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Abstract

We have previously shown that pancreatic islets engineered to transiently display a modified form 

of FasL protein (SA-FasL) on their surface survive indefinitely in allogeneic recipients without a 

need for chronic immunosuppression. Mechanisms that confer long-term protection to allograft 

are yet to be elucidated. We herein demonstrated that immune protection evolves in two distinct 

phases; induction and maintenance. SA-FasL-engineered allogeneic islets survived indefinitely 

and conferred protection to a second set of donor-matched, but not third party, unmanipulated islet 

grafts simultaneously transplanted under the contralateral kidney capsule. Protection at the 

induction phase involved a reduction in the frequency of proliferating alloreactive T cells in the 

graft-draining lymph nodes, and required phagocytes and TGF-β. At the maintenance phase, 

immune protection evolved into graft site-restricted immune privilege as the destruction of long-

surviving SA-FasL-islet grafts by streptozotocin followed by the transplantation of a second set of 

unmanipulated islet grafts into the same site from the donor, but not third party, resulted in 

indefinite survival. The induced immune privilege required both CD4+CD25+Foxp3+ Treg cells 

and persistent presence of donor antigens. Engineering cell and tissue surfaces with SA-FasL 

protein provides a practical, efficient, and safe means of localized immunomodulation with 

important implications for autoimmunity and transplantation.
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1 INTRODUCTION

Type 1 diabetes (T1D) is an autoimmune disease caused by the destruction of insulin-

producing beta cells in the pancreas, resulting in long term hyperglycemia. Transplantation 

of allogeneic islets is effective in reversing hyperglycemia in patients with T1D (1). 

However, allogeneic islet grafts are subject to rejection initiated and perpetuated by T 

effector (Teff) cells (2, 3). Thus, approaches that specifically target alloreactive Teff cells for 

physical elimination or functional inactivation have the potential to support sustained graft 

survival as a curative therapy for T1D.

Teff cells upregulate Fas receptor on their surface following activation and become sensitive 

to FasL-mediated apoptosis, defined as activation-induced cell death (AICD) (4–6). AICD is 

critical for the establishment of immune homeostasis and tolerance to self-antigens (4). The 

pivotal role of Fas/FasL pathway in regulating T cell responses is emphasized by the 

emergence of autoimmunity in cases of Fas or FasL deficiencies (5, 7). The Fas pathway, 

therefore, has significant potential for the development of therapeutic approaches to treat 

autoimmune diseases and transplant rejection. However, the pursuit of tissue-targeted 

expression of FasL for immunomodulation in settings of autoimmunity and transplantation 

has produced conflicting observations (8–11), potentially arising from the complex nature of 

FasL expression, the existence of two different isoforms, and the pleiotropic and opposing 

functions performed by each isoform. FasL is expressed as a type II membrane-bound 

protein, which can be cleaved into a soluble form by matrix metalloproteinases in response 

to environmental cues (12). The membrane-bound form was reported to have apoptotic 

activity, while the soluble form lacks such activity and serves as a chemotactic factor for 

neutrophils (13, 14). These initial observations were further confirmed in transgenic mice 

expressing either a soluble or membrane-bound form of FasL (15). The membrane-bound 

form was shown to be apoptotic and essential for controlling autoimmunity, while the 

soluble form promoted autoimmunity and tumorigenesis via non-apoptotic functions. 

Therefore, the therapeutic application of FasL as an immunomodulator may require a form 

that primarily has apoptotic function.

We have previously reported the generation of a novel form of FasL chimeric with a 

modified form of core streptavidin (SA-FasL) that exists as oligomers with robust apoptotic 

activity on Fas-expressing lymphocytes (16). Importantly, SA-FasL can be positionally and 

transiently displayed on biotinylated biologic (cells, tissues, or organs) and nonbiologic 

surfaces (various biomaterials) in a rapid and efficient manner taking the advantage of high 

affinity interaction between biotin and streptavidin (17–19). Islets directly engineered to 

transiently display SA-FasL on their surface showed indefinite survival in allogeneic hosts 

(17). We herein investigated the mechanistic underlying of SA-FasL-induced tolerance.

2 MATERIALS AND METHODS

2.1 Mice and recombinant proteins

C57BL/6, B6.Cg-Foxp3tm2(EGFP)Tch/J, BALB/c, and C3H mice were obtained from Jackson 

Laboratories). C57BL/6.SJL and TCR transgenic OT-I and OT-II mice on Rag2−/− 

background were purchased from Taconic Farms. BALB/c.RIP-OVA mice were a gift from 
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Dr. S. Webb, Scripps Research Institute, La Jolla, CA. Animal were kept in our SPF 

vivarium at the University of Louisville using protocols approved by the IACUC. 

Recombinant SA and SA-FasL proteins were produced in our laboratory using the 

Drosophila DES expression system (Invitrogen) as previously described (16).

