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SUMMARY

Pancreatic islet transplantation into the liver is an effective treatment for
type 1 diabetes but has some critical limitations. The subcutaneous site is a
potential alternative transplant site, requiring minimally invasive proce-
dures and allowing frequent graft monitoring; however, hypoxia is a major
drawback. Our previous study without scaffolding demonstrated post-
transplant graft aggregation in the subcutaneous site, which theoretically
exacerbates lethal intra-graft hypoxia. In this study, we introduce a clini-
cally applicable subcutaneous islet transplantation platform using a
biodegradable Vicryl mesh scaffold to prevent aggregation in a diabetic rat
model. Islets were sandwiched between layers of clinically proven Vicryl
mesh within thrombin-fibrin gel. In vitro, the mesh prevented islet aggre-
gation and intra-islet hypoxia, which significantly improved islet viability.
In vivo rat syngeneic islet transplantations into a prevascularized subcuta-
neous pocket demonstrated that the mesh significantly enhanced engraft-
ment, as measured by assays for graft survival and function. Histological
examination at 6 weeks showed well-vascularized grafts sandwiched in a
flat shape between the mesh layers. The biodegradable mesh was fully
absorbed by three months, which alleviated chronic foreign body reaction
and fibrosis, and supported long-term graft maintenance. This simple graft
shape modification approach is an effective and clinically applicable strat-
egy for improved subcutaneous islet transplantation.
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Introduction

Cell transplantation is a promising treatment in which

lost cellular function is complemented by transplanting

new cells with the relevant specific function. Recent

advancements in stem cell research have shed light on

this treatment option for hematopoietic disorders (bone

marrow transplantation) [1,2], peripheral nerve injury

(Schwann-like cells) [3,4], and diabetes (beta cell trans-

plantation) [5-7]. This concept is exemplified by
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pancreatic islet transplantation as a treatment for type 1

diabetes (T1D), in which insulin-producing islets are

isolated from deceased donors and infused into a recipi-

ent’s liver through the portal vein [8]. Subsequently,

T1D patients benefit from improved glycemic control,

including reduced risks of secondary complications and

lethal hypoglycemia due to excessive insulin injections

[9,10].

Although the conventional strategy of transplanting

islets into the liver is effective to a certain extent, condi-

tions in the liver microenvironment and innate immune

responses, including the instant blood-mediated inflam-

matory response (IBMIR), often lead to acute as well as

gradual loss of transplanted islet grafts [11,12]. Thus,

development of alternative islet transplantation sites,

such as the subcutaneous (SC) site, is of great interest.

The SC site provides extensive space for transplanted

cells and allows minimally invasive transplantation pro-

cedures. The SC site also offers obvious advantages over

other sites for stem cell-derived, insulin-producing cell

transplantation, due to the feasibility of frequent graft

monitoring, early detection of any potential malignan-

cies, and graft retrievability when needed.

Despite these advantages, SC islet transplantation is

not yet practical; limited vascularity and low oxygen (O2)

are major obstacles to efficient engraftment [13]. Modu-

lation of vascularity prior to transplantation (i.e., prevas-

cularization) has been recognized as an essential

procedure for enhancing engraftment in rodent models

by improving the replenishment of O2 to the graft site

[13-17]. However, islet engraftment in the SC site is still

less efficient compared to that in the liver, even with pre-

vascularization, unless the site is actively oxygenated [13].

To further improve the efficiency of islet transplanta-

tion in the SC site, supplementation with nutrients and

oxygen and application of scaffolds have been intro-

duced [18-22]. Scaffolds, including hydrogels, are often

functionalized with proangiogenic factors and extracel-

lular matrix (ECM) to enhance revascularization and

sustain islet function [23-26]. Furthermore, enhance-

ment of small molecule (e.g., O2) diffusion, achieved by

spreading individual islets to prevent aggregation, is also

an important function of a scaffold. Because the dis-

tance across which O2 diffuses in the tissue and islet

graft is quite limited and because islet cells are suscepti-

ble to hypoxia, islet graft size matters [27,28]. We

showed that whereas islets transplanted into the liver

were dispersed into the peripheral branches of the por-

tal vein (Fig. S1a,b), subcutaneously transplanted islets

without scaffolding formed large aggregates (Fig. S1c,d);

such pronounced aggregation could induce severe intra-

graft hypoxia. For clinical application of SC islet trans-

plantation, which will require large numbers of cells

and a correspondingly large graft bed, graft aggregation

is likely to be a serious problem, resulting in hypoxia-

induced graft death.

