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Type 1 diabetes (T1D) is an autoimmune disease of
insulin-producing b-cells. Islet transplantation is a prom-
ising treatment for T1D, but long-term graft viability and
function remain challenging. Oxidative stress plays a key
role in the activation of alloreactive and autoreactive
immunity toward the engrafted islets. Therefore, target-
ing these pathways by encapsulating islets with an an-
tioxidantmay delay immune-mediated rejection. Utilizing
a layer-by-layer approach, we generated nanothin encap-
sulationmaterials containing tannic acid (TA), a polyphenolic
compound with redox scavenging and anti-inflammatory
effects, and poly(N-vinylpyrrolidone) (PVPON), a biocompat-
iblepolymer.Wehypothesize that transplantationofPVPON/
TA-encapsulated allogeneic C57BL/6 islets into diabetic
NOD mice will prolong graft function and elicit localized
immunosuppression. In the absence of systemic immu-
nosuppression, diabetic recipients containing PVPON/
TA-encapsulated islets maintained euglycemia and
delayed graft rejection significantly longer than those
receiving nonencapsulated islets. Transplantation of
PVPON/TA-encapsulated islets was immunomodulatory
because gene expression and flow cytometric analysis
revealed significantly decreased immune cell infiltration,
synthesis of reactive oxygen species, inflammatory che-
mokines, cytokines, CD8 T-cell effector responses, and
concomitant increases in alternatively activated M2
macrophage and dendritic cell phenotypes. Our results
provide evidence that reducing oxidative stress following
allotransplantation of PVPON/TA-encapsulated islets
can elicit localized immunosuppression and potentially
delay graft destruction in future human islet transplan-
tation studies.

Autoimmune destruction of insulin-producing b-cells in
type 1 diabetes (T1D) results in hyper- and hypoglycemic
fluctuations as a result of the lifelong dependence on
imperfect exogenous insulin therapies. This lack of proper
glucose control has lasting impacts on the life expectancy
of patients, increasing their risk for cardiovascular disease,
neuropathies, kidney failure, and hypoglycemic unaware-
ness, a feared complication that accounts for 10% of all
deaths in patients with T1D (1,2). With the annual in-
cidence rate of T1D increasing at ;3% each year (3), the
search for alternative treatment options has never been
more vital.

One therapy that has shown clinical promise in re-
storing glycemic control and reducing the risk of hypogly-
cemic events is islet transplantation (4). Islets purified
from cadaveric donors are infused into the portal vein of
patients with T1D, resulting in .80% of islet transplant
recipients becoming insulin independent (5). Systemic
immunosuppression is necessary for clinical islet trans-
plantation success but can also reactivate autoimmunity
and proinflammatory effector responses involved in graft
rejection, contributing to low graft viability and function
after 5 years (6).

An innate immune effector molecule that contributes to
islet transplantation rejection is reactive oxygen species
(ROS) synthesis, which activates redox-dependent path-
ways involved in cell survival, proliferation, differentia-
tion, and inflammation (7,8). The pancreatic b-cell is
sensitive to ROS levels because of reduced levels of anti-
oxidant defenses, such as superoxide dismutase, catalase,
and glutathione peroxidase, compared with other tissues,
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including brain, liver, and kidney, leaving it at risk for
redox-driven damage (9–11). During oxidative stress, re-
dox signaling can aid in the activation of immune cells,
maturation of effector responses, and enhancement of
proinflammatory cytokine and chemokine synthesis
(12–14). These signaling cascades can be downregulated
in the presence of antioxidants such as catalase, superoxide
dismutase, or exogenous free radical scavengers (15–17).
Therefore, dampening the generation of ROS at the islet
transplant site may suppress proinflammatory immune
responses, delay islet graft destruction, and preserve islet
function following transplantation.

