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Bioengineering with Endothelial Progenitor
Cells Improves the Vascular Engraftment
of Transplanted Human Islets

Liza Grapensparr1, Gustaf Christoffersson1, and Per-Ola Carlsson1,2

Abstract
Pancreatic islets isolated for transplantation are disconnected from their vascular supply and need to establish a new functional
network posttransplantation. Due to poor revascularization, prevailing hypoxia with correlating increased apoptosis rates in
experimental studies can be observed for months posttransplantation. Endothelial progenitor cells (EPCs) are bone marrow–
derived cells that promote neovascularization. The present study tested the hypothesis that EPCs, isolated from human
umbilical cord blood, could be coated to human islet surfaces and be used to promote islet vascular engraftment. Control or
EPC bioengineered human islets were transplanted into the renal subcapsular space of nonobese diabetic/severe combined
immunodeficiency mice. Four weeks posttransplantation, graft blood perfusion and oxygen tension were measured using laser
Doppler flowmetry and Clark microelectrodes, respectively. Vessel functionality was also assessed by in vivo confocal imaging.
The vascular density and the respective contribution of human and recipient endothelium were assessed immunohisto-
chemically by staining for human and mouse CD31. Islet grafts with EPCs had substantially higher blood perfusion and oxygen
tension than control transplants. Furthermore, analysis of the vascular network of the grafts revealed that grafts containing
EPC bioengineered islets had a superior vascular density compared with control grafts, with functional chimeric blood vessels.
We conclude that a simple procedure of surface coating with EPCs provides a possibility to improve the vascular engraftment
of transplanted human islets. Established protocols are also easily applicable for intraportal islet transplantation in order to
obtain a novel directed cellular therapy at the site of implantation in the liver.
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Introduction

The metabolically active pancreatic islets are highly vascu-

larized, with a blood perfusion regulated to match the dif-

ferent metabolic demands for oxygen and nutrient supply of

the endocrine cells1. The islet vasculature also supports b
cell growth, differentiation, and function by paracrine inter-

actions2–6 and provides drainage of secreted hormones to the

central circulation.

Pancreatic islets isolated for transplantation are discon-

nected from their vascular supply and need to establish a

new functional network posttransplantation. Due to poor

revascularization, prevailing hypoxia with correlating

increased apoptosis rates in experimental studies can be

observed for months posttransplantation, not only at the

renal subcapsular site7,8 but also at the clinically used intra-

portal site9,10. It is therefore desirable to find a therapeutic

alternative that allows for better revascularization shortly

posttransplantation.

Endothelial progenitor cells (EPCs) were first described

in 1997 by Asahara et al.11. These proangiogenic cells are

recruited from the bone marrow in response to a vascular

injury and contribute to neovascularization by incorporation

into the damaged vasculature12–14, as well as through the

release of different angiogenic and proinflammatory fac-

tors15–18. Peripheral mobilization of EPCs and other bone

marrow–derived cells by granulocyte-macrophage colony-

stimulating factor were previously shown to enhance
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pancreatic islet revascularization and function after intrapor-

tal transplantation19. However, this technique has not been

implemented clinically, possibly in fear of evoking an

immune rejection of the graft. More recently, EPCs have

instead been mixed together with rodent20,21 or porcine22

islets and shown to increase islet vascular density and b cell

function posttransplantation in rodents.

The present study tested the possibility to improve

engraftment of transplanted human islets by EPCs. In order

to establish a clinically useful protocol, which is also appli-

cable to the intraportal site, a simple coating procedure was

developed, where EPCs attached to the islet surface. More-

over, in order to exclude that the previously observed

increased revascularization by EPCs merely reflected dys-

functional blood vessels, in vivo imaging, blood perfusion,

and oxygen tension measurement techniques were applied

for the first time to quantify their functional relevance.

Materials and Methods

Animals

Male nonobese diabetic/severe combined immunodeficiency

mice (Taconic M&B, Ejby, Denmark) weighing 25 to 30 g

were used in all experiments. The animals were housed

under standardized conditions (12 h light/12 h dark cycle)

and had free access to water and pelleted food.