Another major issue with clinical use of scaffolds is

the potential for chronic foreign body reaction to the

material, which could result in inflammation-induced

graft fibrosis and attrition [29,30]. Biodegradable mate-

rials are advantageous in alleviating such chronic for-

eign body reactions. Scaffolds are theoretically not

required for supporting islets once a graft is well revas-

cularized and nutrients and O2 are efficiently and

directly transported via the vascular network into the

graft. Therefore, biodegradation of a scaffold could

occur after completion of revascularization, which takes

10 days–1 month [31-35].

In this paper, we introduce a clinically applicable

approach to SC islet transplantation using biodegradable

mesh (Vicryl mesh, generally used in clinical hernia

repair surgeries) in a rat SC transplantation model. We

demonstrate an effective method of sandwiching islets

to prevent aggregation and show that the O2 microenvi-

ronment of the scaffolded islets is improved. We also

demonstrate that use of a biodegradable scaffold is

advantageous over long-term observation.

Materials and methods

Preparation of the mesh

VICRYL� Woven Mesh (Ethicon, Somerville, NJ, USA),

a clinically proven, synthetic biodegradable material

(polyglactin 910) [36,37], was modified for SC islet

transplantation. The original mesh, which is tightly

woven, was manually enlarged under a dissection

microscope to a 200 µm-sized mesh.

Isolation of rat pancreatic islets

Male Lewis (LEW) rats weighing 400–500 g were used as

pancreas donors for islet isolation using our standard pro-

cedure [38]. In experiments requiring the measurement of

bioluminescent intensity of islets post-transplantation

(specified in Observation of islet recipients), luciferase

(LUC) transgenic LEW rats were used as donors [39].

Islet culture for Vicryl mesh experiments

Isolated islets were cultured either with or without

Vicryl mesh. Solutions of thrombin and fibrinogen
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(both from rat plasma; Sigma-Aldrich, St. Louis, MO,

USA) were prepared as previously described [22,40] and

mixed with islets for gelation. Three hundred rat islets

were embedded in 6 µl of thrombin–fibrin gel. For con-

trol groups (without mesh), islets were mixed with

thrombin–fibrin gel and placed on a polycarbonate cell

insert (Millipore, Burlington, MA, USA). For mesh

groups, islets were mixed with thrombin–fibrin gel,

sandwiched between 5 9 5-mm Vicryl mesh layers, and

placed on a cell insert. Islets were cultured in RPMI

1640 (Life Technologies, Grand Island, NY, USA) sup-

plemented with 10% FBS and 5 mM glucose at 37 °C in

a tissue culture incubator under 21% O2 plus 5% CO2

for 7 days (culture medium was replaced on day 3).

Islet volume assessment

Islet functional volume was assessed in vitro using an

ATP-based bioluminescent intensity assay, using LUC

transgenic rat-derived isolated islets. Seven-day cultured

islets with or without mesh were incubated in luciferin

solution (PerkinElmer, Waltham, MA, USA; 150 µg/ml

dissolved in the culture medium) for 10 min; then, ATP

activity was measured (Lago X platform, Spectral

Instruments Imaging, Tucson, AZ, USA). Experiments

were repeated using islets from three different donors.

In vitro viability assay

Islet viability was analyzed using fluorescein diacetate

(FDA) and propidium iodide (PI) by a semi-automated

method, as previously described [41]. Islets cultured for

7 days were retrieved for analysis; islets sandwiched by

meshes were retrieved by removing the top mesh layer

and gently flushing islets using culture medium. Size

assessments of isolated islets were performed using data

collected from viability assay images (cellSens, version

1.12; Olympus, Tokyo, Japan). Experiments were

repeated using islets from three different donors.

In vitro islet function assay

Glucose-stimulated insulin secretion (GSIS) assays were

performed using a static incubation method [three

phases in Krebs–Ringer buffer glucose solution: 2.8 mM

(low-1), 28 mM (high), and 2.8 mM (low-2); 1 h/phase].

Data were normalized using total insulin content in

islets [42]. Data from the first two phases were used to

determine the stimulation index, as described previously

[43]. Experiments were repeated using islets from five

different islet isolations.

Hypoxia-related gene expression analysis

Islets were obtained for RNA isolation 7 days after

in vitro culture of both control and mesh groups, fol-

lowed by real-time PCR, as described previously [13].

Relative quantities of each transcript (hypoxia-related

genes) were normalized to an endogenous housekeeping

gene (ACTB) and expressed as fold increase to controls.

All primers for HIF1A (Rn01472831_m1), VEGFA

(Rn01511602_m1), GAPDH (Rn01775763_g1), SLC2A1

(Hs00892681_m1), and ACTB (Rn00667869_m1) were

obtained from Thermo Fisher Scientific (Waltham, MA,

USA).