2.2 Islet isolation and transplantation

Pancreatic islets isolation, engineering with SA-FasL, and transplantation were performed 

per published protocols (16, 17) and detailed in Supplementary Materials and Methods.

2.3 T Cell proliferation

For in vivo proliferation, OVA CD8+ T cells were isolated from spleen and mesenteric LNs 

of OT-I transgenic C57BL/6 mice, labeled with CFSE as described (20), and 15 x 106 cells/

animal were transferred by tail vein injection into C57BL/B6.SJL congenic mice. One day 

later, these mice were transplanted with SA- or SA-FasL-engineered pancreatic islets 

isolated from RIP-mOVA transgenic BALB/c mice expressing a membranous form of OVA 

in pancreatic beta cells under the control of rat insulin promoter (21). Lymphocytes were 

harvested from kidney-draining LNs, mesenteric LNs, and spleens 5 days after islet 

transplantation and stained with antibodies against CD8-PerCp, Vβ-5-PE, and CD45.2-APC. 

Proliferation of OT-I cells were determined by gating on Vβ-5+CD8+CD45.2+ T cells. 

Details of in vivo alloreactive T cell proliferation in the F1 setting are provided in 

Supplementary Materials and Methods.

2.4 Phagocyte depletion and TGF-β blockade

The roles of phagocytes and TGF-β in the induction of tolerance were assessed by treatment 

with clodronate-loaded liposomes and a blocking Ab against TGF-β, respectively, as 

detailed in Supplementary Materials and Methods.

2.5 STATISTICS

Graph pad prism was used to perform statistical analyses (Welch’s t-test and unpaired one-

tailed or two tailed t-tests) to determine difference between the groups where indicated. 

Graft survival was analyzed using log-rank test. Data are expressed as mean ± SEM where 

indicated. P <0.05 was considered significant.

3 RESULTS

3.1 Immunomodulation with FasL-engineered islet grafts results in reduced frequency of 
proliferating alloreactive t cells in graft-draining lymph nodes

We have previously reported that pancreatic islets engineered with SA-FasL survived 

indefinitely in allogeneic hosts (17). Survival was associated with intragraft depletion of 

alloreactive CD4+ and CD8+ Teff cells. To assess if the depletion of alloreactive Teff cells is 

systemic, CFSE-labeled OT-I CD8+ T cells (CD45.2) recognizing a dominant epitope of 

ovalbumin (OVA) were adoptively transferred into congenic C57BL/6.SJL mice (CD45.1) 

one day before the transplantation of islets from OVA transgenic BALB/c (RIP-OVA) 

donors. We chose this model system based on the demonstrated critical roles of CD8+ T 
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cells and indirect allorecognition in islet allograft rejection (22, 23). The proliferation of 

alloreactive OT-I cells was assessed in graft-draining lymph nodes as well as the spleen and 

mesenteric lymph nodes as distant lymphoid tissues. There was a marked reduction in the 

frequency of proliferating OT-I cells in the kidney-draining lymph nodes of the group 

transplanted with SA-FasL-engineered islet grafts as compared with the control streptavidin 

(SA)-engineered islets group (Figures 1A and 1B; p < 0.05). OT-I cells also underwent 

proliferation, albeit to a lesser extent, in the spleen and mesenteric lymph nodes of both 

groups. This observation is consistent with the reported critical role of graft-draining lymph 

nodes in regulating alloreactive immune responses (2, 24, 25). Although the OT-I response 

of the SA-FasL group in these distant lymphoid tissues trended towards lower proliferation 

as compared with the SA control group, it did not reach statistical significance.

To provide evidence for SA-FasL-mediated apoptosis being responsible for the observed 

marked reduction in the number of proliferating alloreactive cells in kidney-draining lymph 

nodes, we assessed the impact of SA-FasL-engineered BALB/c allogeneic islets on the 

survival of alloreactive T cells in an in vitro co-culture system. SA-FasL-engineered islets 

induced robust death in both CD4+ and CD8+ T cells as compared with SA-engineered 

control islets (Figure 1C). Indeed, less than 25% of CD4+ and 15% of CD8+ T cells 

remained live as compared with > 80% and 40% of cells, respectively, in SA control cultures 

(Figure 1D and E). These data support the role of SA-FasL-induced apoptosis in reducing 

the frequency of alloreactive T cells within the graft-draining lymph nodes. Further, this 

finding is consistent with our previously reported study demonstrating local apoptosis of 

Teff, but not Treg cells within SA-FasL-engineered islet grafts (17).