Islet Isolation and Culture

Human islets were obtained from the Nordic Network for

Islet Isolation. Islets were isolated from 11 brain-dead

donors (8 males, 3 females; see Table 1 for donor character-

istics) and transplanted within 6 to 14 d after isolation. The

human islets were cultured at 37 �C and 5% CO2 in Con-

naught Medical Research Laboratories (CMRL) 1066 media

(Gibco, Grand Island, NY, USA) containing 10% (vol/vol)

fetal calf serum (Sigma-Aldrich, St. Louis, MO, USA), 50

mmol/L L-glutamine (Sigma-Aldrich), and 5 U/mL

penicillin-streptomycin (Roche Applied Science, Penzberg,

Germany) prior to transplantation.

EPC Culture and Coating Procedure

EPCs from human umbilical cord blood (AMS Biotechnol-

ogy, Abingdon, United Kingdom) were used at passages 6

and 7. The obtained cells had been characterized by their

expression of CD146, CD34, vascular endothelial growth

factor receptor 2, von Willebrand factor, low-density lipo-

protein uptake, and lectin binding. The cells were defined as

late EPCs, since they did not express CD133. Their func-

tional capacity was confirmed by tube formation and migra-

tion assays by AMS Biotechnology. Cells in our lab were

cultured in T75 flasks (Corning Life Sciences, Corning, NY,

USA), with endothelial progenitor outgrowth cell (EPOC)

media (AMS Biotechnology). In order to coat EPCs to the

islet surface prior to transplantation, the islets were incu-

bated at 37 �C with 10,000 EPCs per islet for 1 h under

gentle shaking. This number of EPCs per islet was chosen

based on pilot experiments, where full coverage of the

human islet surfaces was observed within 1 h of

coincubation.

Cell Tracking

In order to determine the fate of the EPCs, 1 batch of cells

were labeled using Qtracker 625 cell-labeling kit (Life Tech-

nologies, Carlsbad, CA, USA) prior to transplantation.

Islet Transplantation

Animals were anesthetized by an intraperitoneal injection of

Avertin (0.015 mL/g body weight of a 2.5% (vol/vol) solu-

tion of 10 g 97% (vol/vol) 2,2,2-tribromoethanol [Sigma-

Aldrich] in 10 mL 2-methyl-2-butanol [Kemila, Stockholm,

Sweden]]. A small incision was made at the left subcostal

flank, exposing the kidney. Two hundred control or EPC

bioengineered human islets were transplanted into the renal

subcapsular space. In separate experiments, control and EPC

bioengineered human islets were instead transplanted into

the abdominal external oblique muscle (for technique, see

the study by Christoffersson et al.23).

Blood Flow and Oxygen Tension

One-month posttransplantation, the mice were again

anesthetized by Avertin and maintained at body temperature

on a surgical table. A polyethylene catheter was inserted into

the right carotid artery and thereafter connected to a blood

pressure transducer (ADInstruments, Dunedin, New Zeal-

and). Another incision was made at the left subcostal flank.

The kidney was freed from its surrounding tissues and

immobilized in a plastic cup, with a clear view of the graft.

Graft and kidney blood perfusion were measured using laser

Doppler flowmetry with a needle probe (Transonic BLF 21

Series, probe diameter 1.2 mm; Transonic, Ithaca, NY,

Table 1. Characteristics of Donors Used in This Study.

Donor Gender Age BMI Dynamic Index
Isolation !

Transplantation (d)

I M 74 25.6 4.5 6
II M 53 26.1 11.1 8
III M 52 28 3 10
IV M 59 21.4 6.1 8
V F 58 38.1 12 10
VI M 58 23.4 8.7 13
VII M 62 26.3 6.9 10
VIII F 60 21.2 34.1 6
IX M 65 23.1 4.5 14
X M 38 29.3 2.7 13
XI F 56 22 3.6 8

Abbreviations: BMI ¼ body mass index; M ¼ male; F ¼ female.
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USA). Clark microelectrodes (external tip diameter ¼ 2 to 5

mm; Unisense, Aarhus, Denmark) were used to measure the

oxygen tension of the graft as well as the kidney cortex. The

same microelectrode was used for all experiments. Six to 10

measurements were performed in each graft or kidney, and

the calculated mean in each organ was considered to be one

experiment. All measurements were performed according to

previously established protocols24.