Computational simulation of O2 distribution inside
islets

Finite-element simulations of O2 inside islets and aggre-

gates were performed using COMSOL 5.3 (COMSOL,

Los Angeles, CA, USA) [27]. Dissolved O2 in rat SC tis-

sues (45 mmHg) and O2 consumption rate by islets

were measured as major parameters determining the O2

inside islets and aggregates for the simulation [13].

Given the negligible O2 permeability of polyglactin

compared to water, the O2 permeability of the mesh

layer was taken as that of water scaled by the projected,

open cross-sectional area of the mesh (~50%). Other

parameters for the simulation, including diffusivity and

solubility of O2 in islets and the Michaelis O2 constant,

were used as previously described [44-46].

Islet transplantation

For islet recipients, syngeneic female LEW rats weighing

180–200 g (10–16 weeks old, analogous to young

human patients) were rendered diabetic by a single

intravenous injection of streptozotocin (STZ; 60 mg/kg;

Sigma-Aldrich) as an insulin-dependent diabetes model.

Because an adequate number of transplanted islets per

body weight are required to achieve diabetes reversal in

islet transplantations [13], rapid body weight gain dur-

ing the transplant period may affect the outcome. To

eliminate body weight increase bias, we used female

LEW rats, in which body weight increase is approaching

a plateau and is slower than that in male rats at this age

[47]. Prior to transplantation, a prevascularized SC graft

bed was prepared by implanting a lyophilized agarose-

basic fibroblast growth factor (bFGF) disk into recipient

rats, as described previously [13]. Islet grafts (600 islets

or 750 islets) were prepared from male LEW donors in

the same manner described above for in vitro islet
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culture, but using 12 µl of thrombin–fibrin gel. For

mesh groups, islets in thrombin–fibrin gel were sand-

wiched between 7 9 7-mm Vicryl mesh layers. Grafts

were transplanted into prevascularized capsules in recip-

ient rats. In a separate experiment, islet transplantations

(600 islets) into the liver were performed via the portal

vein (injection from the mesenteric vein), using the

same rat model described above, to demonstrate islet

distribution in the liver [38]. The use of animals and

animal procedures performed in this study were

approved by the City of Hope/Beckman Research Insti-

tute Institutional Animal Care and Use Committee.

Observation of islet recipients

Islet recipients were monitored for 6 weeks after trans-

plantation for short-term experiments and for 12 weeks

after transplantation for long-term experiments. In

short-term experiments, nonfasting blood glucose levels

and body weight were measured biweekly. LUC-biolu-

minescent intensity-based in vivo graft viability (weeks 1

and 3) and intraperitoneal glucose tolerance test

(IPGTT) and glucose-stimulated C-peptide measure-

ments (week 5) were performed [13,48]. In long-term

experiments, nonfasting blood glucose levels were mea-

sured biweekly. Rats were euthanized to remove islet

grafts and kidneys (only for long-term experiments) for

histological evaluation at the end of the observation

period.

Histology

In vitro cultured islets were fixed in 10% formalin and

embedded in 4% agar for histological examination using

immunofluorescent double-staining of insulin and

Hypoxyprobe. Guinea pig anti-insulin (1:400; Agilent

Technologies, Santa Clara, CA, USA) and Hypoxyprobe

Kit (Hypoxyprobe, Burlington, MA, USA) were used as

previously described [40,49,50].

Subcutaneously transplanted islet grafts were resected

and fixed in modified Davidson’s fixative for histologi-

cal examination [51]. Masson’s trichrome and immuno-

histochemistry (IHC) staining were performed. Rabbit

anti-von Willebrand factor (vWF; 1:200; Agilent Tech-

nologies) and guinea pig anti-insulin (1:1500) were used

as primary IHC antibodies. Images were captured using

an IX50 fluorescence microscope (Olympus, Tokyo,

Japan). Positive areas on vWF slides were highlighted in

red using cellSens software for visualization (Olympus).

Kidneys were fixed in 10% formalin for sectioning. Peri-

odic acid-Schiff (PAS) staining was performed for

evaluation of the glomerulus. Glomerulus area and

PAS-positive area were quantitated using cellSens soft-

ware (Olympus), to calculate the % PAS-positive area

per glomerulus.

Statistics

Data are reported as mean � standard error of the

mean. Statistical analysis was performed using JMP 13

(SAS Institute, Cary, NC, USA). P < 0.05 was consid-

ered statistically significant.

