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Abstract  

With a view toward reduction of graft loss, we explored pancreatic islet transplantation within fibrin 

matrices rendered pro-angiogenic by incorporation of minimal doses of vascular endothelial growth 

factor-A165 and platelet-derived growth factor-BB presented complexed to a fibrin-bound integrin-

binding fibronectin domain. Engineered matrices allowed for extended release of pro-angiogenic 

factors and for their synergistic signaling with extracellular matrix-binding domains in the post-

transplant period. Aprotinin addition delayed matrix degradation and prolonged pro-angiogenic 

factor availability within the graft. Both subcutaneous (SC) and epididymal fat pad (EFP) sites were 

evaluated. We show that in the SC site, diabetes reversal in mice transplanted with 1,000 IEQ of 

syngeneic islets was not observed for islets transplanted alone, while engineered matrices resulted in 

a diabetes median reversal time (MDRT) of 38 days. In the EFP site, the MDRT with 250 IEQ of 

syngeneic islets within the engineered matrices was 24 days, versus 86 days for islets transplanted 

alone. Improved function of engineered grafts was associated with enhanced and earlier (by day 7) 

angiogenesis.  Our findings show that by engineering the transplant site to promote prompt re-

vascularization, engraftment and long-term function of islet grafts can be improved in relevant 

extrahepatic sites. This article is protected by copyright. All rights reserved 

 

Keywords: islet transplantation, angiogenesis, hydrogels, local release, PDGF-BB, VEGF-A 
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Introduction 

Transplantation of pancreatic islets is less invasive than full pancreas transplantation and may 

cure type 1 diabetes mellitus (T1DM) (Harlan et al. 2009; Mineo et al. 2009). Currently, islets 

isolated from the pancreas of cadaveric donors are clinically transplanted intrahepatically (Mineo 

et al. 2009). Insulin independence at one-year post transplant is achieved in approximately 60% 

of the patients and in most cases is diminished over time due to graft loss (Mineo et al. 2009). 

Early graft loss amounts to 50-75% of the transplanted islet mass and is mainly due to the 

suboptimal environment provided by the liver transplant site (Cantarelli and Piemonti 2011). 

Among the influences that can cause early graft loss is the poor re-vascularization that in turn 

causes lack of glucose homeostasis and hypoxia, in addition to the higher concentration of toxic 

immunosuppressive drugs in the portal vein that can impair angiogenesis and islet proliferation 

(Cantarelli and Piemonti 2011). 

 

Alternative transplant sites have been long sought to improve islet engraftment and long-term 

function (Cantarelli and Piemonti 2011). The choice of alternative sites aims at minimizing early 

inflammatory reactions, promoting a well vascularized microenvironment (to guarantee 

exchange of oxygen and nutrients, pH homeostasis and cell waste removal) and gaining easy-

access to the transplant site (for minimally invasive surgery and follow-up) (Cantarelli and 

Piemonti 2011). Among the sites that have been explored are the subcutaneous (SC) site (Barkai 

et al. 2012; Juang et al. 1996; Kim et al. 2012; Nishimura et al. 2013; Pileggi et al. 2006) and the 

omentum (Ao et al. 1993; Berman et al. 2009; Gustavson et al. 2005; Jacobs-Tulleneers-

Thevissen et al. 2010; Kin et al. 2003; Kriz et al. 2012; Pedraza et al. 2012).  
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We focused our attention on optimization of islet engraftment in the SC tissue and the 

epididymal fat pad (EFP), as a surrogate of the omental pouch, in the murine model. The SC site 

is easily accessible and offers an extensive surface area for transplantation. However, results in 

the SC site have been disappointing, for reasons that may include poor oxygen tension, slow re-

vascularization, inflammation and need for mechanical protection (Beattie et al. 2002; Gu et al. 

2001; Juang et al. 2005; Pileggi et al. 2006; Wang et al. 2002). The omental pouch site is well 

vascularized and provides portal drainage, which is desirable for physiological effects of insulin 

on the liver, and it can accommodate large graft volumes (Ao et al. 1993; Berman et al. 2009; 

Gibly et al. 2011; Gustavson et al. 2005; Jacobs-Tulleneers-Thevissen et al. 2010; Kim et al. 

2010; Kin et al. 2003; Kriz et al. 2012; McQuilling et al. 2011; Pedraza et al. 2012).  

 

Devices and scaffolds for engineering the islet transplant microenvironment provide mechanical 

support and allow promoting angiogenesis and improving islet engraftment and long-term 

function in extrahepatic sites (Barkai et al. 2012; Colton 1995; Juang et al. 1996; Kim et al. 