Ten minutes prior to sacrifice, some animals received an

intrajugular injection with 100 mg soybean agglutinin lectin

(Life Technologies) to study perfused, and thus functional,

vessels within the grafts. The kidney was thereafter removed

and snap-frozen in liquid nitrogen.

In Vivo Imaging

Mice transplanted with control or EPC bioengineered human

islets to striated muscle in the abdominal wall were at 2 wk

posttransplantation anesthetized by isoflurane and main-

tained at body temperature on a surgical table. An intrave-

nous injection of Alexa Fluor 488-conjugated rat anti-mouse

CD31 (BioRad, Hercules, CA, USA) and APC-conjugated

mouse anti-human CD31 (eBioscience, San Diego, CA,

USA) was performed. The antibodies were allowed to circu-

late for a minimum of 5 min prior to imaging. An incision

was made to the skin to expose the graft, and the muscle was

immobilized for imaging using a vacuum window25. A Zeiss

LSM 5 LIVE microscope (Carl Zeiss AG, Oberkochen, Ger-

many), with a Plan-Apochromat 20�/0.8 objective, was used

for all in vivo imaging.

Immunohistochemistry

Cryosections were made with a thickness of 8 mm. Sections

were air-dried and thereafter fixed in cold (4 �C) acetone for

5 min. Avidin block solution (Vector Laboratories, Burlin-

game, CA, USA) was added to each slide for 20 min, fol-

lowed by biotin block solution (Vector Laboratories) for an

additional 20 min. The sections were thereafter covered in

Tris-NaCl-blocking (TNB) buffer (PerkinElmer, Waltham,

MA, USA) for 30 min.

The slides were incubated with primary antibodies

(rabbit anti-human IA2 [anti-Protein Tyrosine Phosphatase,

Receptor Type N {PTPRN}, 1:200 in TNB buffer; Atlas

antibodies, Stockholm, Sweden]), biotin conjugated mouse

anti-human CD31 (1:300 in TNB buffer; eBioscience), and

rat anti-mouse CD31 (Clone ER-MP12, 1:100 in TNB buf-

fer; AbD Serotec, Kidlington, UK) at 4 �C overnight. Slides

were washed 3 times with washing buffer (Dako, Glostrup,

Denmark), followed by a 60 min incubation at room tem-

perature with the secondary antibodies (Alexa Fluor 555

goat anti-rat [1:200 in TNB buffer; Life Technologies] and

Alexa Fluor 647 donkey anti-rabbit [1:200 in TNB buffer;

Jackson ImmunoResearch Laboratories, West Grove, PA,

USA]). The secondary antibodies were removed and slides

were washed 3 times with washing buffer. Streptavidin-HRP

(1:150 in TNB buffer; PerkinElmer) was added for 30 min,

followed by washing and incubation with Fluorophore Tyr-

amide (1:80 in amplification buffer; PerkinElmer) for 8 min.

The nuclei were stained with Hoechst (1:10,000 in PBS; Life

Technologies) for 5 min in room temperature. The slides

were dried and mounted with Fluoromount-G (SouthernBio-

tech, Birmingham, AL, USA).

Confocal Imaging and Islet Vascular
Density Assessment

Confocal imaging was performed using a laser scanning

confocal microscope Zeiss LSM 780 (Carl Zeiss AG) with

a Plan-Apochromat 20�/0.8 M27 objective. Zeiss Zen 2012

Blue edition software, version 1.1.1.0 (Carl Zeiss AG) was

used for all image analyses. Islet vascular density was

assessed by measuring human and mouse CD31-positive

areas within IA2-positive areas (Islet Antigen-2 [IA2] is a

ubiquitous marker for islet endocrine cells26).

Statistical Analysis

All data are presented means + Standard error of the mean

(SEM). Paired and unpaired Student’s t-test was used for

comparison between control and bioengineered grafts. For

all comparisons, a P value of <0.05 was considered signifi-

cant. All statistical analyses were carried out using GraphPad

Prism Version 6.0 (GraphPad Software, San Diego, CA,

USA).

Results

EPC Bioengineered Human Islets

By incubating islets together with EPCs for 1 h under gentle

shaking, the surface of the islets became covered with EPCs.