Results

Sandwiching islets using mesh maintains islet viability
and alleviates aggregation-induced hypoxia in vitro

To modify islet graft shape and limit aggregation

in vitro, we developed a method using Vicryl mesh. We

manually modified the original Vicryl mesh, which is

finely woven, to a coarser weave of 200-µm mesh size

(Fig. 1a). To sandwich isolated rat islets between two

mesh layers, we suspended them in fibrin-thrombin gel

for temporary fixation [22,40]. As a control, we loaded

the same number of islets dispersed in the same amount

of gel (Fig. 1b), but without mesh. All islets were cul-

tured in vitro for 7 days. During this time, we observed

islet aggregation and degradation in the control group.

In contrast, the sandwiched islets were well-maintained,

without aggregation, within the mesh layers. To evaluate

the maintenance of islet volume, we used islets isolated

from LUC transgenic rats (Fig. 1c), which maintained

significantly greater volume in the mesh group com-

pared to the control group (Fig. 1d, P = 0.0027). Next,

we assessed the effects of aggregation on the viability

and function of cultured islets. We performed viability

assays using FDA and PI staining (Fig. 1e). We mea-

sured the size of islets (and islet aggregates) in both

groups, which demonstrated a significant difference in

area [510 290 � 121 161 µm2 (CTL) vs.

13 198 � 1986 µm2 (mesh), P < 0.0001, Fig. 1f]. For

reference, these average islet areas correspond to islet

diameters of 806 µm (CTL) and 130 µm (mesh), on

the assumption that islet shape is spherical. Quantitative

analysis of viability relative to islet size confirmed signif-

icantly higher viability in the mesh compared to control

group (Fig. 1g, 55.0 � 7.1% [CTL] vs. 89.2 � 1.4%

[mesh], P = 0.0091). We used GSIS to examine islet

function on day 7, normalized using total insulin con-

tent in islets (Fig. 1h). Islets in both groups responded

to glucose stimulation, and stimulation indices were not
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significantly different (Fig. 1i). We further investigated

the O2 microenvironment within islet structures. Aggre-

gated clusters in the control group demonstrated

remarkable core hypoxia, detected using Hypoxyprobe

(for detection of physical hypoxia in cells exposed to

<10 mmHg pO2 [49,50]; Fig. 1j). In contrast, islets

retrieved from the layered mesh were well-maintained,

without hypoxic cores. To further demonstrate the pres-

ence of physiological hypoxia, we analyzed islets for

expression of hypoxia-related genes (HIF1A, VEGFA,

GAPDH, and SLC2A1; Fig. 1k) [13,52-55]. Hypoxia-re-

lated gene expression was significantly downregulated in

the mesh group compared to the nonmesh control

group. Note that although it is commonly used as a

housekeeping gene, GAPDH is affected by the O2 envi-

ronment; for this reason, we used ACTB for normaliza-

tion, which is independent of the O2 environment.

Collectively, our data show that modification of graft

shape using mesh alleviates aggregation-induced

hypoxia in islet culture.

Figure 1 Using mesh to modify graft shape alleviates aggregation-induced hypoxia and maintains viability in vitro. (a) Vicryl mesh was modi-

fied to 200-µm mesh size. Upper panel: overview; scale bar: 1 mm. Bottom panel: enlarged. (b) Representative time course of islet appearance

in culture for 7 days (n = 4). Three hundred islets were mixed with thrombin–fibrin gel with mesh (two 5 9 5-mm Vicryl mesh layers) or with-

out mesh (control, CTL). A photograph of CTL on Day 0 was taken before applying culture medium, to demonstrate the outline of the gel.

Other photographs were taken in culture medium. Scale bar: 2 mm; 500 µm in enlarged photographs. (c) Representative photographs of

in vitro islet functional volume assessment. Images were captured using ATP-based bioluminescence imaging after a 7-day culture of islets iso-

lated from LUC transgenic rats. (d) Quantitation of LUC bioluminescence showed a significant volume decrease in CTL compared to the mesh

group. n = 3. (e) Representative viability assay using FDA (green for live cells) and PI (red for dead cells) in CTL islets and islets retrieved from

mesh scaffold. Scale bar: 500 µm in CTL, 200 µm in mesh. (f) Area assessment of islets and islet aggregates demonstrated a significantly larger

islet area in CTL due to aggregation compared to the mesh group. n = 8 in CTL and n = 61 in mesh group, total islets and islet aggregates

obtained from three individual experiments. (g) Area-based assessment demonstrated improved viability in the mesh group compared to CTL.

n = 3. (h) GSIS normalized using total islet insulin content, in three phases of low–high–low-glucose conditions. n = 5. (i) Stimulation indices

did not differ significantly between CTL and mesh groups. n = 5. (j) Histology of 7-day cultured CTL islets and islets retrieved from mesh.

