell injection (14 days after implantation), the animals were sacrificed and the
constructs were explanted for analysis. To confirm the patency of the loops during the analysis,
the constructs were subjected to India ink perfusion just before sacrifice. Under general inhala-
tional anesthesia, the aorta was cannulated with a 24-gauge cannula, and flushed with 200 ml
of warm heparin-Ringer’s solution (100 IU/ml) as a drip infusion. During the procedure, the
inferior vena cava was incised to allow exsanguination. Thirty ml of a warm mixture of 15 ml
Indian ink (Winsor & Newton, London, UK) and 15 ml gelatin 5%-mannitol 4% solution was
then slowly injected into the aorta [20]. The dead animal was then kept in -20°C for 1 hour
allowing the mixture to consolidate within the vascular tree. Following that, the implanted
constructs, liver, lungs, kidneys, spleen and femoral bone marrow were dissected, fixed in 4%
paraformaldehyde solution for 12 hours and then processed for histological analysis. Only ani-
mals with patent vascular axes inside the implanted constructs were included in the study for
further analysis.

Cell detection by fluorescence microscopy

After preparation of standard paraffin blocks, 5 um-thick sections were obtained from the
middle zone of the construct perpendicular to the axis of the AVL (Fig 2). For the initial mor-
phological assessment of the patency of the AVLs, the paraffin sections were stained with
hematoxylin-eosin (HE) solution. To detect the distribution of labelled cells, sections from the
constructs, lungs, liver, kidneys, spleen and bone marrow were examined under a (Axioimager
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Fig 2. Above left: labelled BMMNCs with 5nM QDots (photo after incubation for 1 week in cell culture showing an intracytoplasmic
localization of nanoparticles), above right: diagrammatic illustration of a histological cut section through the construct; P peripheral
regions, Z: central regions, below left: HE section of AVL- construct showing angiogenic sprouting as indicated by the india-ink-filled
vessels, below right: HE section of the non-AVL construct showing less sprouting out of the vein.

https://doi.org/10.1371/journal.pone.0272697.9002

2, Carl Zeiss). According to the manufacturer, the Qdot®) 655 are excited at a wavelength in
the range of 405-615 nm and have a relatively constant emission of 655 nm. The counterstain-
ing of the DNA in the cell nuclei was performed using Hoechst 33342 (Thermo Fisher Scien-
tific, Darmstadt, Germany) and visualized at 350 nm using a DAPI filter. The Qdots appeared
brightly fluorescent and aggregated in clumps in the cytoplasm of individual cells. This could
also be demonstrated in our preliminary characterization in the cell culture (Fig 2).

Immunohistological analysis

HIF-1 alpha expression was measured in sections of the explanted constructs using immuno-
fluorescence. The staining was carried out with HIF antibodies at a concentration of 1:200
(HIF-1o antibody, Alexa 546 coupled antibody, sc-13515, Santa Cruz Biotechnology, Inc. Hei-
delberg, Germany) according to the manufacturer’s protocol. Additionally, the expression of
the SDF-1 was analyzed in the constructs using primary antibodies (CXCL12 polyclonal anti-
body, PA5-89116, InvitrogenTM / Thermo Fisher Scientific, Germany) at a concentration of
1:100 using secondary antibodies (Cy3-AffiniPure Goat Anti-Rabbit IgG (H+L), Jackson

PLOS ONE | https://doi.org/10.1371/journal.pone.0272697  August 11, 2022 6/18


https://doi.org/10.1371/journal.pone.0272697.g002
https://doi.org/10.1371/journal.pone.0272697

PLOS ONE

Bone marrow mononuclear cells home to axially vascularized tissue constructs

ImmunoResearch Laboratories, USA) at a concentration of 1:3000 according to manufactur-
er’s protocols.