2012; Marzorati et al. 2009; Pedraza et al. 2012; Pileggi et al. 2006). However, non-degradable 

biomaterials can generate foreign body responses that impair islet function and can trigger graft 

rejection. Alternatively, fibrin matrices are natural scaffolds that provide transient mechanical 

support and completely degrade days after implantation through physiological cell-mediated 

proteolytic mechanisms leading to ingrowth of autologous tissues, including vascular beds, as the 

result of host remodeling. In addition, fibrin matrices have been shown to be beneficial for islet 

culture (Beattie et al. 2002). 
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In a wound healing model we have previously shown that covalently incorporating a 

multifunctional recombinant fibronectin (FN) fragment that contains (i) a transglutaminase 

substrate for covalent binding to fibrin under the enzymatic action of Factor XIIIa, (ii) the major 

integrin-binding domain (FNIII 9-10), and (iii) the growth factor (GF)-binding domain FNIII 12-

14, (together referred to as FNIII 9-10/12-14) within fibrin gels can present incorporated pro-

angiogenic GFs (vascular endothelial GF, VEGF-A165, and platelet-derived GF, PDGF-BB) in a 

manner to yield potent and functional angiogenesis with minimal doses of GFs (improving safety 

and cost-effectiveness) (Eming and Hubbell 2011; Martino and Hubbell 2010; Martino et al. 

2009; Martino et al. 2011).  Potentiation of GF regenerative effects result from co-association of 

the integrin α5β1 with VEGF-receptor 2 or PDGF-receptor β by proximal binding of the 

respective GF to the FNIII12-14 domain, which resides approximately 5 nm from the FNIII9-10 

integrin-binding domain in the FNIII 9-10/12-14 recombinant protein, leading to a potent 

synergist signaling and morphogenesis with doses of GFs that are ineffective if delivered alone 

(Martino et al. 2011). Here we show that engineering the SC and EFP sites with FNIII9-10/12-

14-functionalized fibrin matrices containing aprotinin (which delays matrix degradation and 

prolongs pro-angiogenic GF availability within the graft) presenting VEGF-A165 and PDGF-BB 

accelerates reversal of diabetes with fewer islets than matrices without GFs and matrix-free 

conditions, and that this correlates with induction of prompt re-vascularization in syngeneic 

murine islet transplant models.  

 

Materials and Methods 

Engineered Fibrin Gels 

Fibrin matrices were formed as described previously (Martino et al. 2009). Briefly, human 
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fibrinogen depleted of fibronectin, plasminogen, and von Willebrand factor (Enzyme Research 

Laboratories, South Bend, IN, USA) at 8 mg/ml and supplemented with or not (w/o APR) 17 

µg/ml aprotinin (Sigma-Aldrich) was cross-linked with 2 U/ml human thrombin (Sigma-Aldrich) 

and 8 U/ml factor XIIIa (Fibrogammin; Behring, Marburg, Germany) in 2.5 mM calcium 

chloride in HEPES buffer.  FN III9-10/12-14 was produced as described to comprise a factor 

XIIIa substrate at the N terminus, consisting of residues 1–8 of the protein alpha2 plasmin 

inhibitor (a2PI1–8, NQEQVSPL): a2PI1–8-FN III9-10/12-14 (Martino et al. 2011). a2PI1–8-FN III9-

10/12-14 was covalently incorporated in 80 µl (SC grafts) or 20 µl (EFP grafts) fibrin gels at 2 

µM (ISL+FIB). For experimental conditions containing GFs (‘ISL+FIB+GFs’), hPDGF-BB 

(2500 ng/ml; 50 ng in the EFP site or 200 ng in the SC site, carrier-free from R&D Systems) and 

hVEGF-A165 (5000 ng/ml; 100 ng in the EFP site or 400 ng in the SC site, carrier-free from 

R&D Systems, Minneapolis, MN) were also incorporated.  

 

Islet Transplantation in the Subcutaneous Site 

At the time of islet transplantation, aliquots of 1000 IEQ/each were collected with a precision 

syringe (Hamilton; Reno, NV) and transferred to a low-binding 0.5 ml microfuge tube 

(Eppendorf; Hauppauge, NY). After centrifugation at 1200 rpm, 2 min, RT, residual supernatant 

was removed and islets were resuspended within 80 µl of engineered fibrin gels (without GFs for 

‘ISL+FIB mix’; with hVEGF-A165 and hPDGF-BB for ‘ISL+FIB+GF mix’ and ‘ISL+FIB+GF 

w/o APR mix’ experimental groups), and then immediately transferred to a sterile metal spatula 

for gelation to occur (Figure 1A). The resulting islets-containing fibrin gels measured 

approximately 5x10x1mm. For analysis of angiogenesis at day 7 and day 21 after transplant, 450 

IEQ islets were resuspended in 32 µl gels. 
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Under general anesthesia (isoflurane USP; Baxter, Deerfield, IL), a small cutaneous incision was 

performed on the abdomen of recipient mice. The skin was gently separated from the muscle 

underneath to create a subcutaneous pocket to accommodate the islet-containing fibrin gels. 