Immunofluorescent stain for insulin (green), Hypoxyprobe (red), and DAPI (blue) showed hypoxia was more pronounced in CTL islets (left) than

in islets retrieved from mesh (right). (k) Gene expression of indicated hypoxia-related genes was significantly suppressed in the mesh group

compared to CTL. n = 4.
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O2 simulation reveals that aggregation induces post-
transplant lethal hypoxia in the SC site, which is

reduced in mesh-sandwiched grafts

To illustrate O2 distribution in subcutaneously trans-

planted islets, we performed a computational simulation

of O2 distribution inside a large aggregate (Fig. S2a,

700 µm diameter, the representative aggregate size in

Fig. S1d) in the SC site. The simulation revealed a steep

O2 decrease toward the islet core, with 41% of the graft

volume exposed to lethal hypoxia (<0.1 mmHg partial

pressure of O2 [pO2]) [56]. To demonstrate proof of

concept that hypoxia can be mitigated by graft shape

modification, we performed a computational simulation

of 150-µm diameter islets (average human islet size

[57]) uniformly distributed between mesh layers

(Fig. S1b). This simulation revealed that the graft vol-

ume exposed to lethal hypoxia was reduced to 7.3%.

Graft shape modification with mesh enhances
engraftment in SC islet transplantation

Islets transplanted into the SC site form aggregates,

causing lethal hypoxia in the core. Because hypoxia is

known to induce post-transplant islet death, we applied

our graft modification approach to a model of SC syn-

geneic islet transplantation in STZ-induced diabetic rats

(Fig. 2a, timeline). Transplant procedures for mesh-

sandwiched islets are shown in Fig. 2b; because prepara-

tion of a prevascularized graft bed is proven to enhance

the engraftment of SC-transplanted islets [14-17], in

this study, we transplanted 600 islets from LUC donors

into a prevascularized SC pocket in both mesh and con-

trol groups. We measured changes in post-transplant

blood glucose and body weight for 6 weeks; we

observed a greater decrease in blood glucose (Fig. 2c

and Fig. S3a) and greater weight gain (Fig. 2d and

Fig. S3b) in the mesh group compared to the control

group, indicating an alleviation of islet glucotoxicity in

the mesh group. To assess the in vivo viability of trans-

planted islets, we quantitated LUC intensity (Fig. 2e,f);

the mesh group demonstrated significantly higher LUC

intensity compared to the control group at both 1 and

3 weeks. To assess islet graft function, in week 5 we

examined glucose-stimulated C-peptide secretion and

IPGTT. Serum C-peptide levels were significantly

increased following glucose stimulation in the mesh

group but not in the control group (Fig. 2g); the stimu-

lation index also increased but did not show statistical

significance (Fig. 2h). IPGTT demonstrated improved

glucose tolerance in the mesh group compared to the

control group (Fig. 2i,j). Histological examination of

resected graft tissue revealed large aggregations in the

control group; in contrast, grafts were maintained as

thin layers in the mesh group (overview in Fig. 2k,l;

photographs at high magnification in Fig. 2m,n).

Although Vicryl mesh is biodegradable, it still remained

in the tissue 5 weeks after transplantation. Graft revas-

cularization is critical for maintaining long-term graft

viability; to confirm the ability of microvessels to pene-

trate through the ~200-µm-thick mesh layer, we visual-

ized vessels in the surrounding tissue of the graft. We

observed many microvessels penetrating through the

mesh structure (detectable as pooled red blood cells

visualized with Masson’s trichrome [Fig. 2o,p] and as

endothelial cells visualized with anti-vWF [Fig. 2q,r]).

In addition, we observed limited neutrophil infiltration

and minimal fibrotic reactions (visualized with Mas-

son’s trichrome) around the graft in the mesh group,

comparable to the control group (Fig. 2o,p), indicating

minimal inflammatory changes in response to the mesh.

Long-term graft function is maintained during

biodegradation of the mesh

The use of a biodegradable scaffold avoids long-lasting

foreign body reactions; however, the effect of mesh

degradation on islet grafts is not well understood. Fur-

thermore, because revascularization was well-established

by 5 weeks (Fig. 2), a scaffold may not be necessary for

the prevention of aggregation-induced hypoxia once

graft revascularization is established. Therefore, to fur-

ther investigate the clinical applicability of using a

biodegradable scaffold in the SC site, we examined

long-term graft function until the completion of mesh

absorption at three months. Because 600 islets with

mesh decreased blood glucose by ~200 mg/dl on aver-

age but did not achieve euglycemia in short-term exper-

iments (Fig. 2c), for this longer-term experiment, we

used 750 islets and assessed whether more islets con-

tributed to improved glycemic control. In the mesh

treatment group but not the control group, we observed

a steady decrease in blood glucose level during the first

4 weeks, followed by a plateau that did not return to

pretransplantation glucose levels (Fig. 3a), indicating

that graft function was maintained until the end of the

12-week observation. However, increased islet dose (750

islets) did not contribute to significantly decreased

blood glucose by 12 weeks compared to that of 600

islets at 6 weeks (Fig. 2c). Importantly, histological

examination at 12 weeks revealed that the Vicryl mesh

layers were completely absorbed, while grafts were
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maintained as flat, small clusters (Fig. 3b–e). Further-
more, we observed few inflammatory cells and minimal

