
A novel multimeric form of FasL modulates the ability of
diabetogenic T cells to mediate type 1 diabetes in an adoptive
transfer model

Deanna D.H. Frankea,b, Esma S. Yolcua,b, Pascale Alarda, Michele M. Kosiewicza, and Haval
Shirwan*,a,b
aDepartment of Microbiology and Immunology, University of Louisville, Louisville, KY, 40202

bInstitute for Cellular Therapeutics, University of Louisville, Louisville, KY, 40202

Abstract
Activation induced cell death (AICD) via Fas/FasL is the primary homeostatic molecular mechanism
employed by the immune system to control activated T-cell responses and promote tolerance to self-
antigens. We herein investigated the ability of a novel multimeric form of FasL chimeric with
streptavidin (SA-FasL) having potent apoptotic activity to induce apoptosis in diabetogenic T cells
and modulate insulin-dependent type 1 diabetes (IDDM) in an adoptive transfer model. Diabetogenic
splenocytes from NOD/Lt females were co-cultured in vitro with SA-FasL, SA control protein, or
alone without protein, and adoptively transferred into NOD/Lt-Rag1null recipients for diabetes
development. All animals receiving control (Alone: n=16 or SA: n=17) cells developed diabetes on
average by 6 weeks, whereas animals receiving SA-FasL-treated (n = 25) cells exhibited significantly
delayed progression (p<.001) and decreased incidence (70%). This effect was associated with an
increase in CD4+CD25+ T cells and correlated with FoxP3 expression in pancreatic lymph nodes.
Extracorporeal treatment of peripheral blood lymphocytes using SA-FasL during disease onset
represents a novel approach that may alter the ability of pathogenic T cells to mediate diabetes and
have therapeutic utility in clinical management of IDDM.
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1. Introduction
Activation-induced cell death (AICD) via Fas/FasL is an important homeostatic molecular
mechanism by which the immune system controls activated T-cell responses, promotes
tolerance to self antigens, and prevents autoimmunity. T cells upregulate both Fas and FasL
upon activation and become sensitive to autocrine and paracrine apoptosis following repeated
reengagement with the challenge antigen (Krammer, 2000;Van Parijs and Abbas, 1998;Ju et
al., 1995). The importance of Fas/FasL-mediated apoptosis to tolerance to self antigens is
demonstrated in the lpr and gld mice wherein the lack of or low expression of Fas and FasL
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leads to lymphoproliferative disorders and autoimmunity (Nagata and Suda, 1995). Transgenic
replacement of Fas expression in mice restores both AICD and a disease-free state (Wu et al.,
1994).

The NOD mouse is a widely used spontaneous model for the study of insulin-dependent type
1 diabetes (IDDM). Although molecular and cellular mechanisms responsible for the
development of IDDM in NOD are complex and not fully characterized, activation of
autoreactive CD4+ and CD8+ T cells and their recruitment into pancreatic islets play an
important role in the initiation of the disease (Bendelac et al., 1987;Yagi et al., 1992). A series
of studies reported resistance to AICD in NOD mice which may contribute to the disease
process (Decallonne et al., 2003;Leijon et al., 1994;Arreaza et al., 2003). Although the nature
of these defects are not fully understood, over 20 susceptibility loci, termed insulin-dependent
diabetes (idd), have been identified (Aoki et al., 2005). Some of these defects translate to
dysregulated anti-apoptotic gene expression including Bcl-2 (Garchon et al., 1994) and Bcl-x
(Lamhamedi-Cherradi, 1998), as well as expression of a less apoptotic allele of FasL (Kayagaki
et al., 1997).

Despite these claims, a number of studies have reported that selective induction of apoptosis
via AICD in diabetogenic lymphocytes can prevent autoimmune diabetes in NOD mice. In
vivo administration of Jo-2, an agonistic antibody to Fas, resulted in diabetes remission.
Immunohistochemical analysis of pancreata from treated animals demonstrated apoptosis of
infiltrating cells, but not insulin and/or glucagon-producing cells, suggesting that remission
was due to the induction of AICD in autoreactive lymphocytes (Dharnidharka et al., 2002). In
a second study, lipopolysaccharide (LPS)-activated B cells have been shown to express FasL
and induce diabetogenic T cells to undergo apoptosis in vitro (Tian et al., 2001). Transfusion
of these LPS-activated B cells into prediabetic mice inhibited spontaneous development of
diabetes in greater than 80% of the B-cell treated NOD mice at 52 weeks of age. Furthermore,
co-transfer of LPS-activated B cells and diabetogenic splenic T cells prevented the disease in
an adoptive transfer model. In addition, both membranous as well as soluble forms of human
FasL were shown to engage Fas on naïve and diabetogenic T cells, induce apoptosis, and
modulate development of diabetes by eliminating autoreactive diabetogenic lymphocytes and
pre-activated CD4+ CD45RBlow memory T cells (Kim et al., 2000). Of further interest, human
soluble FasL was shown to function in vivo to delete potentially autoreactive memory
lymphocytes in peripheral blood lymphocytes from mice as well as IDDM patients,
complementing membrane FasL in promoting AICD (Kim et al., 2002). Altogether, these
studies demonstrate that diabetogenic T cells are sensitive to FasL-mediated apoptosis and as
such FasL-based immune intervention may have therapeutic utility for the prevention/
treatment of IDDM.