3.2 Systemic donor-reactive responses persist despite long-term islet graft acceptance

The reduced proliferative response of donor-reactive T cells in SA-FasL-engineered islet 

graft recipients (Fig. 1) in the early phase of tolerance induction may evolve into two 

different outcomes at the maintenance phase; establishment of generalized tolerance and 

consequent unresponsiveness to donor antigens or localized immune privilege in spite of 

persistent donor-reactive responses. We first confirmed our previous observations (17) by 

demonstrating that SA-FasL-engineered allogeneic BALB/c islet grafts transplanted under 

transient cover of rapamycin (15 daily doses) into chemically diabetic C57BL/6 hosts show 

sustained survival (100-day observation period; Figure 2A). This tolerogenic effect was 

dictated by SA-FasL, as islet grafts engineered with streptavidin as control protein 

transplanted using the same rapamycin regimen were acutely rejected (MST 24 ± 2.3 days).

To assess if tolerance is systemic and donor specific, an in vivo proliferation assay was 

performed. T cells harvested from the spleen of long-term (> 100 days) SA-FasL-islet graft 

recipients generated a strong in vivo proliferative response against both donor (BALB/c) and 

third party (C3H) antigens (Figures 2B and 2C). The donor-reactive response was of a 

similar magnitude to that generated by T cells of recipients rejecting control SA-engineered 

allograft. Lack of systemic tolerance, in spite of sustained survival of allogeneic islet grafts, 

implies localized tolerance, which is consistent with the demonstrated role of FasL in 

physiological immune privilege (26, 27).
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3.3 Phagocytes and TGF-β are required for tolerance induction

Apoptotic lymphocytes were shown to have immunomodulatory features involving both 

phagocytes and TGF-β (28, 29). Thus, we investigated the role of phagocytes in the 

induction of tolerance in our model. Depletion of macrophages and immature DCs using 

clodronate loaded liposomes (Figure S1) administered one day before transplantation 

resulted in acute rejection of SA-FasL-engineered islet graft in all recipients (Figure 3A; 

MST = 24 ± 9.6 days). In marked contrast, all the mice treated with liposome without 

clodronate showed graft survival over an observation period of 100 days, supporting a 

critical role of phagocytes in the induction of tolerance. Clearance of apoptotic T cells by 

macrophages is associated with the secretion of TGF-β (28, 30). Consistent with these 

reports, macrophages cocultured with T cells undergoing SA-FasL-induced apoptosis 

engulfed apoptotic bodies and secreted TGF-β (Figure 3B).

TGF-β as an immunoregulatory cytokine has been implicated in tolerance involving T cell 

apoptosis in various models (28, 29, 31). Quantitative RT-PCR studies have demonstrated 

significantly higher levels of FoxP3, TGF-β, and IL-10 transcripts in SA-FasL-engineered 

islet grafts on day 3 post-transplantation as compared with controls (Figure 3C). 

Importantly, in vivo neutralization of TGF-β by intravenous injection of a blocking antibody 

at the peri-transplant period resulted in acute rejection of all SA-FasL engineered islet grafts 

(Figure 3D; MST = 22 ± 4.9 days). In marked contrast, antibody treatment at the 

maintenance phase of tolerance (100 days post-transplantation) had no impact on graft 

survival (MST > 160 days). Also, treatment with a blocking antibody against IL-10, as 

another immunoregulatory cytokine showing increased levels of intragraft transcripts, at the 

induction phase did not impact long-term acceptance of SA-FasL-engineered islet grafts 

(Figure 3D; MST > 100 days). These results demonstrate the critical role of TGF-β in the 

induction, but not maintenance phase of tolerance.

3.4 Tolerance is systemic at the induction phase and shows both donor and tissue 
specificity

We have previously shown that long-term tolerance achieved by SA-FasL-engineered islet 

grafts is localized to the graft and requires Treg cells for maintenance (17). Treg cells were 

shown to traffic to allogeneic pancreatic islets immediately post-transplantation in response 

to inflammatory cues, where they manifest their immunoregulatory function within the graft 

microenvironment (2, 25). Therefore, we assessed if SA-FasL-mediated long-term, localized 

tolerance is systemic at the induction phase using a simultaneous two-islet graft model 

(Figure 4A). C57BL/6 mice were transplanted with BALB/c SA-FasL-engineered islets 

under the right kidney capsule and unmanipulated islets from BALB/c or C3H third party 

donors under the left kidney capsule. These animals were also subjected to a short course of 

rapamycin (0.2 mg/kg) administered daily for 15 days starting the day of transplantation. 

Surgical removal of the kidney harboring SA-FasL-engineered islet graft around 60 days 

post-transplantation did not result in hyperglycemia in recipients transplanted with donor-

matched, unmodified islet grafts, demonstrating the survival and function of unmodified 

donor grafts (Figure 4B; MST > 100 days). In marked contrast, surgical removal of the SA-

FasL-engineered BALB/c islet graft resulted in prompt hyperglycemia in recipients 

transplanted with the unmodified C3H third party islet graft (Figure 4C). This observation 
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indicates that the third-party graft had already been rejected and the euglycemia was 

maintained by SA-FasL-engineered BALB/c graft, demonstrating the antigen-specificity of 

the induced tolerance. Importantly, tolerance to unmanipulated BALB/c islets was 

maintained by Treg cells as their depletion using an antibody to CD25 resulted in rejection 

of 3/4 grafts within 22 days (Fig. 4D). The mouse that did not reject the graft had minimal 

depletion of Treg cells (Figure S2).