Histomorphometric evaluation

Histomorphometric evaluation of Qdot®) 655 labelled cells was carried out for the liver, spleen
and explanted constructs using the Axioimager 2, Carl Zeiss microscope. Regarding the con-
structs, the labelled cells were counted in 10 sections per chamber. Each section was divided
into 8 fields, which were further divided into a peripheral and a central part each (Fig 2). The
central zones corresponded to the field of vision of the 100x magnification lens defining the
vessel as the center. Regarding the liver and spleen, 8 fields of vision using the 200x magnifica-
tion lens were randomly chosen and evaluated for the labelled cells. For the comparison
between different tissues, the values were presented as a cell density in cells/mm?. The histo-
morphometric evaluation of HIF-1 alpha and SDF-1 expression was done in the constructs
using the same scheme. The vascularity of the central regions of the constructs was compared
between the AVL and non- AVL groups by counting the India ink filled vessels in the central
zones. The tissue growth/cellular infiltration around the vascular axis was similarly evaluated
by counting the cells using Image] software. The percentage of HIF-1 positive cells in the cen-
tral regions were calculated in relation to the total cell count and represented the relative cen-
tral hypoxia.

RT-PCR analysis

The expression of HIF-1 alpha, SDF-1, CXCR4 and CXCR7 genes was detected in paraffin sec-
tions from the constructs using the kit RNeasy FFPE, (QIAGEN GmbH, Hilden, Germany).
Relative quantification of messenger ribonucleic acid (nRNA) was performed in a two-step
RT- PCR procedure using the universal probe library (Roche, Mannheim, Germany) and a
Light Cycler 480 (Roche, Mannheim, Germany) according to the manufacturer’s instructions.
The cycling conditions were as follows: 95°C for 5 minutes, 45 cycles consisting of three steps
at 95°C for 10seconds, 60°C for 15seconds, and 72°C for 10seconds. Detected mRNA concen-
trations were done in triplicates and were corrected for 18S ribosomal RNA (rRNA) house-
keeping gene in each sample (Table 2). The comparison between various specimens was done
using the delta-delta Ct method.

Statistical analysis

The count of detected Qdot®) 655 labelled cells, central blood vessels, central cellular infiltra-
tion, HIF-1alpha, and SDF-1 positive cells in all counted fields and sections was presented in
the form of the arithmetic mean and the standard deviation. The comparison between various
groups (AVL vs non-AVL, intra-arterial vs. intravenous injection) was done via the unpaired
t-test using the GraphPad Prism 8 software for Mac. For all performed statistical tests, p-values
<0.05 were considered as statistically significant.

Table 2. The studied genes with their sequences and probe number.

Gene RefSeq

rCXCR4 NM_022205.3
rCXCR7 NM_053352.1
rHIFla NM_024359.1
rSDF1 NM_022177.3

https://doi.org/10.1371/journal.pone.0272697.t1002

Forward Reverse UPL
5’ —gCTggAgAgCgAgCATTg-3' 5’—CCTgTTgAAgGTTTTCgTTTTCA-3’ 38
5’/ —CAgCACTCAAAGCCAggAA-3/ 5’ —ggTCTTgAggAgAgCAACCA-3’ 26
5/ —CATgATggCTCCCTTTTTCA-3’ 5’ —ACATAgTAggggCACggTCA-3' 18
5’ —CCCTgCCgATTCTTTgAg-3’ 5’ —gCTTTTCAgCCTTgCAACA-3’ 21
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Results
Surgical procedures

All animals tolerated the surgical and cell injection procedures. Neither thrombotic nor aller-
gic reactions were documented after cell injection. No wound complications were noticed dur-
ing the 2 weeks-follow up period.

BMMNC isolation, Qdot®) 655 labelling and FACS analysis

Cell isolation using the Ficoll-protocol rendered an average mononuclear cell count of

4.97 x 107 £ 1.3 x 10° cells. The cell viability detected via trypan blue staining was more than
95%. The FACS analysis showed an average erythrocyte and granulocyte contamination of
3.08% + 0.86% and 8.58% =+ 2.42% respectively. The CD45- & CD90 + cells represented an
average quote of 0.60 + 0.12%. Detection of the chemokine receptors showed that 4.97% +
0.95% of the cells expressed CXCR4 receptor, 10.54% + 4.97% expressed CXCR?7 receptor, and
5.23% + 1.63% expressed both receptors. After performing the Qdot®) 655 cell labeling,
83.36% * 2.37% of the cells showed a positive signal as shown by the FACS analysis. The intra-
cellular Qdots exhibited a broad excitation range between 405-615 nm and a narrow emission
width with a peak at 655 nm. A qualitative evaluation of labelled cells in the cell culture using
the fluoresence microscope (Axioimager 2, Carl Zeiss) confirmed the intracytoplasmic distri-
bution of the Qdots (Fig 2).