After prolonged culture (48 h) of some of the islets, the EPCs

were still attached to the surface, indicating a strong cell-to-

surface binding (Fig. 1A and B).

Human Islets Contained Endothelial Cells at the
Time of Transplantation

The images of human islets in vitro showed that many of

these islets still contained remnant endothelial cells after 8 to

16 d of culture (Fig. 1A and B). There was no difference in

remnant donor endothelial cells between the groups at the

time of transplantation.

Human Islets Coated with EPCs Had a Higher
Vascular Density

EPC bioengineered grafts at the renal subcapsular site had an

increased islet vascular density when compared with control

transplants at 1 mo posttransplantation (Fig. 2A to E; n ¼ 8

in both groups). This reflected a doubled area of blood ves-

sels of both mouse (recipient) and human origin.
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EPCs Were Incorporated into Functional Blood Vessels

By labeling EPCs prior to transplantation, these cells could

be traced and imaged within the renal subcapsular grafts.

The observed overlap between labeled EPCs and lectin con-

firmed that EPCs were incorporated into functional blood

vessels at 1 mo posttransplantation (Fig. 2F; n ¼ 3).

Grafts Containing EPCs Had Significantly Higher
Blood Perfusion and Oxygen Tension

In order to assess the functionality of the newly formed graft

vessels, blood perfusion and oxygen tension were measured

within the human islet grafts and surrounding kidney tissue.

The blood perfusion in EPC bioengineered grafts (n ¼ 8)

was more than double that of control grafts (n ¼ 9) 1 mo

posttransplantation (Fig. 3A). Moreover, the EPC containing

grafts had a 3-fold increase in oxygen tension when com-

pared with control grafts (Fig. 3B). Meanwhile, the blood

perfusion and oxygen tension of the kidney cortex did not

differ between the groups (Fig. 3C and D).

Functional Chimeric Vessels Were Present in EPC
Bioengineered Grafts

To further assess the functionality of the newly formed ves-

sels, islets were transplanted to the striated muscle of the

abdominal wall in 7 animals. This transplantation site

enabled for easy visualization of the islet grafts within the

living animals. This imaging confirmed that the donor

(human) and recipient (mouse) vessels connect within the

grafts to form functional (blood perfused) vessels (Fig. 4A

and B). The EPC bioengineered grafts also contained func-

tional chimeric (Fig. 4B and C) blood vessels (i.e., vessels of

both human and mouse origin), further supporting the find-

ing that EPCs incorporate into ingrowing blood vessels.

Discussion

Poor engraftment of the implanted tissue constitutes a major

challenge for successful clinical islet transplantation. In the

present study, we describe a simple procedure of surface-

coating islets with EPCs prior to transplantation and show

this to be a highly effective mean to improve the revascular-

ization of human islet grafts. The formed blood vessels were

found highly functional and more than doubled the blood

perfusion and oxygen tension in the tissue at 1 mo

posttransplantation.

Previous studies of transplanted murine islets have shown

that islet endothelial cells disappear within the first days

during islet culture27,28. In contrast, the results of the present

study indicated that human islet endothelial cells remain

even after prolonged culture of the human islets, thereby

providing a possibility for these endothelial cells to partici-

pate in the newly formed vascular network of the islets post-

transplantation. The reason for this striking difference is

presently obscure. However, besides the species difference,

studies of murine islet endothelial cells in culture indicate

that they are highly susceptible to glucose toxicity and that

their apoptosis rates could substantially be decreased by low-

ering the glucose concentration during culture29. Similarly,

glucose has been shown to inhibit angiogenesis of isolated

human islets30. It is noteworthy that the clinical protocols, as

well as the present study, used a lower glucose concentration

(5.6 mmol/L) for islet culture than that commonly applied

for rodent islet cultures (11 mmol/L)28.