fibrotic reaction around the graft, and high endothelial

cell density around the graft was maintained. Taken

together, our functional assessments and histological

examinations indicate that Vicryl mesh does not induce

unfavorable effects on graft survival during the long-

term period of absorption.

After we demonstrated long-term maintenance of

graft function for 12 weeks, we further investigated the

long-term effect of an SC islet graft on diabetic

nephropathy, the major complication associated with

diabetes [58,59], which impacts a patient’s quality of

life. We performed histological examinations (PAS

staining) to examine ECM accumulation in the

glomerulus as an indicator of nephropathy (Fig. 3f–h)

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) (i) (j) 

(k) 

(l) 

(m) 

(n) 

(o) 

(p) 

(q) 

(r) 
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[59-61]. Quantitative analysis revealed that ECM accu-

mulation was significantly greater in the control group

compared to the pretransplant and mesh groups

(Fig. 3i). Comparing the mesh and pretransplant

groups, the increase in ECM accumulation was not

significant. Collectively, our results suggest that

(a)

(b)

(c)

(e)

(d)

(f)

(g)

(h)

(i)

Figure 3 Long-term (12 weeks) graft function is maintained during

the mesh biodegradation period. Long-term graft function

(12 weeks) was examined in rats transplanted with 750 islets with or

without Vicryl mesh. n = 4 for CTL and mesh groups for all experi-

ments. (a) Long-term post-transplant blood glucose change demon-

strated a constant decrease in the first 4 weeks and then reached a

plateau. (b–e) Representative histology sections at 12 weeks. (b)

Overview of Masson’s trichrome stain showed that the Vicryl mesh

was completely absorbed, with only a trace of the layer detectable

as a thin fibrous tissue (arrowheads). (c) Enlarged micrographs of

Masson’s trichrome stain revealed minimal fibrosis. (d) Insulin stain

demonstrated a well-maintained, flat islet graft. (e) vWF showed

well-vascularized surrounding tissue as well as islet graft; the image

was analyzed, and vWF-positive area was visualized as red (cellSens,

Olympus). (f–i) The long-term effect (12 weeks) of mesh-supported

islet transplantation on diabetic nephropathy was investigated. Rep-

resentative PAS staining of kidney sections in pretransplant (f), in CTL

group at 12 weeks (g), and in mesh group at 12 weeks (h). Glomer-

uli in CTL group at 12 weeks demonstrated severe mucopolysaccha-

rides deposition. Scale bar: 100 µm. (i) ECM accumulation was

quantified as % PAS-positive area/glomerulus area, demonstrating

significantly reduced mucopolysaccharide deposition in the mesh

group compared to CTL. Histological quantification was performed

by cellSens software (Olympus). More than eight glomeruli were ana-

lyzed to calculate the average in a rat.

Figure 2 Graft shape modification with mesh enhances engraftment in SC islet transplantation. (a) Timeline of experiment. (b) Transplant pro-

cedures for mesh-sandwiched 600-islet grafts: (1) opening the prevascularized pocket to remove the lyophilized gel disk containing bFGF; (2)

insertion of the graft sandwiched between mesh layers; (3) placement of the graft in the SC pocket; and (4) closure of the pocket. (c) Post-

transplant blood glucose change demonstrated a larger drop in the mesh group than CTL in a 6-week observation. n = 7 for CTL and n = 8

for mesh groups. (d) Post-transplant body weight gain improved in the mesh group compared to CTL. n = 7 for CTL and n = 8 for mesh

groups. (e) Representative figure of in vivo viability assay performed on day 7, using LUC transgenic rats as donors. n = 5 per group. (f) Analy-

sis of bioluminescent intensity illustrated higher viability in the mesh group than in CTL at both weeks 1 and 3. (g) Glucose-stimulated (2 g glu-

cose/kg body weight) C-peptide secretion showed significantly improved responses in the mesh group compared to CTL in absolute C-peptide

measurement. n = 7 for CTL and n = 8 for mesh groups. (h) Stimulation index (C-peptide_60 min/C-peptide_0 min) analysis calculated using

C-peptide measurements did not show a significant difference between the groups. (i) IPGTT (2 g glucose/kg body weight) at week 5 demon-

strated improved glucose tolerance in the mesh group compared to CTL, demonstrating significantly lower blood glucose at all time points.

n = 7 for CTL and n = 8 for mesh groups. (j) Area under the curve (AUC) analysis of IPGTT demonstrated better glucose tolerance in the mesh

group than in CTL. (k–r) Histological examinations of resected grafts. Overview of the grafts using Masson’s trichrome staining revealed that

CTL grafts demonstrated large aggregates (k), whereas mesh layers held the graft as a thin layer (l). Arrowhead: graft, scale bar: 500 µm.