FasL, a type II membranous protein, is expressed on antigen-activated T cells in response to
TCR signaling and costimulation (Askenasy et al., 2005). This protein is cleaved off from the
cell surface in response to various physiologic stimuli by matrix metalloproteinases (Ju et al.,
1995;Tanaka et al., 1998). Traditionally, the membranous form is noted for its ability to induce
apoptosis in autoreactive and alloreactive T cells and promote tolerance; in contrast, the soluble
form may inhibit apoptosis, initiate inflammatory responses, and promote the active
recruitment of neutrophils, thereby accelerating disease or allograft rejection (Ottonello et al.,
1999;Seino et al., 1998;Suda et al., 1997). However, this functional difference between
membranous and soluble forms of FasL applies to murine FasL more than the human molecule,
which appears to have apoptotic function in both forms (Kim et al., 2002;Tanaka et al.,
1995).

These diverse functions of soluble and membraneous forms of FasL may be a manifestation
of their differential ability to crosslink the Fas receptor upon engagement and the quality/
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quantity of the ensuing signals (Siegel et al., 2000). We have recently generated a chimeric
SA-FasL protein that forms tetramers and higher structures and has potent apoptotic activity
on Fas+ cells in soluble form. Immunomodulation with biotinylated donor cells decorated with
the chimeric molecule resulted in effective elimination of alloreactive T cells, leading to the
survival of transplanted islet and cardiac allografts without any sign of general toxicity or
chemotactic function on neutrophils (Askenasy et al., 2005;Yolcu et al., 2002;Askenasy et al.,
2003). In this study, we tested whether chimeric SA-FasL can be utilized to modulate
autoreactive responses by altering the ability of transferred cells to mediate IDDM. Ex vivo
treatment of diabetogenic splenocytes with SA-FasL resulted in significant apoptosis of T cells
as well as slower progression and lower incidence of disease in an adoptive transfer model.
The observed effect was associated with increased percentage and absolute number of
CD4+CD25+ T regulatory cells. The implication of these findings for the use of chimeric FasL
to alter autoreactive T cell populations from IDDM patients under extracorporeal conditions
as a novel therapeutic intervention is discussed.

2. Materials and Methods
2.1. Mice and Glucose Monitoring

Eight week old female NOD/Lt mice and NOD/Lt-Rag1null breeder pairs were purchased from
The Jackson Laboratory (Bar Harbor, ME) and maintained under specific pathogen-free
conditions according to standards and guidelines stipulated by the University of Louisville
Institutional Animal Care and Use Committee. NOD/Lt-Rag1null mice for adoptive transfer
experiments were used from the breeding colony at 4-6 weeks. NOD/Lt-Rag1null mice lack
functional T and B cells and do not spontaneously develop diabetes because they are deficient
in RAG1, the gene responsible for V(D)J recombination in immunoglobulin and T-cell receptor
genes. This NOD/Lt-Rag1null adoptive transfer model for type 1 diabetes has been previously
established and described (Shultz et al., 2000). For NOD donors and adoptively transferred
recipients urine glucose levels were monitored using Chemstrip uGK urine test sticks (Roche,
Indianapolis, IN) twice per week. Positive urine glucose tests were confirmed by blood glucose
measurement using Prestige Smart System (Home Diagnostics, Inc., Ft. Lauderdale, FL).
Animals with blood glucose values >250 mg/dl on two consecutive occasions were considered
positive for diabetes.

2.2. Protein construction: SA and chimeric SA-FasL
Soluble SA-FasL was produced as previously described (Yolcu et al., 2002). Briefly, DNA
encoding core streptavidin (SA) from S. avidinii and the extracellular domains of rat FasL
without the metalloproteinase cleavage site were cloned using specific primers by PCR. Both
genes, SA alone as well as SA with FasL (SA-FasL), were subcloned into the PMT/BiP/V5-
HisACuSO4-inducible vector for expression in an S2-Drosophila system (Invitrogen, Carlsbad,
CA). A 6x-His tag was engineered into the SA control and SA-FasL test proteins for
purification using ion metal affinity chromatography.

2.3. Ex vivo Treatment with SA-FasL
SA-FasL was titrated on splenocytes from diabetic NOD mice to determine concentration and
time required to achieve 50-60% total apoptosis. Spleens from NOD mice positive for diabetes
were harvested, processed, erythrocytes hemolyzed, washed three times, and resuspended at
4×106/mL in complete mixed lymphocyte reaction (MLR) medium (base medium 95% DMEM
and 5% fetal bovine serum supplemented with 1mM sodium pyruvate, 10mM HEPES, 100U/
mL Penicillin/Streptomycin, 2mM L-glutamine, 548μM L-arginine-HCL, 13.6μM folic acid,
270μM L-asparagine, 50μM 2-mercaptoethanol). Cells were bulk cultured with PBS (Alone)
as a volume control, control protein (SA), or test protein (SA-FasL) at approximately 400 ng
protein/mL at 37°C and 5% CO2. Cultures were checked for apoptosis at various times and
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harvested at 7.5 hours (mean time) to reach targeted apoptotic cell percentage. Cells were then
washed 4 times with ice cold PBS, phenotyped for apoptosis, and used for adoptive transfer
experiments. In total, eight ex vivo treatment sets were performed.