Control islets alone, without a fibrin matrix (‘ISL AL’), were collected with the precision syringe 

and directly injected in the SC pocket. The skin was sutured with absorbable sutures (Ethicon; 

Somerville, NJ). 

Experimental Groups are summarized in Table I. 

 

Islet Transplantation in the Epididymal Fat Pad Site 

Under general anesthesia, small cutaneous and muscular incisions were performed on the 

abdomen of recipient mice. The epididymal fat pad (EFP) was then gently exposed and flattened 

on a sterile gauze surface. At the time of islet transplantation, from aliquots of 250 (for 

optimization of syngeneic transplants) or 1000 (for characterization of syngeneic transplants at 

day 7, 14 and 21 after transplant) or 750 / 1000 / 1200 (for allogeneic transplants)  IEQ/each, 

islets were collected with a precision syringe. For the ‘ISL AL’ experimental group, islets were 

transferred to the surface of the EFP and well distributed on top of the pad. For ‘ISL+FIB top’ 

(without GFs) and ‘ISL+FIB+GF top’ (with hVEGF-A165 and hPDGF-BB) experimental 

groups, islets collected with the syringe were transferred to the surface of the EFP and well 

distributed on top of the pad. Then 20 µl of engineered fibrin gels were pipetted on the EFP to 

cover the islets and secure their direct contact with EFP host blood vessels. Gelation was allowed 

to occur in situ. Finally, for ‘ISL+FIB mix’ (without GFs) and ‘ISL+FIB+GF mix’ (with 

hVEGF-A165 and hPDGF-BB) experimental groups, islets collected with the syringe were 

transferred to a low-binding 0.5 ml microfuge tube. Islet residual supernatant was removed and 
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islets were resuspended within 20 µl of engineered fibrin gels and immediately transferred to the 

EFP for gelation to occur in situ. The EFP was then wrapped and fibrin gel was used to seal the 

‘EFP pocket’. Once the gel had polymerized the wrapped islet-containing EFP was gently placed 

back in the abdominal cavity of the mouse and the muscle and the skin were sutured with 

absorbable sutures.  

Experimental Groups are summarized in Table I.
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Results 

 

Engineered fibrin matrix containing growth factors allows engraftment and long-term 

function of islets transplanted in the subcutaneous site 

For SC transplantation, fibrin gels measured approximately 5x10x1mm
3
 with a volume of 80 µl 

(Figure 1A). A dose of 1000 IEQ  syngeneic islets transplanted alone in the SC site reverted 

diabetes only in 20% of mice after 100 days (undefined median reversal time (MRT), n=5) 

(Figure 1B-C,  black). Islets transplanted in the SC site within fibrin matrices engineered for 

potentiated delivery of the proangiogenic factors VEGF-A and PDGF-BB (ISL+FIB+GF mix) 

and containing aprotinin reverted diabetes in 60% of mice at 40 days post-transplant (MRT: 38 

days, n=5) (Figure 1B, red). In these mice blood glucose was controlled more tightly (Figure 1D 

red) than with islets transplanted with islets alone (without a fibrin matrix or GFs) (ISL AL, 

Figure 1C). In the absence of GFs, no beneficial role was observed for transplantation of islets 

within fibrin matrices containing the bound FNIII 9-10/12-14 protein (ILS+FIB, undefined 

MRT, n=5) (Figure 1B-E, green). In the absence of aprotinin (ISL+FIB+GF w/o APR mix), a 

delay in diabetes reversal time was observed (MRT: 84 days, n=3) (Figure 1B-F, pink) 

suggesting that matrix stability in vivo (resulting from the presence of aprotinin) is critical for 

exploiting the beneficial effect of matrix-bound GFs co-presented with integrin-binding sites 

(ISL+FIB+GF mix) (Figure 1E). We conclude that aprotinin-containing engineered fibrin matrix 

supplemented with GFs (ISL+FIB+GF mix) improves engraftment and as consequence it 

accelerates function of islets transplanted in the SC site through an effect of GF delivery via the 

engineered matrix. 
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Engineered fibrin matrix containing growth factors promotes early re-vascularization of islet 

transplants in the subcutaneous site 

Syngeneic pancreatic islets were transplanted SC at 450 IEQ/mouse to study the degree of 

engraftment by histopathology. Most islet alone and islets transplanted in the SC site within 

fibrin matrices but without GFs (ISL+FIB) did not survive after transplantation. Those few islets 

surviving showed poor re-vascularization at day 7 (Figure 2A-B), as indicated by the low 

expression of CD31
+
Lyve-1

-
 blood and CD31

+
Lyve-1

+
 lymphatic vessels (pie chart, black) 

within insulin
+
 and glucagon

+
 islets (pie chart, dark grey). On the other hand, islets transplanted 

in the SC site within fibrin matrices engineered for controlled presentation of VEGF-A and 

