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Abstract
Allogeneic islet grafts are subject to rejection by both auto- and alloimmune responses when
transplanted into diabetic individuals. T cells play a critical role in the initiation and perpetuation
of both autoimmunity and allograft rejection. T cells up-regulate Fas and become sensitive to
FasL-mediated killing following antigenic stimulation. Therefore, we tested if immunomodulation
with an apoptotic form of FasL chimeric with streptavidin (SA-FasL) is effective in preventing the
rejection of allogeneic C57BL/6 islet grafts in chemically diabetic NOD mice. C57BL/6
splenocytes and pancreatic islets were biotinylated and engineered to display the SA-FasL protein
on their surface. Female NOD mice (6–7 weeks old) were treated with streptozotocin to induce
diabetes and transplanted 5 days later with C57BL/6 islets engineered with SA-FasL in
conjunction with transient treatment with rapamycin (3.0 mg/kg daily for days 0–19). Graft
recipients were also systemically immunomodulated by intraperitoneal injection of 5 × 106 donor
SA-FasL–engineered splenocytes on days 1, 3, and 5 after islet transplantation. This regimen
resulted in the survival of all allogeneic islet grafts for the 250-day observation period, compared
with a mean survival time (MST) of 14.2 ± 3.9 days for the control group. The survival effect was
SA-FasL specific, with all NOD mice transplanted with control streptavidin protein–engineered
islet grafts and treated with SA-engineered splenocytes under transient cover of rapamycin
rejecting their grafts with an MST of 39.8 ± 8.5 days (P < .01). Taken together, these data
demonstrate that immunomodulation with SA-FasL–engineered allogeneic islet grafts and
splenocytes is effective in overcoming rejection in female NOD mice with preexisting
autoimmunity with important clinical implications.

T cells play a critical role in initiating and perpetuating immune responses to allogeneic
islets. Importantly, autoimmunity that causes the destruction of pancreatic beta cells is also
initiated and perpetuated by T cells, because NOD mice transgenic for an insulin gene
modified to lack a dominant CD4+ T-cell epitope do not develop spontaneous diabetes.1

There is considerable experimental and clinical evidence that allograft rejection in
individuals with type 1 diabetes is subject to both auto- and alloreactive destructive immune
responses.2 Therefore, T cells serve an important target for immunomodulation to prevent
both auto- and alloreactive immune responses for long-term survival of allogeneic islet
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grafts and potential achievement of tolerance. Inasmuch as T cells up-regulate Fas receptor
following antigenic stimulation and become sensitive to Fas-FasL-mediated killing,3 we
assessed if immunomodulation with FasL serves an effective means of preventing allogeneic
islet graft rejection in diabetes-prone female NOD mice. Given that FasL is apoptotic when
expressed as a membranous protein and has no/minimal apoptotic activity and may serve as
an antiapoptotic molecule in soluble form when cleaved from the cell surface by
metalloproteinases,4 we recently generated a novel form of FasL protein chimeric with
streptavidin (SA-FasL).5 We have shown that this molecule exists as tetramers and
oligomers with potent apoptotic activity on Fas-expressing T cells.5 Importantly, this
molecule can transiently be expressed on cells and tissues for immunomodulation.5–7

Indeed, we have recently demonstrated that the direct display of SA-FasL on allogeneic
pancreatic islets was effective in preventing their rejection when transplanted under transient
cover of rapamycin in a BALB/c-to-C57BL/6 mouse model that lacks preexisting
autoimmunity to beta cells.6 In the present study, we investigated whether
immunomodulation with SA-FasL protein has efficacy in preventing the rejection of
allogeneic islets in female NOD recipients with preexisting autoimmunity.

METHODS
Mice and Recombinant Proteins

C57BL/6 mice served as donors for allogeneic splenocytes and pancreatic islets, and 6–7-
week-old female NOD mice were used as recipients. Female NOD mice were purchased
from Jackson Laboratory (Bar Harbor, ME), and C57BL/6 mice were bred and housed under
specific pathogen-free conditions at our institution in accordance with the Institutional
Guide for the Care and Use of Laboratory Animals. Recombinant SA-FasL and streptavidin
(SA) proteins were produced in the laboratory using the Drosophila Expression System
(DES) expression system (Life Technologies).8

Engineering Pancreatic Islets and Splenocytes with SA-FasL Protein
Pancreatic islets were harvested from 8–12-week-old C57BL/6 females under anesthesia
with the use of a standard protocol as previously described.6 Islets were engineered by
incubating in 5 μmol/L EZ-Link Sulfo-NHS-LC-Biotin solution (Thermo Scientific) in
phosphate-buffered saline solution (PBS) at room temperature for 30 minutes followed by
extensive washing to remove free biotin. Biotinylated islets were then incubated in PBS
containing SA-FasL proteins (~200 ng protein/450-550 islets) or an equimolar amount of
SA as a control at room temperature for 30 minutes. Engineered islets were washed 3 times
with PBS and loaded into tubing for transplantation. Spleens were harvested from 8–12-
week-old C57BL/6 females or males, processed into single-cell suspensions, and engineered
with SA-FasL as previously described.8 Splenocytes engineered with an equimolar amount
of SA protein served as control. The levels of SA-FasL and SA on the cell surface were
assessed using fluorescein isothiocyanate–labeled antistreptavidin antibodies in flow
cytometry.