2.4. Adoptive Transfer
Twenty million diabetogenic splenocytes ex vivo treated with PBS (Alone), control protein
(SA), and test protein (SA-FasL), were adoptively transferred by intravenous tail vein infusion
into 4-6 week old male and female NOD/Lt-Rag1null mice. A total of 58 adoptive transfers
were performed (Alone: n=16, SA: n=17, SA-FasL: n=25). Animals were monitored twice
weekly for diabetes as described above.

2.5. Flow Cytometry
During treatment and at transfer, ex vivo treated cultures were stained with fluoroisothiocyanate
(FITC)-AnnexinV (BD Pharmingen, San Jose, CA) and 7-amino-actinomycin D (7-AAD;
Molecular Probes, Eugene, OR) for determination of apoptotic and dead cells. Post-transfer
recipient spleen, mesenteric, peripheral, and pancreatic lymph nodes were harvested and
phenotyped. Antibodies used to characterize lymphocyte subpopulations sensitive to ex vivo
treatment as well as to determine resident and repopulation of cells within recipients after
transfer included FITC-CD3, phycoerythrin (PE)-CD25, peridinin chlorphyll protein (PerCp)-
CD8, and allophycocyanin (APC)-CD4 and CD19 (BD Pharmingen). Expressed percentages
were based on gating using forward and side scatter parameters and analyzed on a FACSCalibur
using Cellquest software (BD Pharmingen, Immunocytometry Systems, San Jose, CA).

2.6. In vitro Suppression Assay
CD4+CD25+ and CD4+CD25- T cells from healthy, naïve NOD peripheral lymph nodes and
individual recipient pooled peripheral and pancreatic lymph nodes were sorted using a
FACSCalibur high speed cell sorter (>97% purity). The function of CD4+CD25+ T cells was
tested using CD3 stimulation based suppression assay. Briefly, CD4+CD25- T cells (25,000 -
12,500) were cocultured with CD4+CD25+ T cells at various ratios in the presence of irradiated
antigen presenting cells (APC) (105) and 0.5μg/mL anti-CD3 antibody. Cells were cultured in
complete MLR medium in 5% CO2 at 37°C for 3 days and pulsed with 0.5μCi 3[H]thymidine
for the last 16-24 hours. Cells were harvested and 3[H]thymidine incorporation measured by
scintillation counter.

2.7. Real-time PCR
Total RNA was extracted from whole pancreatic lymph nodes of adoptively transferred
recipients, sorted CD4+CD25+ and CD4+CD25- T cells as well as AnnexinV negative
CD4+CD25+ sorted T cells from ex vivo cultures (>97% purity) using TRIZOL (Molecular
Research Center, Cincinnati, OH). RNA was then reverse transcribed using AMV reverse
transcriptase and Oligo DT12 primers (Invitrogen). cDNA was amplified in duplicate by real-
time PCR using SYBR Green PCR kit (Applied Biosystems, Foster City, CA) with primers
for GAPDH (FWD: 5’-GGA/GCG/AGA/CCC/CAC/TAA/CA-3’ and RVS: 5’- ACA/TAC/
TCA/GCA/CCG/GCC/TC-3’) and FoxP3 (FWD: 5’-CCC/ACC/TAC/AGG/CCC/TTC/TC-3’
and RVS: 5’-GC/ATG/GGC/ATC/CAC/AGT-3’) (Integrated DNA Technologies, Coralville,
IA). FoxP3 mRNA levels were normalized relative to GAPDH mRNA expression. Data are
presented as the fold-change relative to CD4+CD25- T cells.

2.8. Statistical Analysis
The incidence of diabetes was assessed by Kaplan-Meier life table analysis using the Log-Rank
test (Lee and Wang, 2003). Mann-Whitney U test was used for cell population comparisons
between recipients administered alone, SA, SA-FasL ex vivo treated NOD splenocytes and
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Kruskal-Wallace test was used for FoxP3 real-time PCR comparisons (Zar, 1999). Differences
were considered significant at values of p<0.05. Animals that received ex vivo treated SA-FasL
splenocytes and surpassed 73 days, the point at which all controls were positive for disease,
were considered long-term SA-FasL survivors. All statistical tests were performed using SPSS
12.0 for Windows (SPSS, Inc., Chicago, IL).