PDGF-BB (ISL+FIB+GF mix) and containing aprotinin survived transplantation in larger 

amounts and showed rich networks of CD31
+
Lyve-1

-
 blood and CD31

+
Lyve-1

+
 lymphatic 

vessels at day 7 (Figure 2C) and day 21 (Figure 2D) within the islet grafts. Shown are 

representative images of surviving grafts. We conclude that engineered fibrin matrix promotes 

early (< 7 days) re-vascularization of islets after transplant in the SC site, correlating with the 

observed improvement in engraftment and long-term function of the transplanted islets. This is 

also in accordance with our previous findings in the wound healing model, where we found that 

the regenerative effects of pro-angiogenic GFs were enhanced when the GFs were delivered 

through fibrin gels engineered with the multifunctional recombinant fibronectin fragment 

(Martino et al. 2011). 

 

Engineered fibrin matrix containing growth factors promotes endothelial and fibroblast-like 

cell outgrowth and proliferation from ex vivo cultured islets 
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Analysis at day 2, 3, 5, and 11 of phase contrast images of islets cultured ex vivo either alone 

(ISL AL), within fibrin gels (ISL+FIB), within fibrin gels with GFs with or without aprotinin 

(ISL+FIB+GF mix; ISL+FIB+GF w/o APR mix) showed that there was no difference in cell 

outgrowth (as percentage of total area occupied by fibroblast and endothelial-like cells growing 

on the culture dish and out of the islets) between islets cultured ex vivo either alone (ISL AL) or 

within fibrin gels (ISL+FIB, p>0.05) at day 2, 3, 5, and 11 after seeding (Figure 3B). At day 3, 5 

and 11, we saw higher cell outgrowth for islets cultured ex vivo within fibrin gels containing 

VEGF-A and PDGF-BB with aprotinin (ISL+FIB+GF, p<0.01) and without aprotinin 

(ISL+FIB+GF w/o APR, p<0.05) compared to both ISL AL and ISL+FIB (Figure 3B). Finally, 

at day 5, higher cell outgrowth was observed for ISL+FIB+GF compared to ISL+FIB+GF w/o 

APR  (p<0.05) (Figure 3B). Thus, the engineered fibrin matrix containing GFs promotes 

outgrowth of cells that are involved in promoting revascularization from islets, and inclusion of 

aprotinin in the matrix potentiates this, although the beneficial effects of aprotinin inclusion are 

more apparent in vivo. 

 

Engineered fibrin matrix containing growth factors promotes engraftment, re-vascularization 

and function of islets transplanted in the epididymal fat pad site  

A dose of 250 IEQ of islets transplanted alone in the EFP pouch reverted diabetes only in 10% of 

mice at 40 days after transplant (MRT: 86 days, n=8) (Figure 4A-B, black, n=8). When islets 

were transplanted within fibrin gels assembled ex vivo (ISL+FIB mix), rather than placed on top 

of EFP and covered by fibrin gels (ISL+FIB top), we observed no improvement in either diabetes 

reversal time or percentage of mice that reverted (MRT: undefined, n=5, p<0.05) (Figure 4A, 

green), or in blood glucose control (Figure 4C, green) even when GFs were added to the gel 
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(ISL+FIB+GF mix) (MRT: undefined, n=5, p>0.05) (Figure 4A-D, red). Islets transplanted in the 

EFP site and covered by fibrin matrices engineered for controlled presentation of VEGF-A and 

PDGF-BB (ISL+FIB+GF top) reverted diabetes in 60% of mice at 40 days post-transplant 

(MRT: 38 days, n=10 (Figure 4A, blue) showing an improvement over ISL AL (p≤0.05). In mice 

transplanted with ISL+FIB+GF top, blood glucose was controlled more tightly than in ISL AL 

(Figure 4E, blue). In the absence of GFs, we did not observe a beneficial role for islets 

transplanted in the EFP and covered with fibrin matrices containing the FNIII9-10/12-14 protein 

(ILS+FIB top, MRT: 54 days, n=4) compared to ISL AL (black, p>0.05) and ISL+FIB+GF top 

(p>0.05) as both percentage of mice that reversed diabetes (Figure 4A, orange) and control of 

blood glucose (Figure 4F, orange).  

 In all fibrin conditions, aprotinin was included, in consideration of its beneficial effects 

that we observed in the SC site. We conclude that the engineered fibrin matrix containing the 

GFs improves engraftment and long-term function of islets transplanted in the EFP site when 

islets are seeded in direct contact with the EFP and the matrix is polymerized on top. 

