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Abstract

Background—Islet transplantation is limited by the need for chronic immunosuppression and the

paucity of donor tissue. As new sources of human β-cells are developed (e.g., stem cell-derived

tissue), transplanting them in a durable device could obviate the need for immunosuppression, while

also protecting the patient from any risk of tumorigenicity. Here, we studied (1) the survival and

function of encapsulated human β-cells and their progenitors and (2) the engraftment of encapsulated

murine β-cells in allo- and autoimmune settings.

Methods—Human islets and human fetal pancreatic islet-like cell clusters were encapsulated in

polytetrafluorethylene devices (TheraCyte) and transplanted into immunodeficient mice. Graft

survival and function was measured by immunohistochemistry, circulating human C-peptide levels,

and blood glucose levels. Bioluminescent imaging was used to monitor encapsulated neonatal murine

islets.

Results—Encapsulated human islet-like cell clusters survived, replicated, and acquired a level of

glucose responsive insulin secretion sufficient to ameliorate hyperglycemia in diabetic mice.

Bioluminescent imaging of encapsulated murine neonatal islets revealed a dynamic process of cell

death followed by regrowth, resulting in robust long-term allograft survival. Further, in the non-obese

diabetic (NOD) mouse model of type I diabetes, encapsulated primary β-cells ameliorated diabetes

without stimulating a detectable T-cell response.

Conclusions—We demonstrate for the first time that human β-cells function is compatible with

encapsulation in a durable, immunoprotective device. Moreover, our study suggests that

encapsulation of β-cells before terminal differentiation will be a successful approach for new cell-

based therapies for diabetes, such as those derived from stem cells.
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The success of islet transplantation for the treatment of type I diabetes is hindered by the need

for chronic immunosuppression. There is an evidence that immunosuppressive drugs not only

increase patient morbidity from infectious diseases and malignancy, but also exert

dysregulatory effects on the process of β-cell regeneration (1). Encapsulation of cellular

transplants has the potential to reduce or eliminate the need for immunosuppression. The

technology can be divided into two major categories: microencapsulation and

macroencapsulation. Both types consist of semipermeable membranes that allow for the

diffusion of nutrients and therapeutic molecules, such as insulin, while preventing the free

exchange of cells (2–4). The majority of islet encapsulation studies to date have been performed

with microcapsules which contain one or a few islets, thereby providing a beneficial surface

or volume ratio for diffusion (5). Multiple issues, however, impact the choice of an

encapsulation modality for β-cell replacement.

The paucity of available tissue for islet transplantation has stimulated efforts to derive human

β-cells from alternate sources such as stem cells. Concern that stem cell-derived tissue may

harbor undifferentiated cells with tumorigenic potential or that cells expanded ex vivo may

acquire tumorigenicity has been raised as an objection to their clinical use (6). This issue was

highlighted by evidence that embryonic stem cells cultured in vitro undergo selection for

growth promoting genetic events such as c-myc amplification (7). Microencapsulation seems

an unsuitable treatment option because the microcapsules are synthesized from semi-solid

materials such as alginate and poly ethylene glycol (PEG) (8,9) with unavoidable capsule

breakage over time (10). In contrast, a durable immunoprotective device could serve as a

platform for safely administering ex vivo-derived cell therapies.

The TheraCyte macroencapsulation device is a planar pouch featuring a bilaminar

polytetrafluorethylene membrane system. The outer layer promotes tissue integration, whereas

an inner, cell impermeable, membrane has a 0.4 µm pore size (11). The durability of this

encapsulation device has been exploited to sequester transformed cells in cancer vaccine

studies (12,13). Moreover, its subcutaneous placement allows cells to be transplanted in a

minimally invasive manner and retrieved if necessary (12). The device is biologically inert and

when transplanted into human patients for a year, there were no adverse effects (14).

The immunoprotective qualities of the device in allograft and autoimmune settings have been

examined in limited, qualitative studies in which the degree of tissue survival was not measured

(14–16). When a transformed murine β-cell line was encapsulated and transplanted into the

NOD mouse model of type I (autoimmune) diabetes, cells survived, but it is unclear whether

immunoprotection was complete or whether the proliferative rate of the cell line simply

outpaced destruction by the immune system. Therefore, it is important that the survival and

function of encapsulated primary β-cells, which exhibit limited proliferative capacity, be

quantitated in allo-and autoimmune environments. Early reports that the device provided

xenograft protections (17–19) were not confirmed by others, including the device

manufacturers (20–22, and Pamela Itkin-Ansari, personal communication).