We next used a simultaneous two-graft model to determine the tissue-specific nature of 

tolerance at the induction phase. C57BL/6 mice were transplanted with BALB/c SA-FasL-

engineered islets and donor-matched or C3H third party skin grafts under the transient cover 

of rapamycin. Both donor and third-party skin grafts were acutely rejected (Fig. 4E). 

Rejection of BALB/c skin also triggered rejection of SA-FasL-engineered BALB/c islets, 

causing development of hyperglycemia within 30 days (Fig. 4F; MST 26 ± 2.6 days). In 

marked contrast, the rejection of C3H skin did not interfere with long-term acceptance of 

BALB/c SA-FasL-engineered islets as all mice remained euglycemic for an observation 

period of 60 days (Figure 4F; MST > 60 days).

Because skin grafts elicit vigorous allogeneic immune responses, we next assessed the 

survival of heart allografts. Similar to skin grafts, BALB/c heart grafts transplanted 

simultaneously with SA-FasL-engineered islets were rejected, albeit at a delayed tempo as 

compared with control heart allografts alone (Figure 4G; MST = 25 ± 1.7 vs 12 ± 0.9 days 

for controls, p = 0.0169). Heart graft rejection also caused hyperglycemia, an indication of 

SA-FasL-engineered islet graft rejection (Figure 4G; MST = 25 ± 2.0 days). Thus, these 

results demonstrate that localized immunomodulation with SA-FasL-engineered islets 

evolves into systemic tolerance at the induction phase that is both donor- and tissue-specific.

3.5 SA-FasL-engineered islets attain donor-specific immune privilege

Although FasL has been implicated in physiological immune privilege (26, 27), the direct 

evidence for such a role in induced immune privilege remains to be provided. To assess if 

the SA-FasL-engineered islet graft induces an immune privileged site, long-term (> 60 days) 

recipients were treated with streptozotocin to destroy the graft (Figure 5A). A group of mice 

were transplanted with a second set of unmodified donor matched or C3H third party islets 

into the same primary graft site 4 days after the confirmation of hyperglycemia. The second 

set of BALB/c islet grafts restored euglycemia in all recipients for an observation period 

exceeding 70 days (Figure 5B). In marked contrast, third party islet allografts were rejected 

within 20 days (Figure 5B; MST = 19 ± 2.7 days).

To test whether alloantigens expressed by the graft are the driving force for the maintenance 

of induced immune privilege, a second set of long-term (> 60 days) graft recipients were 

injected with streptozotocin and maintained for 20 days with exogenous insulin, a period 

considered to be sufficient for clearance of the injured graft. Transplantation of unmodified 

donor-matched second set of islet grafts under the same kidney capsule that harbored the 

primary graft resulted in temporary euglycemia and rejection of all grafts in an acute fashion 

(Figure 5C; MST = 16 ± 2.1 days). These data demonstrate a requirement for the continued 

presence of islet alloantigens for the maintenance of induced immune privilege site.
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3.6 Immune privilege cannot be extended to a second set of unmanipulated islet grafts 
transplanted to a distant site under the cover of rapamycin

The two-islet graft model showed that peripheral tolerance is systemic at the induction phase 

and requires a short course of rapamycin. This agent works in synergy with Fas-mediated 

apoptosis to eliminate Teff cells (32, 33) and also has a positive effect on the generation, 

maintenance, and function of Treg cells (34–36). In as much as tolerance in our model is 

maintained by Treg cells (Figure 4D) that infiltrate into the graft site and localize to the 

periphery of the long surviving grafts (17), we tested if rapamycin can expand and/or 

mobilize Treg cells from long-term surviving primary grafts into the second set of donor 

graft transplanted at a distal site. Long-term (80 days) acceptors of SA-FasL-engineered 

BALB/c islets were transplanted with a second set of unmodified, donor-matched islet grafts 

under the contralateral kidney capsule under the same rapamycin regimen used for the 

induction of tolerance. Surgical removal of the primary graft 40 days after transplantation of 

the secondary graft resulted in prompt hyperglycemia (Figure 5D), showing that the 

secondary graft had already been rejected. These data confirm our previously published 

studies demonstrating that tolerance at maintenance phase is localized (17), and further show 

that rapamycin at this phase cannot mobilize/extend tolerance to a secondary graft placed in 

a distal site.