 Histological analysis of grafts retrieved at day 110 after transplant showed that islets 

transplanted in the EFP site and covered with fibrin matrices engineered for controlled 

presentation of VEGF-A and PDGF-BB (ISL+FIB+GF top) survived in large amounts (as INS
+
 

area) and showed rich networks of CD31
+
Lyve-1

-
 blood and CD31

+
Lyve-1

+
 lymphatic vessels 

within and in proximity to insulin
+
 and glucagon

+
 islets (Figure 4G). Vascularization of islets 

transplanted in the ISL+FIB+GF top condition was comparable to islets within the native 

pancreas (Figure 4H, p>0.05).  

 Transplantation of 1000 IEQ/mouse islets with engineered fibrin gels in the optimized 

EFP site (ISL+FIB+GF top, blue) reverted diabetes in less than 24 hours after transplant (Figure 
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5A). Histological analysis of grafts retrieved at day 7 (Figure 5B), 14 (Figure 5C), and 21 

(Figure 5D) after transplant showed that ISL+FIB+GF top survived transplantation, maintained 

their phenotype (as distribution of insulin
+
 beta cells and glucagon

+
 alpha cells) and showed rich 

networks of CD31
+
 blood and lymphatic vessels within and in proximity to insulin

+
 and 

glucagon
+
 islets as early as day 7 after transplant (Figure 5B-D). We conclude that the 

engineered fibrin matrix allows early (<7 days) re-vascularization and maintenance of islet 

phenotype, correlating with the observed engraftment and function when islets are placed 

directly on the EFP and covered with the matrix.  

Dosing studies in allograft models (C57BL/6 islets to fully MHC-mismatched diabetic 

BALB/c mice) showed that euglycemia could be reached by transplanting as few as 750 

IEQ/mouse (Figure 5E, orange), but that higher percentages of diabetes reversal and better 

control of blood glucose could be achieved by transplanting 1000 (Figure 5E, red) or 1200 

(Figure 5E, black) IEQ/mouse (p<0.001).  The difference in islet requirements between the 

syngeneic and allogeneic models are consistent with previous work and mirror the more 

challenging host response when allogeneic immune attacks against the donor islets are present, 

leading to loss of the islet graft function and return to hyperglycemia between 9 and 14 days after 

transplant (Figure 5E).  

 

 Discussion 

 Islet transplantation restores metabolic control in people with diabetes with less 

morbidity and invasiveness than whole pancreas transplantation (Gill and Bishop 2012; Johnson 

and Jones 2012; Mineo et al. 2009; Rickels 2012; Shapiro 2011; Tavakoli and Liong 2012). 

Although clinical protocols have been greatly improved during the past years, several issues that 
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concern islet sourcing, islet engraftment and long-term function still need to be addressed 

(Barshes et al. 2005; Cantarelli and Piemonti 2011; Mineo et al. 2009; Plesner and Verchere 

2011; Rajab 2010; van der Windt et al. 2008). Intrahepatic islet transplantation is associated with 

early loss of functional islet mass, hypoxia and inflammation leading to poor engraftment 

(Barshes et al. 2005; Cantarelli and Piemonti 2011; Rajab 2010; van der Windt et al. 2008). 

Prompt neovascularization of transplanted islets is paramount for adequate engraftment.  

 We have sought to address these limitations by using engineered biomaterial matrices 

that improve islet engraftment through promotion of early re-vascularization in two extrahepatic 

sites: the SC (easy to access for implantation) and EFP (as a surrogate for the omental pouch in 

humans, since in mice the anatomy of the omentum is very different than in humans while the 

EFP recapitulates most features, like the cell composition and the amount of vascular beds) sites. 

We show here that we can reverse diabetes and maintain euglycemia earlier and in a higher 

proportion of recipients by transplanting islets with engineered fibrin matrices; we utilized fibrin-

based matrices engineered for delivery of minimal doses of pro-angiogenic GFs in close 

proximity to integrin-binding domains and confirmed that such an approach can potentiate the 

regenerative potential of the GFs and enhance angiogenesis, consistent with our previous 

observations in a wound healing model (Martino et al. 2011). We chose to implant suboptimal 

numbers of islets in order to distinguish functional differences in islet performances (engraftment 

and long-term function) between the different experimental groups.  

