
Research Strategy 

Islet transplantation has emerged as a minimally invasive therapy for type 1 diabetes with rates of 5-year in-
sulin independence comparable to whole organ pancreas transplant while eliminating the morbidity associated 
with major surgery.1,2  However, wider application of islet transplantation is currently limited by shortage of 
donor grafts and the need for life-long immunosuppression.  Recent breakthroughs in human embryonic stem 
cell (hESC) differentiation have produced glucose-responsive, single-hormone secreting hESC-derived islets, 
offering an unlimited source of islets to address the large burden of patients eligible and wait-listed for trans-
plant.3  The potential application of this stem cell technology could provide a cure to millions of patients with 
type 1 diabetes.   

With hESC islets now transitioning to human application, the unresolved issue of immunosuppression must be 
addressed.  Most current efforts focus on islet encapsulation to eliminate the need for systemic immunosup-
pression. However, capsules that protect the islets from the immune system also limit the necessary neovascu-
larization essential to islet survival and function.  Native islets have rich blood supplies so that each beta cell 
has a capillary nearby allowing them to instantly respond to the rise and fall in blood glucose.  An ideal trans-
plant should restore such islet vasculature so that the full therapeutic potential of islet transplant can be real-
ized.  This cannot be achieved when islets are placed in a cell-impermeable capsule.   

New evidence in immune tolerance suggests that modulation of the recipient’s immune system may provide an 
alternative route to achieve freedom from systemic immunosuppression.4-7  For example, regulatory T cells 
(Tregs) are essential to immune tolerance and are effective in inducing transplant tolerance in pre-clinical 
models.8,9  Clinical trials investigating Treg therapy are currently underway for kidney and liver transplant pa-
tients.  Additionally, the PD-1 pathway in T cells is known to be a major immune checkpoint, vital to tolerance of 
self antigens, tumor antigens, and transplants.10-14  PD-1 surface expression is induced on T cells when anti-
gens are presented without costimulatory signals, and is an essential signaling pathway for immune tolerance.
15  Costimulation blockade using Belatacept is an FDA-approved immunosuppression for kidney transplanta-
tion, and antibodies to another major costimulatory pathway (CD40L) show remarkable efficacy in inducing 
transplant tolerance in preclinical models by selectively inhibiting activated effector T cells without inhibiting 
Tregs.  However, existing therapies continue to require systemic immunosuppression with corresponding risk 
of opportunistic infection and tumorigenesis.  

In this study, I propose to apply bioengineered therapeutic strategies to induce localized hESC islet allograft 
tolerance.  I will deliver tolerance-promoting molecules together with hESC islets using polycaprolactone 
(PCL), an FDA-approved polymer frequently used in sustained-release drug delivery applications.16  My co-
mentors of this project, Drs. Desai and Tang have previously investigated PCL in the application of thin-film, 
micro- and nanoporous islet macroencapsulation devices.  They have shown that PCL is compatible in mouse 
islet transplantation with long-term islet function and excellent biocompatibility.16  Here we propose to further 
utilize PCL as a delivery vehicle to promote immune tolerance.  One approach will focus on engaging the PD-1 
pathway to induce local immunosuppression in combination with costimulation blockade. A second approach 
will engage mechanisms that promote Tregs.  Since the alloimmune response is vigorous, it is likely that a 
combination of the above approaches to inactivate effector T cells while promoting Treg function will be neces-
sary to induce graft tolerance.17  I will assess the impact of these approaches alone and in combination on 
hESC survival and function in vivo in conventional mouse models and humanized mouse models.  If success-
ful, this project could introduce a readily applicable technique to induce immune tolerance in hESC 
islet transplantation, with direct applicability to ongoing research involving PCL macroencapsulation 
devices and rapid translation to the clinical setting. 

Approach 

Aim 1: Induce in vivo hESC islet graft tolerance by inactivation of alloreactive cells through co-stimula-
tion blockade and engagement of the PD-1/PDL-1 pathway. 

Rationale:  Achieving immune tolerance requires two key components: 1) muting the response of activated ef-
fector T cells with alloreactivity; and 2) maintaining suppression of naive T cells through Treg activity.  This aim 
seeks to achieve the former by local blockade of T cell co-stimulation and enhancing PD-1/PDL-1 signaling.  
Activation of T cells while blocking co-stimulation using CTLA-4 Ig and anti-CD40L mAb will induce PD-1 ex-



pression, while further supplementation of PDL-1 ligand to the local environment will stimulate PD-1 mediated 
inhibition.8,18,19  Experiments proposed in this aim will explore the effects of localized co-stimulation blockade 
and PD-1/PDL-1 signaling on hESC islet graft survival, islet function, and induction of immune tolerance. 