Human β-cell encapsulation poses a particular challenge, because of the extreme sensitivity of

islets to hypoxic environments, such as exist in the early posttransplant period, before new

blood vessels form (23–25). Previously, we reported that a cell line derived from human islets

is capable of long-term survival inside the TheraCyte device (26). Thus, we wanted to extend

those studies to primary human β-cells. Interestingly, islet-like cell clusters (ICCs) from 18-

to 24- week human fetal pancreas, rich in endocrine progenitors, frequently function better in

transplantation models than mature human islets (27,28). This study was designed to test the

hypothesis that macroencapsulated human β-cell precursors transplanted into severe combined

immunodeficiency (SCID) mice can survive and mature into functional β-cells in vivo. In
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addition, we sought to apply bioluminescent imaging (BLI) to the measurement of encapsulated

murine islet survival in real time in both allo- and autoimmune settings. The goal of the study

is to identify a platform for the safe administration of stem cell-derived therapies.

MATERIALS AND METHODS

Tissue Preparation

Primary human islets were obtained from the NIH Islet Cell Resources (ICR)-Administrative

and Bioinformatics Coordinating Center. Cells were cultured in 5.5 mM glucose Roswell Park

Memorial Institute (culture medium)/10% fetal bovine serum/1% penicillin/streptomycin

before transplantation. Human fetal pancreases at 18 to 24 gestational weeks were obtained

from Advanced Bioscience Resource, CA. Cold ischemic time was 12 to 24 hr. Tissue

procurement was arranged in accordance with University of California, San Diego (UCSD)

institutional review board regulations. Human fetal ICCs were prepared as described

previously (29). Briefly, pancreas was minced, digested with collagenase P (5.5 mg/mL, Roche,

Switzerland), and cultured on low-adhesion plates (Costar Corning, NY) in Roswell Park

Memorial Institute (culture medium)/10% fetal bovine serum/1% penicillin/streptozotocin,

forming three-dimensional cell clusters. Five of seven preparations of fetal pancreatic cells led

to measurable C-peptide in device transplants. Additionally, one animal transplanted with a

sixth ICC preparation died 10 weeks after transplant under anesthesia. Immunohistochemistry

of this explanted device revealed a similar increase in β-cell fraction.

Transgenic Friend Virus B (FVB)/N mice expressing luciferase from the β-actin promoter

(FVB/N-Tg β-Actin-luc, Xenogen, CA) (30) are referred to as FVBluc. Pancreases from

luciferase positive and negative littermates were combined in equal numbers. Unpurified

murine neonatal islets from 1- to 2-day-old mice were prepared as described for human ICCs.

β-cells accounted for 10% of the cell preparations (see Figure, Supplemental Digital Content

1, http://links.lww.com/A931).

Device Preparation and Transplantation

TheraCyte encapsulation devices (TheraCyte Inc., CA) are comprised of an inner

semipermeable membrane (pore size 0.4 µm), laminated to an outer membrane and covered

by a loose polyester mesh (31). The devices are 2 cm long with an inner lumen of 4.5 µL.

Sterile devices were prepared by following manufacturer’s instructions by ethanol wetting and

phospate-buffered saline washes. The device was loaded with cells using a Hamilton Syringe

(Hamilton, NV), sealed with medical adhesive (Dow corning, MI), and implanted in dorsal

subcutaneous space by blunt dissection in mice anesthetized with isoflurane. Control animals

were transplanted with an equal number of unencapsulated cell clusters in the sub-capsular

space of the renal compartment (RC) or dorsal subcutaneous space.