 The need has been recognized for higher islet doses or hand-picking of smaller islets for 

mechanical protection to attain diabetes reversion in the SC site compared to other sites, 

including the renal subcapsular space and EFP site (Juang et al. 1996; Kim et al. 2012; 

MacGregor et al. 2006; Marzorati et al. 2009; Pileggi et al. 2006). Therefore, the rather high 
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requirements of islet dose observed in our pilot work (Marzorati et al. 2009) and utilized here for 

achieving euglycemia even in the optimized model is in accordance with previous findings. Our 

results suggest that transplantation of islets within engineered fibrin matrices allows minimizing 

the islet dose to achieve normoglycemia even in such a challenging transplant site like the SC 

site. In the less challenging EFP site, by utilizing engineered fibrin matrices, we could obtain 

engraftment and long-term function with minimal doses of islets, especially when compared to 

other approaches for GF delivery trhough biomaterials. Also, in the EFP site, we observed better 

engraftment and long-term function of islets placed directly in contact with the well-vascularized 

EFP site and covered by fibrin scaffolds containing GFs (ISL+FIB+GF top) rather than with 

islets transplanted within fibrin scaffolds prepared ex vivo (ISL+FIB+GF mix), which we found 

to be beneficial in transplantation in the SC site. We hypothesize that this is because the graft in 

the SC site is subjected to higher mechanical stresses and hypoxic conditions than in the EFP site 

(Juang et al. 1996; Kim et al. 2012; MacGregor et al. 2006; Marzorati et al. 2009; Pileggi et al. 

2006). In the SC site, diffusional limitations, which may arise from embedding the islets within a 

gel construct, may be outweighed by the higher need for mechanical support, and the beneficial 

effect of GF delivery through the engineered fibrin matrices that counterbalances the low density 

of host vessels. A beneficial effect of SC transplantation of islets embedded within hydrogels, 

including fibrin gels, is in agreement with previous findings (Kim et al. 2012; Phelps et al. 2013). 

On the other hand, in the EFP site, which is highly vascularized, islets received more benefit 

from being placed in direct contact with layers of highly vascularized tissue rather than dispersed 

within fibrin matrices. Addition of fibrin gels, and in particular gels engineered with GFs, on top 

of islets in the EFP site helps preserve direct interactions between islets and host vessels and 

prevents islet clumping, consistent with an overall beneficial effect of supporting matrices 
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reported in previous studies (Juang et al. 1996; Kim et al. 2012; MacGregor et al. 2006; 

Marzorati et al. 2009; Pileggi et al. 2006). Another possible interpretation is that the engineered 

fibrin matrix is too dense and does not degrade quickly enough for host vessel invasion to occur 

at a rate fast enough to support the survival of the marginal mass of islets that we transplanted in 

the EFP site, as suggested by previous work confirming that fibrin concentrations directly 

influences the rates of neovascularization. Although not formally addressed in our study, it is 

conceivable that the ‘topping’ implantation technique may contribute to improve islet 

engraftment also in the SC site. This approach may allow achieving direct contact of islets with 

at least one of the host’s tissue surfaces from which oxygen, nutrients and new vascularization is 

received in the peritransplant period, therefore helping to reduce diffusion barriers in the ex vivo 

assembled scaffolds. 

 The deleterious role of hypoxia after islet transplantation and the beneficial effect of 

counteracting it have been reported (Stokes et al. 2013). Among proposed strategies are novel 

means to induce re-vascularization,(Brissova et al. 2006; Golocheikine et al. 2010; Hussey et al. 

2009; Jalili et al. 2011; Lai et al. 2005; Ohmura et al. 2010; Rivas-Carrillo et al. 2006; Salvay et 

al. 2008; Uonaga et al. 2010; Zhang et al. 2004), several of which utilize VEGF (Brissova et al. 

2006; Lai et al. 2005; Rivas-Carrillo et al. 2006; Uonaga et al. 2010; Zhang et al. 2004). 

Stimulation by VEGF alone has been shown to lead to the formation of leaky, thin-walled, 

immature vessels (Kenneth Ward 2008), while a combination of VEGF and other GFs 

(Golocheikine et al. 2010; Nillesen et al. 2006), including PDGF (Hao et al. 2007), has shown to 

be more beneficial. However, large amounts of GFs are needed to achieve benefits, which raises 

concerns on safety and cost-effectiveness of the approach. Growth factory controlled delivery 

through biomaterial interactions has shown benefits for islet transplantation (Stendahl et al. 
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2008)(Vernon et al. 2012). In previous studies, we have shown that by delivery of a combination 

of VEGF and PDGF through a multifunctional recombinant fibronectin fragment that allows 

synergistic signaling between the GF receptors (through FNIII12-14) and the matrix-binding 

integrins domains (through the proximal FNIII9-10), the pro-angiogenic potential of the GFs is 

enhanced and GF doses can be substantially reduced.  This was the rationale for utilizing the 

same strategy for engineering fibrin gels to provide prompt revascularization of islet grafts, 

which in turn promotes islet engraftment and function.  We focused on this approach for GF 

delivery, rather than simple addition of GFs to fibrin matrices that would lead to burst release 