Detailed appearance of the graft using insulin IHC in CTL (m) and mesh group (n). Dotted lines indicate margins of Vicryl layers. Enlarged

micrographs of Masson’s trichrome (o and p) illustrated that fibrotic changes in the mesh group were minimal and comparable to those in

CTL. IHC stain for vWF (q and r) was analyzed, and vWF-positive area was visualized as red by the imaging software (cellSens; Olympus). High

vessel density in the surrounding tissue adjacent to the mesh structure was demonstrated in the mesh group. Scale bar: 200 µm in (M-R).
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mesh-dispersed SC islet transplantation effectively

alleviates the progression of diabetic nephropathy.

Discussion

In this report, we introduced a clinically applicable

approach to improve SC islet transplantation using

biodegradable Vicryl mesh. Transplantation of sand-

wiched islets between Vicryl mesh layers demonstrated

improved engraftment in the SC site when compared to

transplantation without mesh. We also demonstrated

several advantages of the biodegradable scaffold: Islet

grafts were well-vascularized through the mesh layers by

6 weeks, and the function of the vascularized grafts was

maintained for a 12-week observation, even after mesh

degradation. Vicryl mesh supports the engraftment of

islets during the early stage of SC islet transplantation

and degrades after completion of engraftment in the late

stage, avoiding unnecessary foreign body reaction; this

would be an ideal characteristic of scaffolding used for

clinical SC islet transplantations.

Many types of scaffolds have been explored to sup-

port improved cell transplantation, especially for extra-

hepatic islet transplantations. For example, a

macroporous, biodegradable, poly(lactide-co-glycolide)

scaffold with 250–425 µm pore size was used to support

islets in the epididymal fat pad of STZ-induced diabetic

mice to reverse diabetes [20]. An absorbable scaffold,

the Ethisorb Dura Patch (Codman, Raynham, MA,

USA), was utilized in a dog autotransplantation model;

isolated islets were loaded on the scaffold and wrapped

by the omentum, with some transplants achieving insu-

lin independence [21]. However, except for one example

of islets loaded on a macroporous, polydimethylsilox-

ane-based scaffold displaying hypoxia resistance in vitro

[22], the role of scaffolds on the O2 microenvironment

in grafts has not been thoroughly investigated. Because

pancreatic islets are highly hypoxia-susceptible, and

exogenous oxygenation improves engraftment [13,19,62-

64], prevention of hypoxia is an important strategy.

Therefore, clarifying the effect of scaffolds on the O2

microenvironment is critically important for designing

scaffolds that improve islet transplantation efficiency. In

the present study, we demonstrated that scaffolds sup-

port improved O2 distribution in islet grafts, by modu-

lating the graft shape to minimize the O2 gradient. We

prepared a 200-µm mesh to sandwich isolated islets as a

thin layer between the meshes. Because the size of iso-

lated islets widely varies, typically ranging between 50

and 500 µm, some islets may fall into the mesh pores.

Although we successfully used thrombin–fibrin gel to

hold islets and prevent loss of small islets prior to islet

transplantation, mesh size may require additional opti-

mization.

In this study, we combined two approaches to over-

come the critical shortcomings in SC islet transplanta-

tion: prevascularization of the SC graft bed and graft

shape modification by a scaffold. The endogenous tissue

O2 level of SC tissue is 45 mmHg, similar to that of the

conventional islet transplantation site, the liver (46–
50 mmHg) [13,65]. Intriguingly, increasing the vascular

density of the graft bed does not increase the O2 level

of the SC interstitial space [13]; however, it enhances

graft oxygenation via improved replenishment of O2

supply. Prevascularization may also be important for

facilitating rapid revascularization of the graft, especially

in the case of a nonencapsulated graft that allows direct

revascularization, as in our animal model in this study.

Because the mechanisms by which prevascularization

and scaffold-supported graft shape modification

enhance oxygenation are different, a combination of

these approaches may show synergy in clinical settings.

Additionally, to limit the risk of surgical site infection

and ultimately reduce patients’ burdens, a one-step SC-

site islet transplantation without prevascularization

would be an ideal strategy that should be addressed in

subsequent studies.