Distribution of Qdot® 655 cells after injection

At the defined time point (2 days after cell injection), no cells could be detected in the tissues
of the lungs, kidneys or bone marrow. This was observed in all groups both after intra-arterial
and intravenous injections. The Qdot®) 655 signals were detected exclusively in the liver,
spleen, AVL constructs and to a minimal extent in the non-AVL constructs. In the liver and
spleen, the Qdots showed a peak emission at 655nm. Within the constructs, the Qdot signals
exhibited a green shift with a peak emission at 565 nm. A significant difference could be
detected between the number of labelled cells in the AVL and non-AVL constructs with much
more cells detected in the AVL constructs both in central and peripheral zones (p <0.0001). In
the AVL constructs, the cells were mainly detected at the central zones around the AVL, signif-
icantly more than those in peripheral zones (p<0.0001) (Fig 3). Regarding the tissues of the
reticuloendothelial system, significantly more cells could be detected in the liver than the
spleen (p <0.0001). Significantly less labelled cells were found in the spleen of the AVL con-
structs than in the spleen of the non- AVL constructs (p < 0.0001) (Fig 4). No differences
could be detected between ia and iv injection methods among all groups. The detected labelled
cell and their corresponding densities are shown in Table 3.

Histology and immunofluorescence

No histological signs of embolization or immune reaction to the injected cells were detected in
the tissues of the spleen, liver, lungs, kidneys or bone marrow. The qualitative analysis of the
HE stained sections confirmed the patency of the vascular axes in the AVL constructs. The
lumen of the AVL was filled with India ink and was surrounded by a dense vascularization and
new tissue formation (Fig 2). Extrinsic vascularization through the fenestrations of the cham-
ber was also detected in all constructs. The central vascularity within the AVL constructs was
higher than that of the non-AVL. The detected difference was however not statistically signifi-
cant (p = 0.54). The cellular growth/cellular infiltration around the vascular axes was signifi-
cantly more within the AVL constructs (p = 0.046). The histomorphometric analysis also
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Fig 3. Fluorescence microscopy; above: overview of a cut section through an AVL-construct showing QDots around the
vessels (arrows). Below: higher magnification showing the labelled cells in clusters leading to an intensive signaling, v: cross
section of the vessel, green filter, peak emission at 565 nm.

https://doi.org/10.1371/journal.pone.0272697.9003

showed a significant increase in HIF-1 absolute expression in the AVL group in comparison to
the non-AVL group both in central and peripheral zones of the constructs (p<0,0001, Fig 5).
Within individual constructs, however, no difference could be seen between HIF-1 expression
in the central and peripheral zones. The relative central hypoxia (calculated via the percentage
of HIF-1 positive cells in relation to the whole cell count in central zones) was lower within the
AVL constructs in comparison to the non-AVL constructs, but the difference was not statisti-
cally significant (Fig 6, p = 0.5).

Regarding SDF-1, no significant differences could be detected between AVL and non-AVL
constructs. Within the individual constructs the expression of SDF-1 was peripherally higher
in both AVL und non-AVL groups. This was even statistically significant in the non-AVL con-
structs (p = 0.049).

Real time PCR

All the tested genes could be adequately detected among all groups. The average expression of
HIF-1 in the AVL constructs showed a 1.4-fold increase than that of the non-AVL constructs.
However, SDF-1 expression was similar in both groups. Regarding the chemokine receptor
expression in the AVL group, CXCR4 showed a 1.8-fold increase in expression than that of the
non-AVL constructs. Similarly, the expression of CXCR7 was 1.5-fold higher in the AVL

group (Fig 6).
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Fig 4. Histomorphometric analysis of cell engraftment in various tissues 48h after injection as detected by fluorescence
microscopy, (*) indicates statistical significance.

https://doi.org/10.1371/journal.pone.0272697.9004

Discussion

To the best of our knowledge, this study shows for the first time that tissue engineering con-
structs axially vascularized via AV loops can specifically attract systemically injected bone mar-
row mononuclear cells without an additional extrinsic chemokine stimulation. The
distribution of the labelled cells around the central vascular axis indicates that the cells reached
the constructs via the AV loop, as this effect could not be detected at the peripheral zones or in
similar constructs vascularized via flow-through vessels at the studied time point. This capabil-
ity to attract BMMNCs from the systemic circulation is not only important to understand the
mechanism of vascularisation and tissue formation induced by the AVL, but is also of outmost

Table 3. Detected labelled cells among different tissues; cell/ROI (cell/mm?).