and would require higher amounts of GFs. While revascularization of islet grafts normally occurs 

two weeks after transplantation (Jansson and Carlsson 2002; Vasir et al. 2001), our engineered 

fibrin matrices allowed neogenesis of vascular beds early as 7 days after transplantation in both 

the SC and the EFP sites. Though we haven’t evaluated whether islet-associated blood vessels 

had reconnected with the host vasculature, we hypothesize that the benefits in blood glucose 

control observed in the engineered firbin matrix conditions suggest a connection between islet 

newly formed microvessels and the host. Earlier and better revascularization may explain why 

we observed that engineered fibrin gels favored islet engraftment (reversal of diabetes) post-

transplant and long-term function in controlling euglycemia of transplanted mice. Since we 

performed most studies with doses of islets that are considered marginal for the specific 

transplant sites, as expected, we did not observe reversal of diabetes within 7 days, despite 

enhanced revascularization. Additionally, we found that matrix stability in vivo, which we 

prolonged by addition of aprotinin, is critical for exploiting the beneficial effect of matrix-bound 

GFs, likely by prolonging GF bioavailability in the peri-transplant space around the islets, which 

outweights the decrease in cell infiltration. 
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 In conclusion, our data support the hypothesis that biodegradable fibrin matrices 

engineered for controlled presentation and release of a combination of VEGF and PDGF and 

synergistic signaling between the corresponding GF receptors and integrins are beneficial for 

promoting islet engraftment and long-term function by inducing angiogenesis early after 

transplant in relevant extrahepatic transplant sites. Based on our previous findings in wound 

healing models (Martino et al. 2011), we suggest that the potent pro-angiogenic effects of 

engineered fibrin gels that lead to a more functional vessel morphology is mediated by the 

special synergistic signaling features of the FNIII9-10/12-14 recombinant protein that recruits 

and activate both endothelial cells and pericytes.  
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Tables 

Table I: Schematic of experimental groups for transplantation in the subcutaneous (SC) and the 

epididymal fat pad (EFP) sites 

 

Figure Legends 

Figure 1:  Optimization of the subcutaneous site for islet transplantation. (A) Image of 80 µl 

fibrin gels containing 1000 IEQ and polymerized on a sterile metal spatula used for subcutaneous 

(SC) transplantation. Scale bar: 7 mm. (B) Percentage of chemically-induced diabetic C57BL/6 

mice that became euglycemic as a function of time following transplantation of 1000 IEQ 

syngeneic islets in the SC site for each experimental group: islets transplanted alone (ISL AL, 

black, MRT: undefined, n=5), islets transplanted within fibrin gels with bound FNIII9-10/12-14 

(ISL+FIB mix, green, MRT: undefined, n=5), islets transplanted within fibrin gels with bound 

FNIII9-10/12-14 and VEGF-A165 + PDGF-BB with aprotinin (ISL+FIB+GF mix, red, MRT: 38 

days, n=5) and islets transplanted within fibrin gels with bound FNIII9-10/12-14 and VEGF-

A165 and PDGF-BB without aprotinin (ISL+FIB+GF w/o APR mix, pink, MRT: 84 days, n=3). 

(C-F) Blood glucose (mg/dL) of diabetic mice transplanted with 1000 IEQ syngeneic islets in the 

SC site for each experimental group.  

 

 

Figure 2:  Characterization of islet subcutaneous syngeneic grafts at 7 & 21 days after 

transplant. Frozen sections (75 µm thick for day 7 and 5 µm thick for day 21) of subcutaneous 

(SC) tissue from C57BL/6 mice transplanted with 450 IEQ from syngeneic mice either alone 
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(A), within fibrin gels with bound FNIII9-10/12-14 (B), or within fibrin gels with bound FNIII9-

10/12-14 and VEGF-A165 + PDGF-BB with aprotinin (C,D) at day 7 (A-C) and at day 21 (D) 

after transplant. Representative images are shown of n=3. Sections were stained either for H&E 

(top row, light microscopy), or for insulin (INS: red), glucagon (GLU: cyan) and CD31 (green) 

(middle row, confocal microcopy), or for insulin (INS: red), Lyve-1 (green) and CD31 (cyan) 

(bottom row, confocal microcopy). INS
+
 area and CD31

+ 
area within INS

+
 area within total graft 

area 7 days after transplant was quantified (pie charts: average values from surviving grafts from 

each group are shown). Samples in which islets were not found (most ISL AL and ISL+FIB mix) 

were not quantified. For comparison, control skin (E) and native normal pancreas (F) are shown. 

Scale bars: H&E images 500 µm; fluorescence immunostaining images 50 µm. n=3.  