Experimental Design:   
Overview: I will manufacture PCL microparticles, to be co-transplanted 
with hESC islets by infusion into the sub-renal capsule space.  The 
kidney capsule has been shown in our lab to support hESC islet sur-
vival and function.  PCL has been used for in vivo extended drug deliv-
ery lasting several months and has been approved by the FDA, making 
this approach immediately translatable to the clinic.  In this aim, I will 
use PCL microparticles to deliver tolerogenic molecules locally at the 
site of hESC islet transplantation. 

1. Perform in vitro dose finding studies using PCL to deliver tolero-
genic molecules.  
The PCL microparticles will be pre-treated via adsorption with vary-
ing concentrations of commercially available hCTLA-4 Ig (for both 
mouse and human immune response) and anti-CD40L mAb (MR1 
clone for mouse and SGN-40 clone or huS2C6 for human).  Modi-
fied particles will be immersed in culture media with time-dependent analysis of the supernatant to deter-
mine release kinetics.  I will also add these pre-loaded particles to in vitro mixed lymphocyte reactions 
(MLR) to determine a functional dose that can inhibit alloreactive T cell activation.  At the end of the MLR, I 
will measure T cell proliferation and expression of PD-1 using techniques established in the Tang lab.20  In 
a second set of experiments, I will add PDL-1, either as a soluble dimeric PDL-1Ig molecule (shown to be 
tolerogenic) or conjugated to the surface of PCL particles, to determine if MLR can be further inhibited.6  
The goal of these experiments is to define the configuration of PCL modifications that can achieve sus-
tained inhibition of alloreactive T cell responses. 

2. In vivo transplantation of modified PCL particles with hESC islets.   
For these experiments, two murine models will be used: a humanized mouse model (allotransplantation) 
and a more rigorous xenotransplantation model in immune competent mouse recipients.  All mice will be 
rendered diabetic by administration of streptozosin prior to transplantation.  For allotransplantation, PCL 
particles will be co-transplanted with hESC islets to immunodeficient NSG mice.  Following islet engraft-
ment, I will perform adoptive transfer of human peripheral blood mononuclear cells (PBMC) to introduce a 
humanized immune system.  For xenotransplantation, hESC islets and PCL microparticles will be co-trans-
planted to immunocompetent B6 mice.  Control mice will receive either hESC islets alone or hESC islets 
with unmodified PCL microparticles.  I will evaluate hESC islets as follows: 

 a. Islet viability: a line of hESC islets from the Hebrok lab at UCSF constitutively express luciferase, 
allowing for in vivo, real-time bioluminescence imaging to monitor for islet survival (Fig. 1).  Function of 
islets will be assessed by measuring blood glucose and human C-peptide production.  At time of graft 
harvest, the function of hESC islets will also be assessed using immunofluorescence for insulin and 
glucagon production. 
 b. Immune response to hESC islet graft: Grafts will be retrieved at days 7, 14, and 21 after transplant 
and immunofluorescent microscopy will be used to characterize the population of infiltrating immune 
cells at the graft site.  Markers to be analyzed include CD4, CD8, Foxp3, Ki67, IFNg, granzyme, per-
forin, PD-1, and IL-10.  hESC grafts will be removed at these intervals to characterize how the immune 
infiltrate composition changes with time in the presence of modified PCL microparticles 

Expected Results:  I expect that hESC islets will show improved survival when co-transplanted with PCL parti-
cles loaded with tolerogenic molecules, with prolonged glucose tolerance in these mice compared to controls.  
Accordingly, I expect that use of the PCL particles will shift the immune system toward a more tolerogenic 
composition with decreased CD8+ T cell infiltration and less IFNg, perforin, and granzyme, but increased PD-1.  

Pitfalls and Alternative Strategies:  If the PCL particles are inadequate to carry sufficient tolerogenic molecules, 
hESC islets may also be transplanted in a modified PCL thin-film encapsulation device.  This device would 
provide an adequate scaffold for modification, and pore size could be tuned to several microns, large enough 
for adequate blood vessel ingrowth.  If attempted, the encapsulation devices can be transplanted between the 



mouse liver lobes, which has been shown in our lab to support hESC islet survival and function.  Independent 
of islet survival, demonstration of hESC islet immune tolerance by PD-1/PDL-1 stimulation within a humanized 
mouse model would be an important finding.  The Hebrok lab is also working to include renilla luciferase ex-
pression under the insulin promoter in this line of hESC islets, which would allow for real-time imaging of in-
sulin production to further characterize these islets while in vivo.   