3. Results
3.1. Ex vivo SA-FasL treatment induces apoptosis in NOD T cells

T cells upregulate Fas and become sensitive to Fas/FasL-mediated apoptosis upon repeated
antigenic stimulation (Krammer, 2000;Van Parijs and Abbas, 1998;Ju et al., 1995). Inasmuch
as T cells are critical to the induction of diabetes, we reasoned that NOD mice with active
disease will have a pool of autoantigen activated T cells that may be sensitive to Fas-mediated
apoptosis. This notion was tested by treating splenocytes from diabetic NOD mice with
equimolar amounts of SA (control protein) and SA-FasL for 7.5 hours. Cultures were then
analyzed for total and T cell subset-specific apoptosis using AnnexinV and T cell specific
markers by flow cytometry. Treatment with SA-FasL significantly increased the total number
of apoptotic cells (11.71×106±1.01) compared to control (SA: 6.37×106±0.84, p=0.001 and
Alone: 6.21×106±0.86, p=0.002) cultures (Fig. 1A). As such, FasL treated cultures contained
significantly less live cells at time of transfer compared to controls (SA-FasL: 8.29×106±1.01
vs. SA: 13.63×106±0.84 and Alone: 13.79×106±0.86, p=0.001). For CD4+ T cells treated with
SA-FasL, there was greater than two-fold increase in apoptotic death, as compared with cells
left untreated (Alone) or treated with SA (Fig. 1B). Although the apoptosis level for CD4+ T
cells in SA-FasL treated cultures was significant (2.72×106±1.3) compared to those for
CD4+ T cells in control cultures (SA: 0.92×106±0.4, p=0.008 and Alone: 0.94×106±0.32,
p=0.013), this difference was not significant for CD8+ T cells (SA-FasL: 1.61×106±1.36 vs.
SA: 0.69×106±0.54 or Alone: 0.68×106±0.46, p>0.05). These results demonstrate that SA-
FasL treatment induced apoptosis in T cells harvested from diabetic NOD mice and that
CD4+ T cells appeared to be more sensitive to apoptosis than CD8+ T cells.

Antigen-experienced T cells have been demonstrated to be the primary target of Fas/FasL-
mediated apoptosis due to their upregulation of the Fas receptor (Krammer, 2000;Van Parijs
and Abbas, 1998;Ju et al., 1995). We, therefore, tested whether FasL-treatment preferentially
induced apoptosis in recently activated CD4+ T cells expressing CD25 as an activation marker.
There was a significant reduction in the absolute number of live CD4+CD25+ T cells
(1.02×106±0.29) in SA-FasL treated cultures as compared with those in control (SA:
2.22×106±0.21, p=0.009 and Alone: 2.26×106±0.14, p=0.014) cultures. In contrast, the
absolute numbers of live CD4+CD25- T cells were similar among all groups (Alone:
4.73×106 ±1.20, SA: 4.97×106 ±1.23, SA-FasL: 5.36×106 ±0.97; Fig. 1C). Additionally, there
was no difference in the absolute numbers of live CD4+ or CD8+ T cells in untreated (Alone:
6.98×106±1.02, 3.08×106±0.64), control treated (SA: 7.19×106±0.98, 3.11×106±0.51), or FasL
treated (SA-FasL: 6.37×106±0.824, 3.00×106±0.33) cultures (p>0.05, Fig. 1C). Taken
together, these results suggest that SA-FasL preferentially induced apoptosis in CD4+CD25+

T cells. In addition, transfer of live CD4+ and CD8+ T cells, which play an important role in
disease initiation, were equal among the experimental groups.

3.2. SA-FasL ex vivo treatment appears to preferentially spare FoxP3 expressing
CD4+CD25+ T cells

CD4+CD25+ T cell population includes activated T cells as well as naturally occurring
CD4+CD25+FoxP3+ T regulatory (Treg) cells that are critical for tolerance to self antigens
(Sakaguchi et al., 1995). The sensitivity of Treg cells to Fas/FasL-mediated apoptosis has been
the subject of few recent studies with conflicting observations (Taams et al., 2001;Banz et al.,
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2002;Papiernik et al., 1997;Fritzsching et al., 2005). To test whether the CD4+CD25+ T cells
physically eliminated by SA-FasL represents newly activated CD4+ T cells, rather than Treg
cells, AnnexinV negative CD4+CD25+ T cells were sorted from ex vivo treated cultures and
used for total RNA isolation and quantitative real-time PCR for FoxP3 mRNA expression.
Relative expression of FoxP3 showed a perceptive, but insignificant decrease in
CD4+CD25+ T cells sorted from untreated (Alone: 74.95±35.21), control treated (SA: 48.57
±39.60), and FasL treated (SA-FasL: 34.59±33.77) cultures (p=0.109, Fig. 2). These results
show that FoxP3+CD4+CD25+ Treg cells survive SA-FasL treatment and suggest that these
cells may be less sensitive to SA-FasL-mediated apoptosis compared with newly activated
CD4+CD25+ T effector cells.