4 DISCUSSION

We report four novel findings in this manuscript. First, tolerance is biphasic and 

spatiotemporal; systemic at the induction phase and restricted to the transplant site at the 

maintenance phase. Second both phagocytes and TGF-β play direct roles in SA-FasL-

induced tolerance, as depletion of phagocytes or neutralization of TGF-β negates tolerance. 

Third, our studies provide direct evidence that SA-FasL-engineered islet grafts achieve a 

bona fide induced immune privilege status as demonstrated by permanent survival of an 

unmodified second set graft transplanted to the same site after streptozotocin destruction of 

the original graft. Fourth, both the islet graft and Treg cells are required for the maintenance 

of SA-FasL-induced immune privilege.

The tolerogenic efficacy of FasL reported here is consistent with several studies reporting 

the utility of FasL for immunomodulation (8, 26, 37–40). However, these observations are at 

variance with others studies showing the inefficacy of FasL to induce tolerance to allografts 

(9, 10, 41). The complex transcriptional control, post-translational regulation and processing 

of FasL, the existence of two distinct forms (soluble and membrane-bound) having opposite 

functions, the reverse signaling observed for FasL, as well as the complication of continuous 

expression of wild type FasL in target tissues, in case of gene therapy, are some of the 

variables that may explain the observed conflicting results (8–10, 15, 42–46). In particular, 

wild type FasL is cleaved from the cell surface by matrix metalloproteinases into a soluble 

form that has minimal apoptotic function, blocks apoptosis by competing with membrane-

bound FasL for binding Fas, and also has chemotactic function on neutrophils (13, 15, 47). 

Thus, ectopic expression of FasL in grafts may accelerate rejection (10, 46).

The lack of chemotactic function for neutrophils, potent apoptotic activity on Fas-expressing 

lymphocytes, and transient display on islet grafts are some important features that 
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distinguish the SA-FasL used in the present study from the wild type FasL and may account 

for its demonstrated tolerogenic efficacy (16, 17, 48). Islet grafts ectopically expressing wild 

type FasL were shown to undergo acute rejection mediated by neutrophils (10, 46). 

Similarly, tumors expressing the wild type FasL were rejected as a result of neutrophil influx 

(44). Co-expression of TGF-β with FasL was effective in overcoming tumor rejection by 

blocking neutrophil infiltration (44). Furthermore, the tolerogenic function of FasL may be 

regulated by the extent and duration of FasL expression in the target tissues. Sustained 

expression may cause excessive apoptosis that not only negatively affect pathogenic, but also 

regulatory immune responses. Excessive apoptosis was shown to result in secondary 

necroptosis that precipitates proinflammatory responses (49). Lastly, overexpression of the 

soluble form of FasL in tissues rich in metalloproteinases may program an anti-apoptotic 

and proinflammatory cascade that results in destructive, rather than protective immune 

responses against allografts (45). In this context, the transient display of SA-FasL having 

primarily apoptotic function on the surface of allogeneic islets for localized 

immunomodulation overcomes various shortcomings of the wild type FasL.

Induction of tolerance in our model required phagocytes and TGF-β, as ablation of 

phagocytes or in vivo blockade of TGF-β resulted in acute graft rejection. Clearance of 

apoptotic cells by dendritic cells and macrophages has been shown to reprogram these cells 

to acquire a tolerogenic phenotype characterized by reduced capacity to produce 

proinflammatory cytokines and heightened ability to secrete regulatory cytokines, including 

TGF-β (50–52). Treatment of mice with an anti-CD3 antibody was shown to prevent and 

treat induced experimental autoimmune encephalomyelitis by inducing apoptosis in T cells. 

Clearance of apoptotic bodies by phagocytes resulted in the production of TGF-β and 

induction of CD4+CD25+Foxp3+ T cells that conferred autotolerance (28). Similarly, 

systemic immunomodulation with ECDI-fixed donor splenocytes were shown to induce 

tolerance to auto and allografts through a complex circuit of immunoregulation that also 

involves phagocytosis of apoptotic bodies by phagocytes, requirement for TGF-β, dendritic 

cells, and Treg cells for tolerance induction (52, 53). FasL-mediated tumor immune evasion 

was also shown to require TGF-β (44). Thus in our model, TGF-β secreted by T cells 

undergoing apoptosis and/or macrophages engulfing apoptotic bodies within the graft milieu 

may act to restrict Teff cell function and also contribute to the generation and suppressor 

function of Treg cells (29–31, 54). The systemic nature of tolerance at the induction phase 

may involve the trafficking of some of Treg cells generated within SA-FasL-engineered graft 

milieu to the unmanipulated islet grafts transplanted at a distant site in response to 

inflammatory cues. In marked contrast, the lack of apoptosis and immunoregulatory loop 

containing phagocytes and TGF-β at the maintenance phase may present a limitation for the 

generation of new Treg cells and/or mobilization to a distant site to confer tolerance to 

unmanipulated second set of islet grafts.