Human cells from multiple islet preparations were transplanted into 8-week-old SCID-Beige

mice (Charles River, MA). The cell number in the islet fraction was estimated by doubling the

β-cell fraction, based on the assumption that islets are comprised of approximately 50% β-

cells, although human islet composition is variable. It has previously been determined that

devices accommodate approximately 60 islets per µL luminal space (15,32,33). Therefore, 3

µL of packed ICCs loaded into 4.5 µL devices = 180 clusters, and a 19% β-cell fraction (38%

islet fraction) in explant = approximately 70 islet equivalents (IEQs). For adult human islet

transplants, 4.5 µL cells (270 clusters), 80% pure, were loaded into devices = 270×0.8 =

approximately 216 IEQs. Data were reproducible across multiple islet preparations.

Supplemental digital content is available for this article. Direct URL citations appear in the printed text, and links to the digital files are
provided in the HTML text of this article on the journal’s Web site (www.transplantjournal.com).
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Murine islet cells were transplanted into 5- to 10-week-old wtFVB, ICR (Harlan, IN) or NOD

(Jackson Labs, ME) strain recipients. Devices containing 3 µL (180 clusters) of impure

neonatal murine islets were estimated to contain a 26% β-cell fraction (52% islets) =

approximately 94 IEQs. All animal procedures were approved by the Institutional Animal Care

and Use Committee of the University of California San Diego and the Burnham Institute for

Medical Research.

Diabetes Induction by Destruction of Endogenous β-Cells

Destruction of murine but not human β-cells in SCID mice was achieved by intravenous

administration of 90 mg/kg alloxan (Sigma, MO) (34). Autoimmune diabetes was accelerated

in NOD mice by a single intraperitoneal (IP) injection of low-dose streptozotocin (40 mg/kg

in 0.1 M citrate pH 4 buffer, Sigma) as described previously (35,36). Blood glucose levels

sampled from tail veins were monitored with a glucometer (MediSense, MA). Glucose

stimulation and intraperitoneal glucose tolerance test were performed after overnight fast;

blood samples were procured before and 30 min or more after IP injection of 0.2 mL 50%

glucose. Human C-peptide ELISA was performed as directed (Mercodia, Sweden) and if

necessary, samples were diluted to fall within the range of the calibration curve.

Histology and Immunohistochemistry

Explanted devices, engrafted subcutaneous tissue, engrafted kidneys, and pancreases were

harvested from killed mice, fixed in 4% paraformaldehyde (USB, OH), and embedded in

optimal cutting temperature (OCT) freezing media (Sakura Finetek, CA) or in paraffin. Sample

sections were 5 µm. Paraffin sections were treated by alcohol series and antigen retrieval with

CitriSolv (Fisher Scientific, PA). Primary antibodies used were directed against luciferase,

CD3, insulin and somatostatin (Santa Cruz biotechnology, CA), Ki67 (Abcam, MA and

DAKO, Denmark), CK19 (DAKO), and glucagon (BD, CA and Sigma). Apoptosis was studied

with ApopTag Red In Situ Apoptosis Kit (Chemicon, CA). For fluorescent imaging, samples

were incubated with Alexa 488 (Invitrogen, CA) or rhodamine (Jackson Immuno Research,

PA) fluor-labeled anti-goat, -mouse, -rabbit, or -rat and nuclear counterstained with 4′, 6-

diamidino-2-phenylindole (DAPI) (Invitrogen). Controls using irrelevant primary antibodies

or secondary antibodies alone were used to ensure specificity of immunostaining. Brightfield

and fluorescently labeled sections were analyzed with a conventional inverted microscope

(Olympus, PlanFl 40×/0.60, Center Valley, PA) or with a confocal microscope (Bio-Rad

Laboratories Inc., CA) equipped with krypton/argon laser. Examination of

immunohistochemistry was performed by at least two blinded observers. The sectioning of the

device damaged some tissue sections and these were discarded. Thus, for technical reasons,

absolute cell counts per device were not determined. Quantitation of pixel intensity was

performed with Image J software.

Bioluminescent Imaging

For in vitro studies, encapsulated luciferase expressing melanoma cells were placed in tissue

culture media and imaged before and after addition of firefly-D-luciferin. Imaging was

conducted using a cryogenically cooled IVIS 100 imaging system and data acquisition

computer with Living Image Software (Xenogen) (see Figure, Supplemental Digital Content

1, http://links.lww.com/A931).