3.3. SA-FasL ex vivo treatment delays transfer of IDDM
To further provide evidence that ex vivo treatment of diabetogenic splenocytes with SA-FasL
preferentially targets activated autoreactive T effector cells for apoptosis, we performed
adoptive transfer experiments in NOD/Lt-Rag1null mice. One hundred percent of the animals
receiving untreated (Alone: n=16) or control treated (SA: n=17) splenocytes developed
diabetes on average by six weeks and all animals in these two groups developed overt diabetes
by 11 weeks. In contrast, mice receiving FasL treated cells (SA-FasL: n=25) exhibited
significantly delayed onset (p=0.0001) and decreased incidence of diabetes (70%) (Fig. 3).
These results demonstrate that SA-FasL preferentially eliminates diabetogenic T effector cells
and modulates the ability of SA-FasL treated cells to mediate diabetes. Furthermore, these
results are consistent with our previous observations that immunomodulation with donor cells
decorated with SA-FasL or direct display of this molecule on graft endothelium was effective
in blocking alloreactive responses with therapeutic consequences (Yolcu et al., 2002;Askenasy
et al., 2003).

3.4. Long-term survivors repopulate
To address whether the protective effect of SA-FasL is due to the low number of total live cells
transferred (approximately <10×106 treated cells; Fig. 1A) and as a result fewer number of
repopulating T cells, spleen, mesenteric, pancreatic, and peripheral lymph nodes were
harvested from various groups of animals and total cell recovery was calculated. Recall, live
CD4+, CD8+, and CD4+CD25- T cell transfer were equal among the experimental groups (Fig.
1C). Compared to controls (Alone: 11.88×106±5.13, p=0.012 and SA: 9.67×106±8.55,
p=0.004), total cell recovery from long-term SA-FasL recipients, those who surpassed 73 days,
the point at which all controls were positive for disease, was significantly increased
(45.10×106±30.18) (Fig. 4A). There was no significant difference in splenic B-cell recovery
between untreated, SA, and long-term SA-FasL survivors, demonstrating that ex vivo SA-FasL
treatment had no differential effect on B-cell populations in NOD/Lt-Rag1null recipients (data
not shown). However, long-term SA-FasL survivors had a significant increase in the absolute
number of T cells (18.06×106±10.30) recovered from spleen as compared to controls (Alone:
3.49×106±1.92, p=0.006 and SA: 3.42×106±1.30, p=0.003) (Fig. 4B). These data demonstrate
that ex vivo treatment with SA-FasL and subsequent disease modulation was not due to a
general defect in T cell repopulation and expansion in vivo.

3.5. Long-term survivors have significantly increased absolute numbers of CD4+CD25+ cells
CD4+CD25+ Treg cells appeared to be less sensitive to apoptosis induced by SA-FasL
treatment ex vivo (Fig. 2). Furthermore, the anti-inflammatory and immunomodulatory
properties of apoptotic bodies may induce/expand this cell population via effects on APC or
other undefined mechanisms (Ferguson et al., 2003;Voll et al., 1997). We, therefore, tested
whether the lower incidence of diabetes in animals adoptively transferred with SA-FasL-treated
splenocytes correlated with increased numbers of Treg cells. Spleen, mesenteric, pancreatic,
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and peripheral lymph node cells were harvested and phenotyped for various cell surface
markers using flow cytometry from long-term SA-FasL survivors and at the onset of diabetes
from controls (Alone and SA groups). Long-term SA-FasL survivors had a significant increase
in total CD4+CD25+ T cells (4.01×106±2.63) as compared to controls (Alone: 1.11×106±0.53,
p=0.011 and SA: 1.13×106±0.52, p=0.039) (Fig. 5A). This increase in CD4+CD25+ cell
number applied to spleen (SA-FasL: 2.72×106±2.01 vs. SA: 0.76×106±0.25, p=0.007 and
Alone: 0.63×106±0.47, p=0.006) and pancreatic lymph nodes (SA-FasL: 117.17×103±103.56
vs. SA: 12.95×103±12.01, p=0.014 and Alone: 38×103±8.37, p=0.590) (Fig. 5B and C). Of
note, in addition to the increase in absolute cell numbers, an increase in the percentage of
CD4+CD25+ cells in pancreatic lymph node was observed (SA-FasL: 11.90±4.51% vs. SA:
5.13±3.30%, p=0.007 and Alone: 7.66±4.15%, p=0.101) (data not shown).

Ten weeks post-transfer, the point at which all control animals were overtly diabetic, four of
the remaining 11 long-term survivors eventually developed diabetes (Fig. 3). Splenic
CD4+CD25+ T cell numbers between non-diabetic and diabetic long-term survivors were
compared. Consistent with the number of CD4+CD25+ cells found in Alone and SA controls
that developed diabetes (less than 2×106), three of the four long-term survivors that were
positive for diabetes demonstrated low absolute numbers of splenic CD4+CD25+ T cells (Fig.
5B). Furthermore, despite the fact that four long-term survivors eventually developed diabetes
after 10 weeks, it is important to note that increased absolute numbers and percentages of
CD4+CD25+ cells were present, particularly in pancreatic lymph nodes (Figs. 5A and 5C).
These data suggest that for the animals that remained disease free beyond 10 weeks,
CD4+CD25+ cells may play an important role in modulating diabetes.