In variance to the induction phase where tolerance is systemic, at maintenance phase 

tolerance evolved into graft-localized immune privilege that required the presence of Treg 

cells as well as the islet allograft. Although FasL has been implicated in acquired immune 

privilege (8, 26, 27), to our knowledge this is the first study to provide direct evidence for 

such a role by demonstrating that a naïve, unmanipulated second set islet grafts survived 

rejection following transplantation into the same site that had previously supported the long-
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term survival of SA-FasL-engineered grafts. The immune privilege was antigen-specific and 

could not be extended to an unmanipulated islet graft transplanted at a distal site, even in the 

presence of rapamycin potentially expanding and mobilizing Treg cells (34–36) as required 

for immune privilege in our model. The established immune privilege required the 

persistence of alloantigens in the form of graft, as delayed (4 vs 20 days) transplantation of a 

second set of unmanipulated islet grafts following the destruction of original grafts with 

streptozotocin resulted in acute rejection. These observations are consistent with the reported 

role of FasL in physiological immune privileged sites (27, 55). FasL in the eye contained 

herpes simplex virus-induced inflammation by eliminating activated T cells (27). Corneal 

grafts expressing FasL under normal physiological conditions from wild type, but not mutant 

mice lacking this molecule, showed long-term survival in allogeneic recipients (26). Our 

findings are also consistent with studies using tissues with ectopic expression of FasL. 

Syngeneic myoblasts transfected to express FasL protected unmodified allogenic islets from 

rejection when co-transplanted under the same kidney capsule (8).

Tolerance was antigen and tissue specific, as SA-FasL-engineered islets failed to protect 

third party islet and donor-matched skin and heart grafts. These observations are consistent 

with the established nature of tolerance specificity and split tolerance dictated by the nature 

of tissue-specific antigens (56). However, rejection of donor heart and skin, but not the third-

party skin, also culminated in the rejection of SA-FasL-engineered islet grafts. These data do 

not fully support the tissue-specific nature of tolerance, but are more compatible with a 

model whereby tolerance varies with the potency of induced alloreactive responses, which 

depends on site of immune priming as well as vascularized nature of the graft, and 

immunoregulatory mechanisms. Non-vascularized skin grafts have been shown to generate 

robust alloreactive T cell responses induced in the draining LNs by both direct and indirect 

recognition pathways, whereas vascularized heart grafts mainly generate a rapid and vast 

repertoire of alloreactive CD4+ T cells primed in the spleen by the direct alloantigen 

recognition pathway (22, 57, 58). Such activated CD4+ T cells reject heart graft without a 

contribution form CD8+ T cells (57). In marked contrast, rejection of neovascularized 

allogenic islet grafts requires a collaboration between CD4+ T and CD8+ T cells (23, 59). 

Thus, we speculate that a large repertoire of activated alloreactive T cells generated by heart 

graft provides help to alloreactive T cells responding to the islet graft and that have not been 

eliminated by SA-FasL due to their expression of low affinity TCR or insufficient 

concentration of SA-FasL arising from its short half-life (~3. 5 days) in vivo on biological 

surfaces (16). We have previously shown that systemic immunomodulation with SA-FasL-

engineered splenocytes induces tolerance to cardiac allograft in rats in the absence of any 

conjunctive immunosuppression (60). This observation demonstrates the robust nature of 

SA-FasL-based immunomodulation for tolerance induction to allografts, and further 

suggests that the potency of tolerance will depend on the setting, systemic versus localized, 

on the nature of the target tissue engineered with SA-FasL, and ultimately on the treatment 

scheme and/or dose of SA-FasL. For example, immunomodulation with SA-FasL-

engineered splenocytes utilized repeated systemic treatments with higher doses of SA-FasL 

that proved to be more robust in tolerance induction to cardiac grafts (60).

The transient display of immunomodulatory ligands on the surface of grafts holds the 

potential to induce permanent graft acceptance in the absence of chronic 
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immunosuppression. This approach of localized immunomodulation also has the added 

benefit of safety, particularly for biologics with robust pleiotropic functions that may have 

off-target effects when used systemically, and improved efficacy, presentation of biologics 

where they are needed, i.e. at the target site. As such, this concept The marked advantage of 

an SA-FasL-based immunomodulatory approach is donor antigen and site specificity that 

may allow for generation of competent systemic immune responses against pathogens 

without a deleterious effect on the survival of immune privileged transplant. Furthermore, 

given that newly activated and memory Teff cells express Fas on their surface and are 

sensitive to FasL-mediated apoptosis (4–6), SA-FasL-based immunomodulation may also 

have utility for the prevention and treatment of various autoimmune diseases, including type 