The EPCs used in the present study did not express

CD133 and are thus considered to be late EPCs, also known

Fig. 1. Human islets coated with endothelial progenitor cells (EPCs). A majority of the islets (yellow ¼ insulin) that had been coated with
EPCs (green¼ human CD31, indicated by white arrows) still had a layer of EPCs covering the islet surface, indicating a strong cell-to-surface
binding 48 h later (A and B). Furthermore, these images also show remnant donor endothelial cells (also in green, indicated by red arrows),
confirming that human islet endothelial cells survive in culture. All scale bars correspond to 50 mm.
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as EPOCs31, in contrast to the originally described early

EPCs obtained from circulating adult peripheral blood

nuclear cells11. It has been proposed that early and late EPCs

contribute to the neovascularization in different ways; early

EPCs are suggested to release angiogenic cytokines that are

thought to attract more endothelial cells to the site of injury,

while late EPCs mainly provide the area with sufficient

numbers of endothelial cells for the neovasculogenesis to

occur and do so by differentiating into mature endothelial

cells12. Nevertheless, also, late EPCs produce a multitude of

angiogenetic factors, including matrix metalloproteinase 2

and vascular endothelial growth factor (VEGF)17, and cord

blood–derived late EPCs have recently been observed to

promote angiogenesis by mere paracrine factors32. Indeed,

the higher number of blood vessels in EPC bioengineered

islet grafts in the present study was observed to result not

only from an incorporation of the EPCs into the capillary

networks but also from an increased ingrowth of recipient

vessels (mouse) and proliferation of residual human

endothelial cells. Previous studies indicate that EPCs may

Fig. 2. Vascular density of control and endothelial progenitor cell (EPC) bioengineered grafts. Vascularization of control (A and B) and EPC-
coated human islets (C and D) at 1 mo posttransplantation. Contribution of ingrowing recipient (mouse) endothelial cells was evaluated by
mouse CD31 staining (red), whereas human endothelial cell contribution was assessed by human CD31 staining (green). The endocrine mass
was visualized by the ubiquitous islet endocrine marker IA2 (yellow) in (A) and (C). (E) Quantification of vascular density and the respective
contribution of mouse and human endothelial cells in the grafts of control (closed bars) and EPC-coated human islets (open bars) are shown
(n ¼ 8 in both groups). (F) At 1 mo posttransplantation, many of the transplanted EPCs (yellow ¼ Qtracker 625) were incorporated
(indicated by white arrows) into functional vessels (green ¼ bound soybean agglutinin lectin). Scale bars correspond to 200 mm (A), 100 mm
(C), and 50 mm (F). All values are given as means + standard error of the mean for 8 transplanted animals in each group. *P < 0.05 when
compared to control islet grafts.
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trigger angiogenesis in rodent and porcine islets by either

stimulating the VEGF-A expression in the transplanted b
cells22 or the secretion of VEGF-A directly from the EPCs20.

Another mechanism may be that microvesicles from EPCs

transfer RNA stimulating angiogenesis in tissue33. Whereas

Oh et al.20, similar to us, reported that both donor and

recipient endothelium, as well as the transplanted EPCs,

contributed to the newly formed blood vessels, the inclusion

of EPCs in blood vessels was not observed by Kang and

colleagues22. Discrepancies between studies are likely

explained by different characteristics of the transplanted

EPCs, but perhaps also species differences. Importantly, in

Fig. 3. Blood perfusion and oxygen tension. Blood perfusion (A) and oxygen tension (B) in 1-mo-old transplants of control (closed bars; n¼
9) or endothelial progenitor cell (EPC)-coated human islets (open bars; n ¼ 8). Blood perfusion and oxygen tension were also recorded in
the adjacent renal cortex of the same animals (C and D, respectively). All values are given as means + standard error of the mean for 8 to 9
transplanted animals in each group. ***P < 0.001 when compared to control islet grafts.

Fig. 4. In vivo imaging of control and endothelial progenitor cell (EPC) bioengineered grafts. Human islets were transplanted to the striated
muscle of the abdominal wall and visualized by in vivo microscopy 2 wks later. By in vivo imaging, it was confirmed that human (red¼ human
CD31) and mouse (green ¼ mouse CD31) vessels connect within the grafts (indicated by white arrows) to create functional blood vessels
(A and B). The EPC bioengineered grafts also contained blood-perfused chimeric vessels (indicated by yellow arrows), further supporting the
finding that EPCs incorporate into functional blood vessels (B and C). All scale bars correspond to 50 mm.
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the present study of human islets, we show that the grafts

with EPCs acquire a much higher vascular density than con-

trol grafts, and that inclusion of EPCs does not only enhance

the speed of revascularization as reported previously22.