Aim 2: Promote an immune-tolerant local environment for hESC islets by enhancing Treg activity. 

Rationale:  While costimulation blockade and engaging the PD-1/PDL-1 pathway can inactivate effector and 
memory T cells, this form of tolerance is passive and cannot control newly generated T cells once the tolero-
genic molecules are no longer provided.  Tregs, on the other hand, exert dominant control over other cell types 
and can prevent further activation of newly arrived T cells. Several factors have been shown to promote Treg 
expansion and conversion, including rapamycin, TGF-β, and IL-2.21-23  This aim proposes to provide sustained 
release of Treg-promoting molecules to induce local immune tolerance.  

Experimental Design:   
Overview: In this aim, I will manufacture sustained-release PCL microparticles as described in Aim 1, but 
loaded with Treg-promoting molecules, including rapamycin, TGF-β, and IL-2.  Again, loaded PCL particles will 
be co-transplanted with hESC islets beneath the mouse kidney capsule.  Studies in this aim will focus on acti-
vation of Treg activity. 

1. Perform in vitro dose finding studies using PCL to deliver tolerogenic molecules.  
The PCL microparticles will be pre-treated via adsorption with varying concentrations of commercially 
available human TGF-β, human IL-2, and rapamycin.  Modified particles will be immersed in culture media 
with time-dependent analysis to determine release kinetics.  Next, I will add these pre-conditioned particles 
to in vitro T cell activation cultures to determine a functional dose that favors Treg differentiation. In these 
cultures, I will isolate human and mouse conventional CD4+ T cells (Tconv) by depleting Tregs using fluo-
rescence activated cell sorting.  The Tconvs will be activated with anti-CD3 and anti-CD28 beads with or 
without loaded PCL particles.  After three days in culture, I will measure the frequency of Foxp3+ Tregs us-
ing flow cytometry to determine the efficiency in Treg differentiation. By testing different loading concentra-
tions and different combinations, I will determine the optimal PCL modification protocol for Treg induction. 

2. In vivo transplantation of modified PCL particles with hESC islets.   
These experiments will be similar to those described in Aim1.2 using the humanized mouse model (allo-
transplantation) and the mouse anti-human xenotransplantation model.  I will evaluate hESC islets for via-
bility and immune response as described in Aim 1.2. 
It is possible that promotion of Tregs alone will not be sufficient to protect hESC islet grafts from rejection, 
and that multiple pathways to achieve immune tolerance will have to be employed in combination to atten-
uate the allogenic immune response.9  Therefore, I will combine the strategies described in Aims 1 and 2 
by using a mixture of PCL particles that provide costimulation blockade and PD-1 engagement while pro-
moting Treg conversion.  hESC islet graft survival and local immune responses will be analyzed as de-
scribed above.  If long-term hESC islet survival (>100 days) is observed, I will transplant a new hESC graft 
in the same mice, without PCL loaded particles, to determine whether graft survival is due to systemic tol-
erance or localized protection at the transplant site. 

Expected Results: I expect the TGFb, IL-2, and rapamycin loaded PCL microparticles to induce Tregs in vitro.  I 
anticipate that in vivo co-transplantation with Treg-inducing PCL microparticles will result in increased Treg ac-
tivity and increased expression of tolerogenic cytokines, but graft survival may not be dramatically extended, 
as previously seen in mouse models.  I expect that PCL microparticles used in combination from Aims 1 and 2 
will provide a more robust induction of immune tolerance, with long-term hESC islet survival.  Rechallenging 
these mice with a new hESC islet graft will not affect survival of the original graft, demonstrating localized pro-
tection.  If the new graft is able to persist, it would show that systemic tolerance is achieved; if the new graft is 
rejected, it would demonstrate a lack of systemic tolerance and overall immune competence. 

Pitfalls and Alternative Strategies:  It is possible that NSG mice develop graft-versus-host disease (GVHD) pri-
or to developing islet rejection.  If this does occur, our phased explantation at weekly intervals will allow for 
characterization of the immune infiltrate before GVHD occurs, providing essential data on the efficacy of PCL 
modifications.  This would also reinforce the localized nature of immunosuppression induced by PCL particles.