3.6. CD4+CD25+ from long-term SA-FasL survivors are suppressive and express FoxP3
To test whether CD4+CD25+ T cells in long-term SA-FasL survivors are Treg cells and not
newly activated T effector cells, FoxP3 mRNA expression and in vitro suppressive function
were analyzed. Given that long-term SA-FasL survivors demonstrated an increase in
percentage (data not shown) and absolute number of CD4+CD25+ T cells in pancreatic lymph
nodes (Fig. 5C), cells were not sorted and FoxP3 mRNA expression in whole pancreatic lymph
node was analyzed by real-time PCR. There was a relative increase in FoxP3 mRNA expression
in whole pancreatic lymph node cells from long-term SA-FasL survivors (2.05±0.99) compared
to Alone (1.03±0.96) and SA (1.30±0.20) controls (Fig. 6A).

We next tested whether CD4+CD25+ cells harvested from long-term SA-FasL survivors
exhibited the functional properties of regulatory cells. CD4+CD25+ cells were sorted and tested
for their ability to suppress the proliferation of CD4+CD25- T effector cells in co-culture
experiments. Due to the small number of CD4+CD25+ T cells recovered, peripheral and
pancreatic lymph nodes from individual ex vivo SA-FasL recipients were pooled and
CD4+CD25+ sorted. Suppression assays from individual long-term SA-FasL survivors
demonstrated that these CD4+CD25+ were anergic and could suppress the proliferative
capacity of CD4+CD25- cells in a dose-dependent manner (Fig. 6B), providing evidence that
these cells are Treg cells, rather than pathogenic T effectors. CD4+CD25+ from untreated and
SA treated diabetic controls were also anergic and showed suppressive function on T effector
cell proliferation (data not shown).

4. Discussion
We herein demonstrate that a novel form of chimeric FasL with potent apoptotic activity
induced apoptosis in CD4+ T cells without a significant effect on CD8+ T and CD4+CD25+

Treg cell populations from diabetic NOD mice. Ex vivo SA-FasL-treated cells caused delayed
onset and decreased incidence of diabetes in an adoptive transfer model. The observed
immunomodulatory effect of SA-FasL may operate through inducing apoptosis in pathogenic
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T cells while sparing CD4+CD25+ Treg cells. A limited number of published reports have
addressed this issue of Treg cell sensitivity to Fas-mediated apoptosis (Taams et al., 2001;Banz
et al., 2002;Papiernik et al., 1997;Fritzsching et al., 2005). In humans, there exists an anergic
and suppressive population of CD45RO+CD45RBlowCD4+CD25+ cells that are prone to AICD
due to decreased expression of Bcl-2. IL-2 significantly inhibited cell death in this
CD4+CD25+ population and TCR stimulation in the absence of costimulation did not
significantly induce AICD (Taams et al., 2001). In addition, recent study of human
CD4+CD25+FoxP3+ Tregs demonstrated relative resistance of these cells to AICD (Fritzsching
et al., 2005). In the mouse, CD4+CD25+ Treg cells were shown to be resistant to apoptosis via
Fas stimulation and do not undergo deletion by viral superantigens (Banz et al., 2002;Papiernik
et al., 1997). Furthermore, DNA array and genetic analyses have also demonstrated that IL-2
signaling may trigger expression of anti-apoptotic genes that are both necessary and sufficient
for the survival of CD4+CD25+ Treg cells (Gavin et al., 2002;Zheng et al., 2003). Taken
together with these published studies, our data suggest that CD4+CD25+ T regulatory cells
may be selectively spared from apoptosis, thus rendering them resistant to death-inducing
signals delivered through Fas.

In conflict with our findings that CD4+ T cells of NOD are sensitive to apoptosis by SA-FasL
are several published studies reporting resistance of NOD T cells to apoptosis (Decallonne et
al., 2003;Leijon et al., 1994;Arreaza et al., 2003;Garchon et al., 1994). Our data, however, is
consistent with several studies demonstrating that NOD T cells are sensitive to apoptosis by
multiple forms of FasL, including FasL+ LPS-activated B cells, aberrant FasL expression on
NOD lpr/lpr T cells, as well as treatment with Jo-2 agonistic Fas antibody and other
membranous and soluble forms of FasL (Dharnidharka et al., 2002;Tian et al., 2001;Kim et
al., 2000;Kim et al., 2002). Although the source of these discrepancies is unknown, the form
of FasL and model systems used may serve as possible explanations. However, we observed
a lack of significant apoptosis in CD8+ T cells, which is consistent with a recent study
demonstrating the resistance of NOD CD8+ T cells to AICD due to their failure to downregulate
c-FLIP after TCR-engagement (Arreaza et al., 2003).