In addition to improving short-term islet transplanta-

tion outcomes by preventing aggregation-induced

hypoxia, our study also considered the potentially

adverse effects of a foreign body reaction to the mesh

material during long-term graft maintenance. Vicryl

mesh is fully biodegraded into lactic acid and glycolic

acid by hydrolysis and absorbed within 8–10 weeks

[66]. We showed that islet graft revascularization was

established by the time mesh absorption was complete,

which in theory requires no scaffolded support for islets

thereafter. This explains the maintenance of graft func-

tion during our long-term observation (stable blood

glucose and reduced kidney damage), with minimal

graft inflammation and fibrosis. Because completion of

revascularization is reported to take 10 days–1 month

[31-35], which is shorter than the absorption period for

Vicryl mesh, use of mesh that biodegrades faster may

further minimize tissue reactions to enhance engraft-

ment [67]. This could be modified by adding L-lactide

(a material commercially available as Vicryl rapideTM;

Ethicon), and such options could be considered for

optimizing clinical application of this approach.

The SC site provides extensive space for clinical islet

transplantations, which require an ample transplanta-

tion area that allows for minimally invasive procedures
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and postoperative care. Clinical application of islet

transplantation to treat T1D typically requires >300 000

islet equivalents [10,57,68]; to achieve the islet seeding

density used in this study, a 12 9 12-cm SC site would

be needed to seed enough islets to support clinical

transplantation. However, this estimate may vary, as

clinical transplantation is allogeneic and a prevascular-

ization method has not yet been established. In addi-

tion, seeding density within the SC graft site may affect

outcome and should be determined carefully, because a

higher seeding density may exacerbate the low O2 envi-

ronment. Indeed, use of 750 islets did not demonstrate

improved glycemic control compared to use of 600

islets in the same sized mesh, which may be attributed

to its attendant higher seeding density.

At present, the engraftment efficiency of SC-site islet

transplantation using prevascularization and Vicryl

mesh scaffolding still needs improvement as an alterna-

tive approach to the current clinical practice of intra-

hepatic islet transplantation. Our group previously

demonstrated that intrahepatic transplantation of 600

syngeneic islets reversed diabetes in 83% of LEW rats

[38], which is greater than diabetes reversal for SC

transplantation with prevascularization and Vicryl mesh

introduced in this study; therefore, an additional

approach, such as active oxygenation [13,19,62], is

required to achieve comparable transplantation effi-

ciency to the conventional intrahepatic site. In fact, with

prevascularization of the SC site but without Vicryl

mesh support, we showed that 600 islets reversed dia-

betes in 63% of LEW rats that received active graft oxy-

genation via post-transplant O2 inhalation [13]. This O2

inhalation strategy may easily be combined with the

Vicryl mesh scaffold we introduced in this study, to

augment islet engraftment in the SC site.

Our results may be limited by the sex-mismatched

transplantation model used in this study. Sex mismatch

has been reported as a negative predictor of graft suc-

cess in allotransplantations in several organs, potentially

due to immunologic factors (e.g., production of anti-

HLA antibodies) or genetic factors (e.g., development of

H-Y antibodies) [69-72], which suggests that sex-match-

ing in SC islet transplantations using Vicryl mesh may

further improve outcomes. In addition, a strategy to

protect the graft from adaptive immune reactions

should be addressed in clinical allotransplantations,

although hypoxia-induced graft loss, the focus of the

present study, is an independent problem from adaptive

immune reactions.

For future SC cell transplantations, our method can

be expanded to support stem cell-based treatments,

although progenitor and fetal islet cells are less suscepti-

ble to hypoxia compared to the nonproliferating mature

adult islets [73,74]. Encapsulation is considered a pre-

requisite for immunoisolation, as well as for retrievabil-

ity due to the inherent tumorigenic potential of stem

cell-derived cells [75]; however, recent advancements in

immunoprotection strategies and prevention of tumori-

genesis suggest that stem cell-derived cell transplanta-

tion has the potential to become a reality, even without

encapsulation [76-78]. Although our setup was designed

as an open scaffolding for adult islet transplantations,

use of clinically established Vicryl mesh as a scaffold

will be a powerful tool for SC transplantations using

mature or stem cell-derived cells.
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Figure S1. Islets infused into the liver scatter to settle

but subcutaneously transplanted islets form large aggre-

gates.
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Figure S2. O2 simulation reveals that islet aggregation

is a major contributor to induction of intra-islet hypox-

ia, which is alleviated by sandwiching the islet graft.

Figure S3. Blood glucose and body weight change

data per individual rat.
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