One month posttransplantation, the area of blood vessels

in islet grafts containing EPCs was almost doubled when

compared with control islet grafts. Although this has also

been reported for murine islets with murine EPCs20, those

and our findings could have been explained by expansion of

transplanted EPCs or remnant endothelial cells in the tissue,

without the formation of functional perfused blood vessels.

We therefore investigated the formed blood vessels for func-

tionality by different techniques. Firstly, that the vascular

structures, including those with incorporated EPCs and rem-

nant endothelium, were perfused and were confirmed by

both intravenous lectin infusion and in vivo imaging. Sec-

ondly, the recordings of blood perfusion by laser Doppler

flowmetry showed that the blood perfusion levels in the

grafts of EPC-coated islets were much higher than in control

grafts and similar to those in the highly blood-perfused renal

cortex. In this context, it may be noted that at least in rodents,

the blood perfusion of native islets is similar to that in the

renal cortex1,34. Thirdly, the oxygen tension levels in the

grafts of EPC-coated islets was restored to that of native

rodent islets35, suggesting optimal oxygen delivery to the

transplanted b cells.

In the chosen study design, the islets were transplanted

beneath the kidney capsule and to striated muscle to enable

functional evaluation of the formed vasculature by in vivo

microscopy and direct blood perfusion and oxygen tension

measurements. However, although not tested in the present

study, the established protocols are also easily applicable for

intraportal islet transplantation in order to obtain a novel

directed cellular therapy at the site of implantation in the

liver. Normoglycemic and not hyperglycemic recipient mice

were used in the study, which may have influenced the

results. However, in the clinical situation, efforts are applied

to obtain strict metabolic control posttransplantation, and, at

least for the revascularization of murine islets, the process is

independent of the glycemic state of the recipient36. Native

EPCs of patients with diabetes are essentially defective in

both numbers and function37,38, which provide an important

rationale for their substitution in islet transplantation,

although they, at least in animal models, in lower numbers

may home to transplanted islets39. EPCs for bioengineering

pancreatic islets can easily be obtained from peripheral

blood of adult patients or, as in the present study, from

umbilical cord blood. Heightened HLA sensitization may

occur if including EPCs with islets, but this may be solved

by using islet donor- or recipient-derived EPCs.
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Tryggvason K, Sorokin L, Fässler R, Gu G, Gerber HP, Ferrara

N, Melton DA, Lammert E. The vascular basement membrane:

a niche for insulin gene expression and beta cell proliferation.

Dev Cell. 2006;10(3):397–405.

7. Carlsson PO, Palm F, Andersson A, Liss P. Chronically

decreased oxygen tension in rat pancreatic islets transplanted

under the kidney capsule. Transplantation. 2000;69(5):

761–766.

8. Biarnes M, Montolio M, Nacher V, Raurell M, Soler J, Mon-

tanya E. Beta-cell death and mass in syngeneically transplanted

islets exposed to short- and long-term hyperglycemia. Dia-

betes. 2002;51(1):66–72.

9. Olsson R, Olerud J, Pettersson U, Carlsson PO. Increased num-

bers of low-oxygenated pancreatic islets after intraportal islet

transplantation. Diabetes. 2011;60(9):2350–2353.

10. Liljeback H, Grapensparr L, Olerud J, Carlsson PO. Extensive

loss of islet mass beyond the first day after intraportal human

islet transplantation in a mouse model. Cell Transplant. 2016;

25(3):481–489.

11. Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R,

Li T, Witzenbichler B, Schatteman G, Isner JM. Isolation of

putative progenitor endothelial cells for angiogenesis. Science.

1997;275(5302):964–967.

12. Hur J, Yoon CH, Kim HS, Choi JH, Kang HJ, Hwang KK, Oh

BH, Lee MM, Park YB. Characterization of two types of

endothelial progenitor cells and their different contributions

to neovasculogenesis. Arterioscler Thromb Vasc Biol. 2004;

24(2):288–293.

13. Asahara T, Masuda H, Takahashi T, Kalka C, Pastore C, Silver

M, Kearne M, Magner M, Isner JM. Bone marrow origin of

endothelial progenitor cells responsible for postnatal vasculo-

genesis in physiological and pathological neovascularization.

Circ Res. 1999;85(3):221–228.
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