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however, clinical application is constrained due to limited islet availability, adverse effects of immuno-
suppressants, and declining graft survival. Islet encapsulation may provide an immunoprotective barrier
to preserve islet function and prevent immune-mediated rejection after transplantation. We previously
demonstrated that a novel cytoprotective nanothin multilayer coating for islet encapsulation consisting
of tannic acid (TA), an immunomodulatory antioxidant, and poly(N-vinylpyrrolidone) (PVPON), was
efficacious in dampening in vitro immune responses involved in transplant rejection and preserving
in vitro islet function. However, the ability of (PVPON/TA) to maintain islet function in vivo and reverse
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Chemokines diabetes has not been tested. Recent evidence has demonstrated that modulation of redox status can
Macrophage affect pro-inflammatory immune responses. Therefore, we hypothesized that transplanted (PVPON/TA)-
Type 1 diabetes encapsulated islets can restore euglycemia to diabetic mice and provide an immunoprotective barrier.
Antioxidant Our results demonstrate that (PVPON/TA) nanothin coatings can significantly decrease in vitro chemo-

kine synthesis and diabetogenic T cell migration. Importantly, (PVPON/TA)-encapsulated islets restored
euglycemia after transplantation into diabetic mice. Our results demonstrate that (PVPON/TA)-encap-
sulated islets may suppress immune responses and enhance islet allograft acceptance in patients with
T1D.

© 2017 Elsevier Ltd. All rights reserved.

The abbreviations used are: APC, antigen presenting cell; ROS, reactive oxygen species; T1D, Type 1 diabetes; MTT, thiazolyl blue tetrazolium bromide; NOD, Non-obese
diabetic; TA, tannic acid; PVPON, poly(N-vinylpyrrolidone); DMPO, 5,5-dimethyl-1-pyrroline-N-oxide; FSC, forward scatter; SSC, side scatter.
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1. Introduction

Type 1 Diabetes (T1D) is an autoimmune disease characterized
by the targeted lysis of insulin-producing pancreatic B-cells, in
which patients are unable to maintain euglycemia without daily
insulin injections or an insulin pump. Even the most meticulous
methods of providing exogenous insulin can allow wide fluctua-
tions in blood glucose that significantly alter metabolism and
contribute to life threatening diabetic complications including
cardiovascular disease, nephropathy, and retinopathy [1]. A viable
alternative to exogenous insulin injection is pancreatic islet trans-
plantation, a process that requires isolating islets from human
cadaveric or porcine donors [2,3]. The main advantage of islet
transplantation is that the pancreatic B-cell is finely tuned to
properly regulate blood glucose levels, and episodes of hypergly-
cemia (elevated blood glucose) and hypoglycemia (low blood
glucose) are less frequent compared to exogenous insulin injection.
Unfortunately, numerous challenges still exist with islet trans-
plantation including islet viability, efficient engraftment, islet
function, and preventing immune recognition of transplanted
islet allo- or xenografts [4]. T1D patients require immunosuppres-
sants to protect donor islets from rejection, but these immuno-
therapies can be toxic, decrease islet function, and increase the
susceptibility to life threatening microbial infections [5].

One promising method to circumvent immune recognition after
islet transplantation is to encapsulate islets in an immunopro-
tective coating that will prevent immune-mediated pancreatic islet
destruction, but still afford islets the ability to maintain euglycemia.
We previously demonstrated that islet encapsulation with a layer-
by-layer conformal coating of tannic acid (TA), a natural polyphenol
with antioxidant activity, hydrogen-bonded with the non-ionic
poly(N-vinylpyrrolidone) (PVPON) polymer, was non-toxic and
maintained in vitro islet function [6,7]. TA is an antioxidant that
scavenges free radicals, inhibits free radical-induced oxidation, and
can elicit immunomodulation [6]. Importantly, TA is also involved
in the assembly of multilayer films, capsules, and coatings of
biomedical relevance [8—16]. PVPON is biocompatible and has been
used in drug delivery [17]. Similar to poly(ethylene glycol), PVPON
has been shown to prevent protein absorption on the surfaces due
to its hydrophilic nature [18]. In addition to dissipating reactive
oxygen species (ROS) synthesis involved in pathological islet cell
destruction, (PVPON/TA) can also influence the activation of redox-
dependent signaling pathways that contribute to pro-inflammatory
cytokine synthesis [19,20]. More importantly, we showed that
(PVPON/TA) multilayer coatings attenuated the synthesis of innate
immune-derived pro-inflammatory cytokines and adaptive im-
mune T cell effector responses involved in autoimmunity and islet
rejection in vitro [6,7]. As a natural antioxidant, TA assembled with
PVPON may afford additional protection to insulin-secreting -cells
during oxidative stress since p-cells display an inherent decrease in
antioxidant protection [21—24]. Similarly, dissipating local con-
centrations of ROS may also prevent the maturation of effector T
cell responses involved in islet graft rejection including T cell
activation markers and IFN-y, a pro-inflammatory Th1 cytokine
[25—29]. Therefore, studies to further define the role of (PVPON/TA)
multilayer biomaterial on immune modulation and protection for
pancreatic islet transplantation are highly warranted.