1 diabetes by inducing immune privilege through modulation of Teff and Treg cells. Lastly, 

this technology allows for simultaneous display of more than one immunomodulatory 

proteins on the surface of target cells or tissues at desired concentrations, thereby providing 

an opportunity to exploit functional synergy between biologics for improved efficacy (61).
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AICD Activation induced cell death

SA Streptavidin

SA-FasL Fas ligand chimeric with streptavidin

DC Dendritic cells

TGF-β Transforming growth factor-β

DMDP Dichloromethylenediphosphonic acid

Teff T effector cells

Treg Regulatory T cells

CFSE Carboxyfluorescein succinimidyl ester

OVA Ovalbumin

HPRT Hypoxanthine guanine phosphoribosyl transferase

MST Mean Survival time
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FIGURE 1. 
Graft milieu-localized modulation of alloreactive T cell responses as the prominent feature 

of tolerance established by SA-FasL-engineered allogeneic islets. A, Dot plots showing the 

frequency of proliferating CFSE-labeled OT-I CD8+ T cells (CD45.2) adoptively transferred 

into C57BL/6.SJL mice (CD45.1) one day prior to transplantation of BALB/c RIP-OVA islet 

graft engineered with SA-FasL or control SA proteins. Single cells harvested from the 

indicated lymphoid tissues 5 days post islet transplantation were analyzed for CFSE dilution 

using flow cytometry gating on the OT-I cell population. B, Tabulation of the data shown in 

(A). Points indicate values for individual mouse, bars indicate means ± SEM, and statistical 

significance was calculated using a one-tailed unpaired t-test *p <0.05, **p <0.01. C, Dot 
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plots showing apoptosis of alloreactive C57BL/6 T cells to BALB/c SA-FasL-engineered 

islets in an in vitro co-culture assay. D and E, Tabulation of percentages and absolute 

number of cells in (C). Points indicate values for individual mouse, bars indicate means ± 

SEM, and statistical significance was calculated using a two-tailed unpaired Welch’s t-test 

*p <0.05, **p <0.01.
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FIGURE 2. 
Survival of SA-FasL-engineered allogeneic islet grafts in the absence of systemic 

unresponsiveness to donor antigens. A, Survival of BALB/c allogeneic islet grafts 

engineered with SA-FasL or SA control protein under a short course of rapamycin (0.2 

mg/kg daily for 15 doses starting on the day of transplantation). Recipients of unmodified 

allogeneic islet grafts without rapamycin served as controls. Data were analyzed using log-

rank test (**p < 0.01 and ****p < 0.0001). B, In vivo proliferation assay. Splenocytes were 

harvested from recipients of allogeneic SA-engineered islet grafts at rejection or SA-FasL-
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engineered allogeneic islet grafts after 100 days post-transplantation. Cells were labeled 

with CFSE and injected i.v. into F1 (C57BL/6 x BALB/c, H-2b/d) or (C57BL/6 x C3H, 

H-2b/k) mice to test their proliferative response against donor and third-party antigens, 

respectively. C, Tabulation of the data shown in (B). Points indicate values for individual 

mouse, bars indicate means ± SEM, and statistical significance was calculated using a one-

tailed unpaired t-test *p < 0.05.
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FIGURE 3. 
Depletion of phagocytes or blockade of TGF-β at the induction phase of SA-FasL-mediated 

tolerance results in prompt islet graft rejection. A, Survival of SA-FasL-engineered BALB/c 

islets in allogeneic C57BL/6 mice treated with liposomes encapsulated with PBS or 

clodronate injected intravenously (0.1 ml/10 g body weight) one day before islet 

transplantation (clodronate MST 24 ± 9.6 days; log-rank p = 0.0014). B, Production of TGF-

β by macrophages digesting apoptotic bodies. OT-II TCR transgenic T cells recognizing 

ovalbumin were activated with ovalbumin in vitro and treated with SA-FasL for the 

induction of apoptosis. Apoptotic T cells were then cocultured with macrophages and 

analyzed using confocal microscopy for the uptake of apoptotic bodies (green) and 

production of TGF-β (blue). Mostly, macrophages (red) engulfing apoptotic bodies produce 

cytoplasmic TGF-β (pink) scale bar 50 μm. C, Increased intragraft expression of 

immunoregulatory factors in SA-FasL-engineered islet grafts on day 3 post-transplantation. 

Total RNA isolated form unmodified and SA-FasL-engineered islet grafts, both under 

rapamycin treatment, were used to assess the transcript levels for FoxP3, TGF-β, and IL-10 

using Taqman probes based real time PCR in normalization to housekeeping gene GAPDH. 

Data are plotted as relative fold expression (2-ΔΔC
T) as compared to control group (islet + 

rapamycin). Each dot represents one mouse; mean ± SD of two independent experiments. 