Treg cells may preferentially expand following adoptive transfer into NOD/Lt-Rag1null

animals as a result of homeostatic proliferation or response to autoantigens (Tang et al.,
2004;Zelenay et al., 2005;Masteller et al., 2005). This notion is consistent with recent human
studies in autologous stem cell transplantation as a treatment for severe refractory autoimmune
disease and cancer demonstrating that Treg cells preferentially expand in lymphopenic hosts
(de Kleer et al., 2006;Zhang et al., 2005). Alternatively, pathogenic T cells destined for
apoptosis as a result of SA-FasL treatment ex vivo in our model may induce the conversion of
CD4+CD25- T cells into CD4+CD25+ Treg cells and/or facilitate the expansion of Treg cells
(Curotto et al., 2004). Consistent with this contention are observations that apoptotic
lymphocytes secrete anti-inflammatory cytokines, such as TGF-β and IL-10 (Ferguson et al.,
2003;Voll et al., 1997), that are implicated in the development, maintenance, expansion, and
function of Treg cells (Peng et al., 2004;Green et al., 2003;Bacchetta et al., 2005).

Moreover, recognition and phagocytosis of apoptotic cells by macrophages and dendritic cells
is shown to have immune regulatory consequences. Phagocytes engulf apoptotic cells before
lysis and as such, curb potential inflammatory reactions by preventing release of immunogenic
as well as toxic intracellular contents. Interestingly, it has been shown that apoptotic cells, as
compared to necrotic cells, differentially affect macrophage production of cytokines as well
as modulate dendritic cell maturation whereby anti-inflammatory cytokines and tolerance
induction is promoted (Ferguson et al., 2003;Voll et al., 1997). However, known deficiencies
in NOD macrophages in recognition, clearance, and response to apoptotic cells, argue against
the notion that increased apoptotic cell death in our model contribute to the protective effect
of SA-FasL treatment (O’Brien et al., 2002;Stoffels et al., 2004). Although CD4+CD25+ from
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long-term SA-FasL survivors were not more suppressive than CD4+CD25+ from diseased
controls or recipients on a one to one cell basis, this study demonstrates that ex vivo treatment
of diabetogenic splenocytes with SA-FasL modulates IDDM development by selectively
targeting activated pathogenic CD4+ T cells for apoptosis. Likewise, SA-FasL ex vivo treatment
may also preserve immunoregulatory networks and facilitate the active expansion/generation
of Treg cells in vivo.

The major focus of this work was to test the direct effect of a novel form of FasL on diabetogenic
T cells and its ability to modulate the transfer of diabetes. Despite demonstration of 30%
remaining disease free after receiving SA-FasL treated cells, because animals were only
monitored for 17 weeks, it is not known if all SA-FasL recipients would eventually develop
diabetes. Further studies are required to definitively elucidate the molecular and cellular
mechanisms responsible for the protective effect of SA-FasL in our model. To determine the
therapeutic potential of ex vivo treatment with SA-FasL, experiments which include the
secondary transfer of sorted CD4+CD25+ from long-term SA-FasL survivors into naïve NOD/
Lt mice and/or co-transfer of these cells with diabetogenic NOD splenocytes into NOD/Lt-
Rag1null may strengthen the evidence presented that SA-FasL treatment may alter the balance
of pathogenic and regulatory T cells in diabetogenic population and alter progression of IDDM.
Furthermore, these studies will help to determine if in fact T regulatory cells play a role in
modulating diabetes progression through ex vivo SA-FasL treatment.