Liver Spleen Construct
central peripheral
AVL group 427.7+13.7 (51.5+1.6) 232.7+25.1 (2843) 195.3+16.6 (2.4+0.2) 79.3+33.2
non-AVL group 403.7+48.2 (48.6+5.8) 293.6+9.7 (35.3+1.2) 0.3+0.5 (0.004+0.006) 0.5+0.7
p- value 0.3 < 0.0001 < 0.0001 < 0.0001

https://doi.org/10.1371/journal.pone.0272697.1003
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Fig 5. Above: histomorphometric analysis of HIF-1 and SDF-1 expression within the constructs, (*) indicates statistical
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blue stained with Hoechst.

https://doi.org/10.1371/journal.pone.0272697.9005

relevance to cell therapy strategies especially regarding the optimization of cell engraftment to
target tissues or organs.

We compared in this study the ability of axially vascularized constructs either via AV loops
or flow-through vessels to attract injected BMMNCs. AV loops, AV bundles and flow-through
vessels are well established methods for axial vascularization, which is now considered a corner
stone for tissue engineering of clinically relevant 3D tissues [1, 21]. The AV loops are known
to have superior angiogenic and tissue growth potentials compared to other modalities [22],
which is probably related to the initial enhanced blood flow [8] and to the state of relative hyp-
oxia within the construct [9]. In our study, the AVL group should superior results regarding
the central vascularity and a statistically significant enhanced tissue growth.

We injected the cells at day 12 after construct implantation. This time point was based
upon our previous experience with the hemodynamics of the AVL. Before 12 days, the vessel
sprouting from the AV loop is minimal [23], and therefore an adequate vascular bed would
not be available inside the chamber. Furthermore, the hemodynamics of the AVL at earlier
time points are those of an arteriovenous fistula with a substantially higher blood flow [8].
Applying the cells under these conditions would cause a bias regarding cell engraftment in
comparison to the control group especially after ia injection.
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Fig 6. Above: RT-PCR analysis of relative expression of HIF-1, SDF-1, CXCR4, and CXCR? in the constructs, below:
histomorphometric analysis of central vessel count, central total cell count and central relative hypoxia (HIF-1 positive
cells in relation to total cell count), (*) indicates statistical significance.

https:/doi.org/10.1371/journal.pone.0272697.9006

We did not notice a difference between intra-arterial and intravenous injection methods
regarding the engraftment of the labelled cells 2 days after injection. The intravenously injected
cells were probably not captured in the lung vasculature denoting an irrelevant pulmonary
first pass effect. This could be related to the different adhesion abilities and to the small size of
the BMMNC:s (cell diameter about 7 pm) in comparison to other progenitor cell types as
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mesenchymal stem cells or in vitro cultivated cells [14, 24, 25]. Another explanation would be
that a fraction of the cells was initially trapped in the lungs after iv injection and slowly mobi-
lized out of the lung over 2 days. This “temporary” entrapment in lung tissue was previously
described in several studies [26, 27]. The enhanced engraftment of progenitor cells within the
AVL constructs even after intravenous injection may introduce these constructs as a safe and
practical method to enhance cell engraftment to target tissues during cell therapies.

Two days after injection, the cells were detected mainly in the liver, spleen and to a lesser
extent in the AVL constructs. No cells could be detected in other examined tissues of the kid-
neys or lungs denoting that their homing was related to a chemotactic signaling rather than a
mere hemodynamic distribution, a conclusion reinforced by the similar distribution following
ia and iv injections. The splenic engraftment in the AVL group was significantly less than that
of the non-AVL group. This may denote that a cell mobilization took place primarily from the
spleen reservoir. Probably the cells resided initially in the reticuloendothelial system (mainly
liver and spleen) after injection and were then chemotactically mobilized towards the AVL
constructs over two days. This conclusion, however, should be verified through further cell
tracking studies including assessment of cell engraftment at earlier time points.