We recently demonstrated the importance of NADPH oxidase
(NOX)-derived superoxide to promote a pro-inflammatory M1
macrophage phenotype involved in autoimmune destruction of
pancreatic B-cells in T1D [30]. Our results and others [30,31], pro-
vide evidence that oxidative stress during spontaneous autoim-
mune diabetes can influence the differentiation of classically-
activated pro-inflammatory M1 macrophages and promote the
synthesis of pancreatic $-cell damaging cytokines such as TNF-a, IL-

1B, IL-12p70, Type I interferons, and cell surface co-stimulatory
molecules such as CD40, CD80, and CD86. Macrophages can facili-
tate the recruitment of other immune cells to sites of inflammation
by the secretion of chemokines [32]. These secreted proteins play
an integral role in the pathogenesis of T1D and islet transplant
rejection by promoting cellular chemotaxis and immune cell
migration to sites of newly transplanted islets and enhancing
pancreatic B-cell necrosis. Many chemokines are associated with
T1D pathogenesis, but one widely known B-cell destructive che-
mokine is CXCL10, which has been identified as a dominant che-
mokine involved in murine and human T1D [33]. The chemokine
CCL5, also known as RANTES, plays a key role in T cell proliferation
and recruitment of T cells in patients with T1D [34].

Despite the immunotherapeutic potential of hydrogen-bonded
(PVPON/TA) multilayers for encapsulated islet transplants, little is
known of the effects on chemokine production and pro-
inflammatory macrophage differentiation in the presence of
(PVPON/TA) multilayers. In the current study, we further demonstrate
the ability of (PVPON/TA) multilayer capsules to decrease pro-
inflammatory M1 macrophage responses and chemokine synthesis
involved in leukocyte recruitment to potentially mitigate islet graft
rejection. In addition, (PVPON/TA) multilayer encapsulation does not
compromise in vivo islet function as demonstrated by the restoration
of euglycemia following transplantation into immuno-deficient dia-
betic mice. Our results demonstrate that the antioxidant and immu-
nomodulatory properties of (PVPON/TA) nanothin multilayer
coatings can provide an immunoprotective shield on encapsulated
islets to reduce diabetogenic T cell responses, and potentially protect
encapsulated islets from transplant rejection.

2. Materials and methods
2.1. Materials

Poly(N-vinylpyrrolidone) (PVPON), (average M,y
1,300,000 g mol™ 1), tannic acid (TA), (My 1700 g mol~1), poly(-
methacrylic acid) (PMAA) (average M,, 21,000 g mol™!), and
mono- and dibasic sodium phosphate were purchased from Fisher
Scientific. Ultrapure (Siemens) water with a resistivity of
18.2 MQ c¢m was used for preparation of buffered solutions. Silica
micro particles of 4.0 + 0.1 um in diameter were purchased from
Cospheric. The BDC-2.5 mimotope (EKAHRPIWARMDAKK) was
synthesized by Sigma Genosys. CCL2, CCL3, CCL4, and CCL5 DuoSet
ELISA kits and CCL17 and CXCL10 antibody pairs were purchased
from R&D Biosystems. Fluorochrome-conjugated anti-CD40,
-CD80, -CD86, and —F4/80 antibodies were purchased from eBio-
science, while biotin anti-mouse CD4, in addition to anti-F4/80-
flurochrome-conjugated and live/dead fluorochrome-conjugated
antibodies were purchased from Invitrogen.

2.2. Mice

NOD/ShiLt], NOD.Cg-Tg(TcraBDC2.5,TcrbBDC2.5)/Doi] (BDC-2.5),
NOD.C6.Cg-Tg(TcraBDC6.9,TcrbBDC6.9)/Doi] (C6.BDC-6.9), NOD.scid,
and NOD.Rag mice were bred and housed under specific pathogen-
free conditions at the Research Support Building of the University of
Alabama at Birmingham. BDC-2.5 and C6.BDC-6.9 mice were origi-
nally obtained from Dr. Kathryn Haskins at National Jewish Hospital
(Denver, CO). NOD.scid and NOD.Rag mice purchased from The Jack-
son Laboratory (Bar Harbor, ME). Mice were maintained on a light/
dark (12hr/12hr) cycle at 23 °C and received continuous access to
standard lab chow and acidified water. Male and female mice be-
tween 7 and 9 weeks of age were used in all experiments in accor-
dance with the University of Alabama-Birmingham and observing
IACUC-approved mouse protocols and the National Institutes of
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