For in vivo studies, anesthetized mice were injected IP with 150 mg/kg firefly-D-luciferin, 10

min before imaging. In vivo bioluminescent images appear larger than the device size because

of spreading of the signal from the source to the skin surface. The integrated BLI signal on the

day of transplantation (day 0) was assigned a value of 100%.
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Statistical Analyses

Data are presented as means±SEM. The statistical significance of the differences between

groups was analyzed by Student’s t tests except for Kaplan-Meier survival curves in NOD

studies, which were analyzed by log-rank tests.

RESULTS

Human Fetal β-Cells/Precursors Thrive Within an Immunoisolation Device

To study the survival, function, and differentiation of encapsulated human β-cells and their

progenitors, ICCs were prepared from 18- to 22-week-old human fetal pancreases. A portion

of the cells were analyzed by immunohistochemistry and we determined that the fraction of

insulin positive cells (ins+) in starting material was7% ± 1.2%, similar to previous reports

(37). Encapsulated human ICCs were transplanted subcutaneously. As a control for tissue

integrity, an equal number of nonencapsulated ICCs from each preparation were transplanted

into the RC where they have been shown to acquire glucose responsiveness after a length of

time that approximates term gestation (37,38). Immunodeficient SCID-Beige mice were used

for these studies as they were directed at the survival and function of transplanted human cells,

rather than the protection of human ICCs from xenograft rejection.

Grafted cells were harvested from five ICC preparations after 10 weeks of transplantation.

Insulin, glucagon, and somatostatin expressing cells were readily identified in control and

encapsulated grafts (Fig. 1A,B). In fact, during transplantation, the fraction of ins+ cells in

devices nearly tripled, rising to 19%±2.7% (P<0.01) (Fig. 1C).

Evidence for β-Cell Replication and Neogenesis in Encapsulated Human Fetal Tissue

During human pancreatic development, both neogenesis and replication (39) play important

roles in the regulation of endocrine cell formation. These processes are recapitulated in human

ICCs transplanted into the RC of mice (40). Thus, we examined whether a combination of β-

cell replication and neogenesis from precursors was also responsible for the striking increase

in β-cell fraction we observed in encapsulated ICCs.

To determine the mitotic index of β-cells in the grafts, we performed immunohistochemical

analysis for the proliferation marker Ki67 and insulin. Similar to previous reports, the mitotic

index of ins+ cells in control, nonencapsulated RC transplants was 1.0%. Strikingly, the percent

of replicating cells in the encapsulated ICCs grafts was 3.6% (P<0.05) (Fig. 1D,E), indicating

that the microenvironment within the device is not only permissive for fetal β-cell replication,

but may actually promote it.

During β-cell neogenesis, new β-cells budding from ducts transiently coexpress insulin and

the duct cytokeratin, CK19, whereas in the adult pancreas, expression of insulin and CK19,

are normally restricted to β-cells and duct cells, respectively (41). Insulin and CK19 double-

positive cells can also be identified in grafts harvested from ICCs transplanted into the RC

(Fig. 2A,B) (40). We investigated whether this intermediate cell type, suggestive of active β-

cell differentiation, also existed in encapsulated ICCs, with the finding that CK19 and insulin

coexpressing cells, as well as both single-positive cell types were readily identified (Fig. 2A,B).

Taken together, these data suggest that both neogenesis and β-cell replication occur in

encapsulated ICCs as they do in ICCs transplanted into the RC.

Encapsulated Human Fetal β-Cells Mature and Ameliorate Diabetes in Alloxan-Treated Mice

The hallmark of β-cell maturation is acquisition of glucose responsive insulin secretion, which

can be monitored by measuring circulating human C-peptide levels as a surrogate for insulin.

Five of seven encapsulated ICC preparations led to measurable C-peptide. In the first 12 weeks
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after transplantation of encapsulated human ICCs, plasma C-peptide levels were low and did

not change in response to a glucose challenge. However, when tested again at 5 months after

transplantation, the same mice exhibited increased basal C-peptide levels and glucose

responsiveness (Fig. 2C), indicating that β-cell maturation had occurred inside the device

(P<0.01). RC control transplants also displayed glucose responsive insulin secretion, with C-

peptide values approximately threefold higher than encapsulated cells (data not shown).