Islet Transplantation and Systemic Treatment with Donor SA-FasL–Engineered
Splenocytes

To expediate these studies, diabetes was induced in 6–7-week-old female NOD mice by
intravenous injection of streptozotocin (220 mg/kg) and confirmed by 2 consecutive blood
glucose readings >300 mg/dL. Diabetic mice were transplanted with SA-FasL– or SA-
engineered C57BL/6 islets under the kidney capsule (450-550 islets/mouse). Recipients
were injected intraperitoneally with 3.0 mg/kg rapamycin (LC Company) starting on the day
of transplantation daily for 20 days. Graft recipients were also treated with 5 × 106 C57BL/6
SA-FasL–engineered splenocytes intraperitoneally on days 1, 3, and 5 after islet
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transplantation (Fig 1A). Animals were monitored for diabetes, and those with 2 consecutive
daily measurements of >250 mg/dL blood glucose level were considered to be diabetic.

RESULTS
Pancreatic islets and splenocytes were effectively engineered with SA-FasL protein with
almost 100% efficacy, with SA-FasL protein detected on the surface of all pancreatic islets
(not shown) and splenocytes (Fig 1B) as assessed by confocal microscopy and flow
cytometry, respectively. All chemically diabetic female NOD mice transplanted with SA-
FasL–engineered allogeneic C57BL/6 islets and treated with SA-FasL–engineered donor
splenocytes under transient cover of rapamycin (3.0 mg/kg daily for 20 doses) achieved
euglycemia during a 250-day observation period (Fig 1C). In marked contrast, recipients
transplanted with control SA-engineered islet grafts and treated with SA-engineered donor
splenocytes under the transient cover of rapamycin rejected their grafts with a mean survival
time (MST) of 39.8 ± 8.5 days. However, this rejection rate was delayed compared with that
of unmodified control grafts without donor splenocytes and rapamycin treatment (MST 14.2
± 3.9 days; P < 0.01), possibly because of the rapamycin and/or SA-engineered splenocytes.

DISCUSSION
Allogeneic islet transplantation is an effective regimen for the treatment of type 1 diabetes.9

However, rejection reactions initiated and perpetuated by auto- and alloreactive T cells
present a formidable barrier to widespread clinical application of allogeneic islet
transplantation.9 The immunosuppressive agents used to control islet graft rejection in the
clinic are not only ineffective, but may also contribute to the long-term graft failure owing to
associated toxicity.9 Therefore, the development of novel immunomodulatory approaches
that support indefinite islet allo-graft survival without chronic use of immunosuppression is
sought. In the present study, we demonstrated that allogeneic islets engineered to display a
novel form of SA-FasL protein with potent apoptotic activity on their surface when
transplanted into diabetes-prone NOD recipients under the cover of a short course of
rapamycin and systemic treatment with 3 doses of SA-FasL–engineered donor splenocytes
have robust efficacy in supporting indefinite survival of allogeneic islet grafts. Inasmuch as
insulitis is prevalent in 4-week-old female NOD mice,10 all 6–7-week-old female mice used
in our study as graft recipients were expected to have a significant repertoire of autoreactive
T cells. Complete lack of allogeneic islet rejection during the course of the 250-day
observation period provides important evidence for the efficacy of our immunomodulatory
regimen for the control of not only allo, but also autoreactive immunity. This prediction is
consistent with our previous observations that SA-FasL protein preferentially induces
apoptosis in autoreactive T-effector cells in NOD while sparing CD4+CD25+FoxP3+ T-
regulatory (Treg) cells.11 Although we do not know the mechanistic basis of long-term
allogeneic islet survival in the present study, it is tempting to speculate that active immune
regulation, plausibly by Treg cells, may play a role. This notion is consistent with our recent
studies demonstrating that SA-FasL–engineered allogeneic islets achieve localized tolerance
by inducing Treg cells.6 Further studies are needed to assess if similar mechanisms play a
role in the observed tolerance in spontaneous diabetes-prone NOD mice as used in this
study.
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Fig 1.
SA-FasL–engineered allogeneic islet grafts survive indefinitely in chemically diabetic
female NOD mice. (A) Schematic diagram of the immunomodulation protocol used in the
present study. Female young (6–7 weeks old) NOD mice were made diabetic with the use of
streptozotocin and then transplanted 5 days later with allogeneic female C57BL/6 SA-FasL–
engineered islets (SA-FasL–islet) under the kidney capsule (~500 islets/mouse) in
conjunction with transient use of rapamycin (Rapa; 3.0 mg/kg daily for 20 doses). Graft
recipients were also given SA-FasL–engineered donor splenocytes (5 × 106 cells/injection)
intraperitoneally on days 1, 3, and 5 after islet transplantation. Unmodified islets or
streptavidin control protein–engineered islets (SA-islet) and splenocytes (SA-spl) were used
as control samples. (B) Flow cytometric analysis of SA-FasL protein on the surface of
engineered splenocytes. (C) Allogeneic islet graft survival.
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