 

Figure 3:  Characterization of endothelial-like cell outgrowth from ex vivo culture of islets 

within fibrin matrices. (A) Phase contrast images of islets cultured ex vivo either alone (ISL AL) 

or within fibrin gels with bound FNIII9-10/12-14 (ISL+FIB mix) or within fibrin gels with 

bound FNIII9-10/12-14 and VEGF-A165 + PDGF-BB with (ISL+FIB+GF mix) or without 

(ISL+FIB+GF w/o APR mix) aprotinin analyzed at day 2 (top row), day 3 (2
nd

 row), day 5 (3
rd

 

row) and at day 11 (last row) after seeding. n=8-16. Scale bar: 500 µm. (B) Quantification of 

percentage of area occupied by cells outgrowing from cultured islets for each experimental 

condition. Day 2, 3, 5, 11: ‘ISL AL’ vs. ‘ISL+FIB’ p>0.05; ‘ISL AL’ and ‘ISL+FIB’ vs. 

‘ISL+FIB+GF’ p<0.01; ‘ISL AL’ and ‘ISL+FIB’ vs. ‘ISL+FIB+GF w/o APR’ p<0.05; day 5: 

‘ISL+FIB+GF’ vs. ‘ISL+FIB+GF w/o APR’ p<0.05. 
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Figure 4:  Optimization of the epididymal fat pad site for islet transplantation in syngeneic islet 

transplants. (A) Percentage of euglycemic mice as a function of time after transplantation of 250 

IEQ syngeneic islets into chemically-induced diabetic C57BL/6 mice in the EFP for each 

experimental group: islets transplanted alone (ISL AL, black) (MRT: 86 days, n=8), islets 

transplanted within fibrin gels with bound FNIII9-10/12-14 (ISL+FIB mix: green) (MRT: 

undefined, n=5), islets transplanted directly on the EFP and covered by fibrin gels with bound 

FNIII9-10/12-14 (ISL+FIB top: orange) (MRT: 54 days, n=5), islets transplanted within fibrin 

gels with bound FNIII9-10/12-14 and VEGF-A165 + PDGF-BB with aprotinin (ISL+FIB+GF 

mix: C,D, red) (MRT: undefined, n=5),  islets transplanted directly on the EFP and covered by 

fibrin gels with bound FNIII9-10/12-14 and VEGF-A165 + PDGF-BB with aprotinin 

(ISL+FIB+GF top: blue) (MRT 38 days, n=10). p≤0.05 for ISL+FIB+GF top vs. vs ISL AL and 

ISL+FIB+GF mix.  (B-F) Blood glucose (mg/dL) of diabetic mice transplanted with 250 IEQ 

syngeneic islets in the EFP pouch site for each experimental group. Graft-containing EFPs were 

removed at day 112 to confirm graft function (arrows). Representative images are shown of n=10 

(G) Formalin-fixed paraffin-embedded 5 µm thick sections of EFP tissue from C57BL/6 mice 

transplanted with 250 IEQ syngeneic islets directly on the EFP and covered with fibrin gels with 

bound FNIII9-10/12-14 and VEGF-A165 + PDGF-BB with aprotinin (ISL+FIB+GF top) at day 

112 after transplant were stained either for H&E (left column, light microscopy), or for insulin 

(INS: red) and glucagon (GLU: green) (2
nd

 column, confocal microcopy), or for CD31 (green) 

and insulin (INS: red) (3
rd

 column, confocal microcopy), or for Lyve-1 (green) and insulin (INS: 

red) (last column, confocal microcopy) and compared to pancreas and control EFP. (H) 

Quantification of percentages of CD31
+ 

area within the grafts of the ISL+FIB+GF top condition 

at day 112 after transplant and compared to control pancreas. n=10 mice. 
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Figure 5:  Characterization of the epididymal fat pad site for islet transplantation in syngeneic 

and allogeneic islet transplants. (A-D) Blood glucose (mg/dL, A) of diabetic mice transplanted 

with 1000 IEQ syngeneic islets in the optimized EFP site (ISL+FIB+GF top) and analyzed 

histologically and through immunofluorescence for islet phenotype (insulin: red and glucagon: 

green) and re-vascularization (CD31, green) (formalin-fixed paraffin-embedded 5 µm thick 

sections of EFP tissue) at day 7 (B), 14 (C) and 21 (D) after transplant. Representative images 

are shown of n=3. (E,F) Blood glucose (mg/dL, E) of diabetic BALB/c mice that became 

euglycemic after transplant of different doses (750 IEQ: orange, n=2; 1000 IEQ: red, n=6; 1200I 

EQ: black, n=7) of islets from fully MHC-mismatched C57BL/6 mice in the optimized EFP site 

(ISL+FIB+GF top); p<0.001. 
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Table 1. 
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Figure 3 
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Figure 5 

 

 

 