We estimated that devices contained a maximum of 70 IEQ at maturation. Although this

number is far below the 300 islets required to cure diabetes in mice, we hypothesized that the

transplanted cells would contribute to glucose homeostasis. Therefore, we eliminated murine

β-cells by administration of alloxan, a drug selectively toxic to murine, but not human β-cells

(34). Within 48 hr after alloxan treatment, untransplanted mice became diabetic while, in mice

transplanted with encapsulated ICCs 5 months earlier, diabetes was attenuated for at least 10

days after alloxan treatment (Fig. 2D) (P<0.05).

Subsequent device removal resulted in a marked increase in blood glucose, demonstrating that

encapsulated human cells, not residual murine cells, were responsible for glycemic control (see

Figure, Supplemental Digital Content 2, http://links.lww.com/A933). Further, analysis of

explanted pancreases ensured that alloxan-mediated murine β-cell destruction had taken place

(data not shown).

Encapsulated Human Adult Islets Exhibit Poor Survival, but Remaining Cells Are Glucose

Responsive

We next evaluated the survival of encapsulated human adult islets. Although equal numbers

(approximately 216 IEQ, see Methods section) of islets were transplanted in devices or RC

controls, C -peptide levels from device transplanted animals were merely 5% that of controls

(P<0.01) at 1 month posttransplant (Fig. 3A). Remaining encapsulated islets retained glucose

responsiveness but were not sufficient to alleviate alloxan-induced diabetes. In contrast,

recipients of control RC transplants remained normoglycemic after alloxan treatment (Fig. 3B).

Unlike human ICCs, which exhibited substantial increases in C-peptide production over time,

no increase was observed from adult human islets measured again at 3 months (data not shown).

In fact, tissue could not be found in most harvested devices, suggesting that cell death was the

major barrier to successful transplantation outcome.

Real-Time Assessment of Graft Survival and Engraftment Kinetics

The finding that encapsulated human fetal ICCs survived well suggested that fetal tissue was

resistant to cell death, or that it also underwent cell loss immediately posttransplant but was

capable of repopulating the device. We could not distinguish between the two models by

measuring C-peptide from ICCs as C-peptide was below the level of detection at the time of

transplantation. Because we could not follow human ICC engraftment at early stages, we used

BLI of encapsulated neonatal murine islets for real-time analysis of the engraftment process

(30,42).

Encapsulated FVB strain islets expressing luciferase (FVBluc) were transplanted into 12

wtFVB mice and imaged over the course of 50 days (Fig. 4A,B). Imaging on day 7 revealed a

68.7% loss in overall tissue survival compared with the day of transplantation. The declining

trend reversed, however, such that by day 47, the BLI signal was restored to initial values (day

0 compared with day 47, P = 0.9). The data provided evidence that engraftment of young tissue

is a dynamic process involving cell death and regrowth (Fig. 4C). Immunohistochemical

analysis of insulin expression in devices harvested at day 50 revealed that β-cells represented

28.4%±8.4% of the total cell population (Fig. 5C).
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Real-Time Analysis of Allograft Survival in Encapsulated Murine Neonatal Islets

To monitor cell survival of allografts in real time, neonatal islets from FVBluc mice were

transplanted across the major histocompatibility complex barrier into ICR strain mice (Fig.

4D). Similar to transplants into wtFVB mice, BLI revealed a 50% drop in signal at day 7, which

was restored to the original value by day 21 (Fig. 4E) demonstrating complete protection of

transplanted tissue. Immunohistochemical analysis of devices harvested at day 50 revealed that

insulin was expressed in 21%±5.4% of the cells (Fig. 5C). Encapsulated islets retained BLI

signal in ICR mice for as long as they were monitored (> 140 days) (Fig. 4E). As expected,

the BLI signal disappeared from unprotected control transplants within 21 days, (Fig. 4D), and

histologic examination confirmed that the no graft remained after signal disappeared (data not

shown).