The homing cell densities in the liver and spleen were substantially higher than the central
AVL construct zones (28-51.5 vs 2.4/mm?). This finding, however, is a snapshot calculation at
the studied time point (2 days after injection) and does not represent the final engraftment
density within the constructs. It should also be noted that the calculated number of homing
cells in the AVL constructs are only that of the labelled systemically injected cells. We assume,
however, that the same scenario applies to the non-labelled endogenous BMMNC:s of the ani-
mal, which were probably mobilized and competed with the labelled cells for the same receptor
sites inside the AVL constructs. This means in turn that the whole number of progenitor cells
homing to the AVL constructs could be probably higher than that of the applied/labelled cells.

We investigated the underlying mechanism for this differential progenitor cell homing
focusing on the role of hypoxia and the SDF1-CXCR4-7 axis. We noticed a significantly higher
absolute expression of HIF-1 in the AVL constructs in comparison to the non-AVL group.
However, and due to the robust cellular infiltration and tissue growth around the AVL, the rel-
ative HIF-1 expression in relation to the amount of tissue growth was lower in comparison to
the non-AVL constructs. The enhanced absolute expression was in the context of a controlled
hypoxia, as there was no histological evidence of tissue necrosis in any of the constructs. These
findings may denote a correlation between this state of controlled hypoxia inside the AVL con-
structs and their ability to attract the labelled cells. An enhanced HIF-1 expression was previ-
ously evidenced in AVL constructs and was suggested as one of the factors responsible for
angiogenesis and tissue formation in the AVL model [9, 28, 29]. In our previous experience
with AVL constructs after irradiation, we detected an enhanced bone differentiation after high
dose irradiation, which could not be attributed to the in-situ stem cell population which was
surely damaged by irradiation. We hypothesized at that time that the enhanced hypoxia after
irradiation led to chemotaxis of endogenous progenitor cells and consequently enhanced bone
formation [10, 30]. The current results support our previous hypothesis as they have shown an
enhanced progenitor cell engraftment related to an enhanced state of hypoxia, which had
probably been augmented by the irradiation in our previous experiments.

In the current study a state of homogenous controlled hypoxia was present within the con-
struct. We could not detect a significant difference between HIF-1 expression in the central
and peripheral zones of the constructs, most probably due to the fenestration of our chamber
which allowed extrinsic vascularization in addition to the intrinsic vascularization via the
AVL. In other models of the AVL chamber without fenestration, a clear HIF-1 gradient could
be demonstrated with more expression towards the periphery [9]. Despite the homogenous
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HIF-1 expression in our constructs, the labelled BMMNCs were detected mainly around the
AVL and not at the periphery, denoting that the AVL was the main access of the progenitor
cells to the construct despite the fenestrations in the chamber. This emphasizes the uniqueness
of the AVL model in possessing a hypoxic stimulus hand and in hand with an adequate access
to the progenitor cell niche, a model that resembles to great extent the model of embryogenesis
[31].

The definite mechanism of cell homing is not yet clear. A suggested explanation is an
enhanced HIF-1—SDF-1 cascade leading to progenitor cell attraction via surface receptors
CXCR4 and CXCR?7 [15, 16]. Our RT-PCR results confirmed an enhanced expression of
CXCR4 and CXCR?7 in the AVL constructs which indicates an enhanced engraftment of cells
expressing these receptors including, but not limited to, the labelled BMMNCs. However, and
quite contrary to HIF-1, there was no difference in SDF-1 expression between AVL and non-
AVL groups. This means that the CXCR4 and CXCR?7 positive cells were probably recruited
via a mechanism independent on SDF-1 expression inside the AVL constructs. Similarly, Sim-
cock et al. could show an enhanced engraftment of systemically injected endothelial cell pre-
cursors (EPCs) to an AVL chamber only after local application of exogenous SDF-1 (CXCL12)
into the chambers [32]. Our observations suggest that at the studied time point and under nor-
mal conditions, the chemotaxis of progenitor cells towards the AVL constructs occurs via a
HIF-1 dependent but non-SDF-1 dependent mechanism. Probably, the monocytes/macro-
phages fractions of BMMNC:s were the first to reach the AVL constructs induced by a direct
stimulus from the HIF-1 and without SDF-1 stimulation. Their activation will further lead to
secretion of monocyte chemoattractant protein 1 (MCP-1), which recruits more monocytes
and further induces HIF-1 [33, 34]. This is also supported by the previously evidenced double
staining of HIF-1 and ectodysplasin-1 in the AVL constructs between 7-14 days indicating
that macrophages accounted for a significant fraction of the cells at this phase [9]. In a further
step, HIF-1 will lead to activation of SDF-1 and VEGF inducing each other in a positive feed-
back loop. An overexpression of SDF-1 will probably occur at a later time point and will pro-
voke the known chemotactic effects on other progenitor and stem cells [15, 16, 35].