Functional and/or physical elimination of autoreactive diabetogenic T cells by ex vivo treatment
with a novel form of FasL molecule with potent apoptotic activity may have implications in
clinical management of IDDM. Treatment of peripheral blood lymphocytes with SA-FasL
under extracorporeal conditions (ex vivo) from newly diagnosed patients in the honeymoon
period with a considerable pancreatic islet mass and return of these cells into the patients may
provide a novel means of immune intervention. A similar approach, where highly purified,
protein-A bound to a silica matrix known as Prosorba columns is used to remove autoantibodies
and immune complexes from the blood of rheumatoid arthritis patients, has already been tested
in multiple clinical trials with reported efficacy (Felson et al., 1999;Levy and Degani, 2003).
Inasmuch as SA-FasL can easily be attached to biotinylated beads, the application to IDDM
or other autoimmune diseases with T cell etiology are possible. Importantly, unlike Prosorba,
FasL-based immunomodulation may have long-lasting immunotherapeutic effects on patients
due to the potential of this approach not only physically eliminating pathogenic T cells that
sustain the disease, but also facilitating the development/expansion of Treg cells that may
further control autoimmunity (Tang et al., 2004;Zelenay et al., 2005;Masteller et al.,
2005;Wraith et al., 2004).
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Fig 1. Effect of SA-FasL on ex vivo treated cells at transfer
Spleens from NOD mice positive for diabetes were harvested, processed, and resuspended at
4×106/mL in complete MLR medium. Splenocytes were bulk cultured and treated with PBS,
SA, or SA-FasL for 7.5 hours. Ex vivo treated cultures were analyzed for apoptosis (AnnexinV-
FITC positive and 7-AAD negative) by flow cytometry. CD4+, CD4+CD25+, and CD8+ T-cell
populations were analyzed for apoptosis using AnnexinV-FITC and T-cell antibodies: CD25-
PE, CD8-PerCp, and CD4-APC. Effect of SA-FasL on ex vivo treated cells was statistically
analyzed by Mann-Whitney U test. (A) Absolute number of live and apoptotic cells transferred.
(B) Absolute number of CD4+ and CD8+ apoptotic cells transferred. (C) Absolute number of
CD4+, CD4+CD25+, CD4+CD25-, and CD8+ live cells transferred. * P<0.01. †P<0.05.
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Fig 2. FoxP3 expression in live CD4+CD25+ T-cells
Spleens from NOD mice positive for diabetes were harvested, processed, and resuspended at
4×106/mL in complete MLR medium. Splenocytes were bulk cultured and treated with PBS,
SA, or SA-FasL for 7.5 hours. Ex vivo treated cultures were washed and stained with a
saturating amount of AnnexinV-FITC and T-cell antibodies: CD25-PE and CD4-APC. Using
a high speed cell sorter, live (AnnexinV negative) CD4+CD25+ from SA-FasL and control ex
vivo treated cultures were sorted and total RNA prepared. CD4+CD25+ and CD4+CD25- T
cells from healthy NOD peripheral lymph node were sorted for FoxP3 mRNA controls. cDNA
from sorted cells was prepared and then amplified in duplicate by real-time PCR for GAPDH
and FoxP3. FoxP3 mRNA levels were normalized relative to GAPDH mRNA expression and
statistically analyzed by Kruskal-Wallace test. Data are presented as the fold-change relative
to CD4+CD25- T cells. P>0.05.
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Fig 3. Incidence of diabetes after adoptive transfer of ex vivo treated NOD splenocytes
Diabetogenic splenocytes from NOD/Lt females were bulk cultured in vitro with PBS (Alone),
control (SA), and test protein (SA-FasL) for 7.5 hours. After culture, cells were washed and
20×106ex vivo treated cells were adoptively transferred by intravenous tail vein infusion into
4-6 week old male and female NOD/Lt-Rag1null mice. For 17 weeks all recipients were
monitored for diabetes development twice weekly. Diabetes incidence was assessed by Kaplan-
Meier life table analysis using the Log-Rank test. All animals receiving untreated (Alone: ∇
white triangle, n=16) or control treated (SA: ▲ black triangle, n=17) cells developed overt
diabetes by 73 days (11 weeks). Animals receiving FasL treated (SA-FasL: ■ black square,
n=25) cells exhibited significantly delayed onset and decreased incidence. P<0.001.

Franke et al. Page 16

Mol Immunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Franke et al. Page 17

Mol Immunol. Author manuscript; available in PMC 2008 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 4. Repopulation analyses
Spleen, mesenteric, pancreatic, and peripheral lymph nodes from recipients were harvested,
processed, counted, and phenotyped by flow cytometric analysis to determine effective T cell
expansion and repopulation. Each cellular compartment was phenotyped using the T cell
specific surface marker CD3-FITC and statistically analyzed by Mann-Whitney U test. (A)
Cell counts for each compartment and individual animals were obtained and totaled for
determination of total cells recovered. (B) Absolute numbers of splenic T cells in individual
recipients were calculated based on percent of CD3+ cells recovered in spleen. *P<0.01.
†P<0.05.
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Fig 5. CD4+CD25+ T cells are increased in SA-FasL treated long-term survivors
Spleens, mesenteric, pancreatic, and peripheral lymph nodes from individual recipients were
harvested, processed, counted, and phenotyped by flow cytometric analysis to determine
effective CD4+CD25+ T cell expansion and repopulation. Each cellular compartment was
phenotyped using the surface markers specific for CD4+CD25+ T cells, CD3-FITC, CD25-PE,
and CD4-APC and statistically analyzed by Mann-Whitney U test. (A) Absolute numbers of
CD4+CD25+ T cells in individual recipients were calculated for each cellular compartment
based on percent of CD3+CD4+CD25+ cells recovered. Absolute numbers of CD4+CD25+

cells calculated for each compartment were added to determine total cell recovery. Absolute
numbers of (B) splenic and (C) pancreatic lymph node CD4+CD25+ T cells in individual
recipients were calculated based on percent of CD3+ CD4+CD25+ cells recovered in spleen
and pancreatic lymph nodes, respectively. * P<0.01. †P<0.05.
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Fig 6. Analysis of FoxP3 mRNA expression and suppressive activity of CD4+CD25+ T cells in lymph
node of long-term SA-FasL survivors
(A) Total RNA was extracted from whole pancreatic lymph node. cDNA was amplified in
duplicate by real-time PCR for GAPDH and FoxP3. FoxP3 mRNA levels were normalized
relative to GAPDH mRNA expression and statistically analyzed by Kruskal-Wallace test. Data
are presented as the fold-change relative to control, sorted CD4+CD25- T cells. P>0.05. (B)
CD4+CD25+ cells sorted from healthy naïve NOD peripheral lymph node (control) and long-
term SA-FasL survivor pooled peripheral and pancreatic lymph nodes were cultured with
control CD4+CD25- T cells at different ratios and evaluated for suppressive function. Data
presented is representative of three suppression assays performed evaluating suppressive
activity of CD4+CD25+ from long-term SA-FasL survivors.
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