Encapsulated β-cells Are Protected From Autoimmune Rejection in a Model of Type I

Diabetes

We next addressed whether primary murine islets could be protected from both auto- and

alloimmune rejection in the NOD mouse model of type I diabetes (43). We found that

encapsulated murine FVBluc islets retained BLI, indicating overall graft survival, for greater

than 50 days (Fig. 5A). Immunohistochemical examination of explanted devices revealed

abundant insulin and glucagon expression (Fig. 5B), with β-cells representing 26.3%±8.0% of

the total cell population (Fig. 5C), and a mitotic index, which was similar to cells in devices

harvested from FVB and ICR host animals (Fig. 5D). No apoptotic cells were observed in

devices harvested from FVB, ICR, or NOD mice (data not shown). In contrast, BLI revealed

that unprotected islets were rejected within 28 days, as expected (Fig. 5A).

We hypothesized that the encapsulated β-cells (approximately 94 IEQ, see Methods) would

be capable of partially, but not fully, ameliorating hyperglycemia in NOD mice. Thus, the rate

of diabetes induction in NOD mice transplanted with encapsulated islets was compared with

control untransplanted NOD mice. A single treatment of low-dose streptozotocin was

administered at day 0 to accelerate autoimmune disease (35,36). Unlike high-dose alloxan,

which causes massive β-cell death and hyperglycemia within 24 to 48 hr (Fig. 2D), this low-

dose treatment did not affect glycemia in the first week. Importantly, NOD mice transplanted

with encapsulated islets (n = 8) developed diabetes at a significantly lower rate than control

untransplanted mice (n = 7, P = 0.021) (Fig. 5I). Thus, encapsulated β-cells were protected

from both allo- and autoimmune rejection and functioned to slow the progression of diabetes

in NOD mice.

T-Cell Recruitment Is not Elicited by Encapsulated Primary β-Cells

Recently, we reported improved survival of endogenous β-cells in the NOD pancreas when T

cells were confined to the islet periphery by administration of a matrix metalloproteinase

inhibitor (44). To determine whether encapsulated primary β-cells were protected from

immune destruction by simple barrier exclusion of immune effector cells or whether

encapsulation curtailed graft recognition by the immune system, we performed

immunohistochemical analysis for CD3 positive cells in the tissue peripheral to devices. Of

great significance, we determined that T cells were absent within 600 µm of devices (the

greatest distance analyzed) (Fig. 5E), whereas pancreas tissue concurrently analyzed from the

same NOD mice exhibited fulminate autoimmune disease: masses of lymphocytes, including

CD3 positive T cells, and a 90% or greater loss of endogenous β-cells (Fig. 5F–H). Thus,

encapsulated β-cells seemed to have evaded T-cell recognition.
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DISCUSSION

Our studies demonstrate for the first time that human β-cells survive, differentiate, and function

within a durable immunoisolation device. We observed a temporal increase in β-cell fraction

with evidence of replication in encapsulated human ICCs. Further, the development of glucose

responsive insulin secretion represents β-cell maturation from either immature β-cells or earlier

pancreatic endocrine progenitors in the device.

Novocell has recently described a method for the production of hES-derived pancreatic

precursors (45) that efficiently generate functional β-cells in vivo (46). Our data demonstrating

that human fetal pancreatic progenitors are capable of maturing inside the device suggest that

maturation of encapsulated hES-derived pancreatic progenitors may also occur. Importantly,

a durable immunoisolation device could provide a platform for safely evaluating such cell-

based therapies clinically, by protecting patients from any risk of potential tumorigenicity from

the transplanted cells.

Encapsulated adult human islets exhibited relatively poor survival. This was not surprising

given that adult human islet survival is suboptimal even in clinical islet transplantation (23–

25). Importantly, however, surviving encapsulated adult islets retained glucose-stimulated

insulin release. Thus, once established, adult human β-cells function normally in the device.

The use of antiapoptotic drugs to prevent cell death in clinical islet transplantation seems

promising and may be beneficial to encapsulated human islet cells as well (47).

We explored the underlying mechanism responsible for the robust survival and performance

of encapsulated β-cell precursors using BLI. We expected that young tissue might be resistant

to cell death immediately posttransplant and therefore would exhibit a constant BLI signal. We

determined, however, that young islets undergo significant cell death immediately

posttransplant, followed by recovery of cell mass, suggesting an important role for replication

in their performance. Other factors which may influence ICC versus adult islet survival are

tissue ischemic time, or differences in the growth factors, cytokines, or blood vessels induced

by young versus older tissue.