We labeled the cells with Qtracker® nanocrystals to assure a continuous illumination with-
out the degradation problems often associated with organic dyes [36]. Qtracker® 655 labels
are distributed in vesicles in the cytoplasm, excited at a wavelength in the range of 405-615
nm and have an emission of 655 nm. In the liver and spleen, the Qdots showed a typical red
peak emission at 655nm. The Qdots signals in the constructs however, showed a green shift
with a typical peak emission at 565 nm. Furthermore, the nanocrystals in the constructs
appeared more in clusters leading to an intensive signaling (Fig 3). This green shift could be
attributed to a degradation of the PEG (polyethylene glycol) coating of the nanocrystals which
could occur in acidic conditions (Dr. Gebhardt, Thermo Fisher Scientific, Germany, personal
communication, February 25, 2020). Within pH values below 4, even the metallic core of the
nanocrystals may start to degrade. This leads to decreasing the size of the crystals and conse-
quently changing the emission range towards green [37]. Other studies showed that Qdots
were first sequestered in early endosomes, which were slowly acidified and turned into late
endosomes and lysosomes. Their distribution was shown also to be more densely packed in
late endosomes/lysosomes, presumably due to the acidic pH therein [38]. This phenomenon
was clearly seen in the constructs mostly due to the acidic conditions within the constructs
triggered by hypoxia, degradation of the collagen inside the chamber into amino acids and the
predominance of macrophages with their prominent lysosomal activity. Another issue would
be the possible effect of Qdots on cell maturation and surface marker expression such as
CXCR4 and 7 especially on long term. This effect was mentioned in literature in different cell
lines with some contradictory results [39, 40]. We believe, however, that such an effect would
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be minimal according to our study design as we injected the cells immediately after cell
labeling.

Our current findings provide insight into the underlying mechanism of vascularisation and
tissue formation via AVLs, proving a definite role of enhanced cell recruitment from the sys-
temic circulation. This knowledge may be beneficial in applying this well-established micro-
surgical model in cell therapies, where directing the injected cells to the target organs remains
a major challenge [14]. Furthermore, a detailed characterization of the chemotactic potential
of the AVL constructs could help enrich the tissue engineering constructs via systemic injec-
tion of cells. This issue remains a major concern in tissue engineering because the local appli-
cation of cells to a well vascularized scaffold at an optimal time point is technically difficult.

Another important issue is the theoretical ability of the AVL constructs to attract cancer
stem cells leading to cancer recurrence if AVL constructs were used for reconstruction after
cancer ablation. There is growing evidence that recurrence after radiation therapy (for example
of brain tumors) is related to enhanced tissue hypoxia, HIF-1 overexpression and consequently
SDF-1 expression leading to infiltrating macrophages, which may subsequently be responsible
for radiation-induced tumor invasiveness [41]. Other studies highlighted the role of hypoxia
on the maintenance and evolution of cancer stem cells [42]. From a clinical point of view, how-
ever, the induced hypoxia in the AVL construct is nothing more than a temporary tissue hyp-
oxia which sometimes follows pedicled or free flap reconstruction commonly done after
cancer ablation.

The study has some limitations that would be optimized in further research. Studying the
hypoxia profile and consequently the chemotactic potential at other time points including
long-term-dynamics of cell distribution would be of outmost importance to characterize the
model and further solidify the current findings. Further investigations to uncover the mecha-
nism of chemotaxis including the role of MCP-1 together with more investigations on the
SDF-1—CXCR4 and CXCR? axis would be necessary. Finally, the cells homing to the AVL
constructs should be characterized further to find out which fraction of BMMNC:s pool plays
the main role in the homing process.
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