Median values are indicated by bars. ****p < 0.00001 (Mann-Whitney t test, two-tailed). D, 

Survival of SA-FasL-engineered BALB/c islets in allogeneic C57BL/6 mice treated with 

blocking antibodies to TGF-β or IL-10 cytokines. Graft recipients were treated intravenously 

with 4-5 doses of the indicated antibodies starting one day prior to or 100 days post-
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transplantation of SA-FasL-engineered allogeneic islet grafts. Treatment with the antibody 

to TGF-β at the induction, but not maintenance phase of tolerance results in islet graft 

rejection (MST = 22 ± 4.9 days vs > 100 days; log-rank p = 0.0006).
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FIGURE 4. 
Tolerance to SA-FasL-engineered islet grafts is donor-specific and systemic at the induction 

phase. A, Schematic diagram showing the study design. Chemically diabetic C57BL/6 mice 

were transplanted with SA-FasL-engineered BALB/c islets under the right kidney capsule 

and unmodified BALB/c (B) or C3H (C) islet grafts under the contralateral kidney capsule. 

Mice were subjected to a short course of rapamycin treatment (0.2 mg/kg daily for 15 doses 

starting the day of transplantation). B, Surgical removal of the kidney harboring SA-FasL-

engineered BALB/c islet graft 60 days post-transplantation (arrow) did not result in 

hyperglycemia, demonstrating the survival and function of unmodified donor-matched islets. 

C, Surgical removal of SA-FasL-engineered BALB/c islet graft (arrow) results in prompt 

hyperglycemia in the cohort harboring unmodified C3H third party islet graft under the 

contralateral kidney capsule, demonstrating rejection. D, Ablation of Treg cells in mice 

shown in panel B (after surgical removal of the kidney harboring the SA-FasL-engineered 

islets) using an antibody to CD25 (PC.61) on day 130 post-transplantation (arrow) resulted 

in rejection of 3 out of 4 grafts, demonstrating the role of Treg cells in maintaining survival 
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of the unmodified islet graft. E, Survival of BALB/c donor and C3H third party skin grafts in 

C57BL/6 recipients simultaneously transplanted with BALB/c SA-FasL-engineered islet 

grafts. F, Rejection of BALB/c, but not third party C3H, skin results in prompt rejection of 

SA-FasL-engineered islets (MST = 26 ± 2.6 days, log-rank comparison of islet survival p = 

0.0067). G, SA-FasL-engineered islets do not induce tolerance when co-transplanted with 

donor-matched heart grafts. Chemically diabetic C57BL/6 were transplanted with SA-FasL-

engineered islets under the kidney capsule and donor-matched heart graft in the abdomen. A 

separate group was transplanted with heart only under a brief course of rapamycin to serve 

as control. Both graft types are rejected with heart graft showing prolonged survival as 

compared with the control (MST 25 ± 1.7 vs 12 ± 0.9 days, log-rank comparison of heart 

survival p = 0.0074).

Woodward et al. Page 22

Am J Transplant. Author manuscript; available in PMC 2020 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Tolerance induced by SA-FasL-engineered islet grafts evolves into donor-specific immune 

privilege at the maintenance phase sustained by the presence of graft and Treg cells. A, 

Schematic diagram showing the study design. B, C57BL/6 mice with functional SA-FasL-

engineered BALB/c islet grafts were treated with streptozotocin a second time on day 60 

post transplantation (solid arrow) to destroy the graft. After confirmation of hyperglycemia, 

a cohort of mice were re-transplanted immediately (4 days post-streptozotocin treatment) 

with a second set of unmodified third party C3H or donor-matched islet grafts under the 

same kidney capsule harboring the original graft (dotted arrow). C3H third party, but not 

BALB/c donor-matched, islet grafts were rejected acutely (MST = 19 ± 2.7 days; log-rank p 
= 0.0027). C, Delayed re-transplantation of a second set of donor-matched unmodified islets 

(dotted arrow) 20 days post streptozotocin treatment (arrow) results in acute islet rejection 

(MST = 16 ± 2.1 days), demonstrating that the induced graft site-immune privilege requires 

the presence of alloantigens (graft) for maintenance. D, Rapamycin treatment does not 

confer protection to a second set of islet graft transplanted at a distant site. Long-term (80 

days) C57BL/6 recipients of BALB/c SA-FasL-engineered islet grafts were transplanted 

with a second set, donor-matched unmanipulated islet graft under the contralateral kidney 

capsule (arrow), and treated with rapamycin (0.2 mg/kg daily for 15 days starting the day of 

second islet transplantation). Surgical removal of the kidney harboring the original islet graft 

on day 120 post-transplantation (dotted arrow) resulted in prompt hyperglycemia, 

demonstrating that treatment with rapamycin does not extend the immune privilege status of 

the primary SA-FasL-engineered islets to a second set unmodified graft.
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