In past studies assessing the immunoprotective features of the device, survival of encapsulated

cells was qualitatively assessed or inferred by counting cells in a number of sections of

harvested grafts. For a precise quantitative evaluation of graft survival, we again employed

BLI. We limited our studies to allograft and autoimmune protection because reports that the

device provided xenograft protection (17–19) were not confirmed by others (10–22, and

personal communication). The device provided protection from allograft rejection for greater

than 140 days, a finding immediately applicable to transplantation therapies for type II or

monogenetic maturity onset diabetes of the young (MODY) diabetes. We also undertook a

careful and quantitative analysis of encapsulated allografts in the NOD model of autoimmune

(type I) diabetes, finding that the device provided significant protection, allowing amelioration

of hyperglycemia. Complete reversal of diabetes was not expected in these studies because of

the limited number of β-cells in the transplanted devices. It is possible that graft survival could

have been extended by controlling hyperglycemia with exogenous insulin treatment.

Importantly, in islet transplant patients who require some exogenous insulin for glycemic

control, even subcurative numbers of β-cells provide substantial clinical benefit (23,48).

In transplanted NOD mice, T cells were not recruited to the tissue surrounding the device. This

was somewhat surprising, given that severe insulitis was readily apparent in pancreases from

the same mice. The data suggest that the encapsulated β-cells are invisible to the immune

system and this bodes well for long-term clinical translation of the technology. In contrast to

our work, in a study in which an insulinoma cell line was similarly encapsulated and

transplanted into NOD mice, T cells were observed proximal to the devices (31). This disparity
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may result from the high-cell turnover of a transformed line generating increased antigen

shedding, and therefore, immune stimulation.

Taken together, our data suggest that long-term protection of human β-cells in type I diabetic

patients without immunosuppression is a realistic goal. Further, encapsulation of β-cell

precursors may be an ideal approach to enhance the success of β-cell replacement therapies.
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FIGURE 1.

Macroencapsulated β-cells derived from human fetal islet-like cell clusters (ICCs) survive and

replicate. (A) Schematic representation of a cross section through a cell-filled TheraCyte

encapsulation device; immunohistochemical analysis of a representative human ICC-filled

device explanted 10 weeks after placement; insulin (red) n = 5, scale bar: 15 µm. (B)

Immunohistochemical analysis of islet hormones; insulin (red), glucagon (green), and

somatostatin (green) in human ICCs in vitro (n = 3), 10 weeks after transplantation into the

renal compartment (RC, n = 3), or in device placed subcutaneously (Device, n = 5), scale bar:

15 µm. (C) Quantitation of insulin-positive cell fractions in human ICCs before (in vitro, n =

3, black bar) and 10 weeks after transplantation in device (Device, n = 3, white bar) or control

transplantation (RC, n = 3, gray bar). (D) Immunostaining for insulin (red) and proliferation

marker Ki67 (green) in devices or RC grafts explanted after 10 weeks. Arrows depict Ki67+/

insulin = cells, scale bar: 50 µm, magnified insets, scale bar: 5 µm. (E) Quantitation of mitotic

index in control (RC, n = 3) and device transplants (Device, n = 3), P values *less than 0.05,

**less than 0.01. Blue nuclear counterstain in A, B, and D is DAPI.
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FIGURE 2.

Macroencapsulated β-cells derived from human fetal islet-like cell clusters (ICCs) mature and

ameliorate diabetes. (A) Confocal images of immunostaining for insulin (green) and CK19

(red) in two encapsulated grafts (Device) and one renal compartment control graft of human

ICCs harvested at 10 weeks posttransplant, reveals cells coexpressing insulin and CK19

(arrows), scale bar: 20 µm. (B) Graphs quantifying pixel intensity of insulin (green) and CK19

(red) expression (white arrows depict areas of coexpression) corresponding to direction of

yellow arrow in merge pictures from A. (C) Human ICCs mature within an encapsulation

device as exhibited by plasma human C-peptide levels measured at less than 3 months and

again at 5 months in the same animals (n = 3). Basal level = black bars and white bars = level

at 30 min after glucose stimulation. (D) Blood glucose levels were measured after alloxan

administration in animals transplanted 5 months earlier with encapsulated ICCs (Device, red

circle,n = 3) or in untransplanted mice (Control, black triangles, n = 9), P values *less than

0.05, **less than 0.01. Day-0 blood glucose (115 mg/dL±4.7 mg/dL) was average from 15

controls. Blue nuclear counterstain in A is DAPI.
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FIGURE 3.

Encapsulated human adult islets exhibit poor survival, but remaining cells are glucose

responsive. (A) Plasma C-peptide level, was measured in mice transplanted 1 month earlier

with human adult islets, either encapsulated (Device, n = 5) or nonencapsulated (renal

compartment [RC], n = 5). Basal fasting C-peptide level was obtained after overnight fast

(black), stimulated value was obtained 30 min after glucose bolus (white). (B) Blood glucose

was measured after alloxan treatment (to ablate endogenous murine β-cells) in untransplanted

control mice (black triangle), mice transplanted 1 month earlier with islets in RC (open inverted

triangle), or mice transplanted with encapsulated islets (open circle) and n = 3 for each group,

P values **less than 0.01. Day-0 blood glucose (115 mg/dL±4.7 mg/dL) is a mean of 15 control

mice.
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FIGURE 4.

Bioluminescent imaging (BLI) reveals kinetics of engraftment and allograft protection of

encapsulated murine islets in real time. (A) Schematic diagram of experimental design for

transplants of luciferase-expressing islets and (B) pseudocolor BLI of representative wtFVB

mouse transplanted with encapsulated neonatal FVBluc islets (Device, n = 12), imaged

immediately after transplant (D0), and on subsequent days. (C) Quantitation of BLI signal.

There is no significant difference in signal between day 0 and day 47 P = 0.9. (D) Representative

BLI from islet allografts: FVBluc islets transplanted into islet cell resources mice and control

mice were transplanted with unencapsulated cells into renal compartment (RC) (n = 4). Two

of the controls also have implants in contra-lateral subcutaneous tissue (RC/SC). Encapsulated

islets were transplanted subcutaneously (Devices, n = 11). E: Quantitation of BLI signal:

encapsulated cells (Device, red circles, n = 11) and control transplants (Control, black

triangles, n = 4). All animals were monitored for 50 days; two device-transplanted animals

and two controls were maintained for more than 140 days.
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FIGURE 5.

Encapsulated islets survive and alleviate diabetes in NOD mice. (A) BLI of representative

NOD mice transplanted with FVBluc islets, unencapsulated (Control, n = 7) or encapsulated

(Device, n = 8). Animals were imaged immediately after transplantation (D0) and

subsequently. (B) Insulin (red) and glucagon (green) immunostaining of representative device

retrieved from NOD mouse after 50 days of transplantation when blood glucose levels were

above 300 mg/dL, scale bar: 50 µm. (C) FVBluc islet-filled devices retrieved from wtFVB,

islet cell resources, and NOD recipient mice and immunostained for insulin (red) reveal similar

extent of β-cell survival in all strains, scale bar: 50 µm and (D) contain similar numbers of

replicating β-cells (white arrows) as illustrated by immunostaining for insulin (green) and Ki67

(red), scale bar: 50 µm. Inset is higher magnification. (E) Immunostaining for glucagon

(green) and T-cell marker CD3 (red) in device and surrounding tissue explanted from NOD

mouse. Note that no T cells can be identified by anti-CD3 antibody (red) within 652 µm (white

dotted line) of device (white arrowhead) (n = 10), scale bar: 200 µm. (F, H) Immunostaining

for insulin (green) and T-cell marker CD3 (red) in pancreas from the same NOD mouse at (F)

high and (H) low power, revealing massive CD3-positive infiltrates in pancreas, scale bar: 200

µm. (G) Normal pancreas, scale bar: 200 µm. (I) NOD mice transplanted with encapsulated

islets (Device, red circle, n = 8) and untransplanted NOD mice (Control, black triangle, n =

7) received a single treatment of low-dose streptozotocin at day 0 to accelerate autoimmune

diabetes (35,36), P = 0.021. Mice with encapsulated islets exhibited delayed onset of diabetes

compared with control animals. Nondiabetic blood glucose level is less than 300 mg/dL. Blue

nuclear counterstaining B to H is DAPI.
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