One strategy to abrogate redox-dependent inflamma-
tory responses without impeding islet function is to en-
capsulate islets in nanothin (,100 nm in thickness)
conformal coatings to elicit localized immunosuppression.
Unlike bulk encapsulating materials, nanothin coatings
allow a fast exchange of nutrients, oxygen, and glucose-
stimulated release of insulin and other endocrine hor-
mones. The multilayer coating includes adsorption of
water-soluble polymers on islet surfaces from aqueous
solutions in a stepwise manner, leading to conformal
polymeric coatings of controllable thickness, composition,
and physicochemical properties (18). This approach is
exciting because of the possibility of reducing or eliminat-
ing the dependence on toxic concentrations of systemic
immunosuppressive regimens for islet transplant recipi-
ents. We have generated a novel multilayer coating con-
sisting of tannic acid (TA), an immunomodulatory antioxidant
rich in phenolic content, and poly(N-vinylpyrrolidone)
(PVPON), a hydrophilic and nontoxic polymer, which
are layered into a multilayer PVPON/TA coating and
held through hydrogen bonds between phenolic groups
of TA and carbonyls of PVPON (19) (Fig. 1A). The reliance
of this multilayer approach on hydrogen-bonding inter-
actions instead of ionic pairing of polymer layers elimi-
nates the exposure of islets to toxic cationic species and
involves noncharged biocompatible macromolecules. Given
the sensitivity of b-cells to ROS synthesis, the addition of
TA into the encapsulation material may provide additional
antioxidant protection from the damaging effects of oxi-
dative stress (9,11,20). We previously demonstrated that
PVPON/TA-encapsulated islets maintained in vitro islet
function, decreased autoimmune responses, scavenged
ROS synthesis without displaying islet toxicity, and restored
euglycemia in immunodeficient streptozotocin (STZ)-
induced diabetic NOD.Rag mice (19,21,22). However, the
ability of PVPON/TA-encapsulated islets to maintain func-
tion, delay graft rejection, and provide immunoprotection in
mouse models of T1D is not known. Our report demon-
strates that islet encapsulation with PVPON/TA layers can
elicit localized immunosuppression, prolong islet allograft
function, and delay graft rejection by decreasing proinflam-
matory chemokine synthesis, reducing inflammatory innate
immune cell and effector T-cell migration within the islet
graft, and concomitantly, enhancing anti-inflammatory M2
macrophage, dendritic cell (DC), and CD8 T-cell responses.

The success of PVPON/TA coatings to protect against both
autoimmune and alloimmune responses further emphasizes
the future human translatability of this novel biotechnology
for islet transplantation.

RESEARCH DESIGN AND METHODS

Mice
NOD/ShiLtJ, NOD.scid, and C57BL/6mice were purchased
from The Jackson Laboratory and housed under specific
pathogen–free conditions on a 12-h light/dark cycle.
Male and female mice between 8 and 12 weeks of age, or
12- to 16-week-old spontaneously diabetic female NOD
mice (Supplementary Fig. 1), were used in all experiments
in accordance with University of Alabama at Birmingham
institutional animal care and use committee–approved
mouse protocols.

Islet Isolation and Encapsulation
NOD.scid or C57BL/6 islets were isolated and encapsulated
with 3.5 bilayers of hydrogen-bonded PVPON/TA multi-
layers, with PVPON as the first and the outer layer as
described (19,21). PVPON (weight average molecular
weight 5 1,300,000 g/mol) and TA (molecular weight 5
1,700 g/mol) were purchased from Thermo Fisher Scientific.

STZ Induction of Diabetes, Spontaneous Diabetes, and
Islet Transplantation
NOD mice were intraperitoneally injected with 175 mg/
kg STZ (Sigma-Aldrich) in PBS (pH 7.2) to induce and
synchronize diabetes in islet transplant recipients. Di-
abetes was confirmed after two consecutive blood glucose
readings $300 mg/dL with a Breeze 2 blood glucose
meter (Bayer). Recent-onset diabetic female NOD mice
within 1 week of diagnosis from our yearly incidence
study were also used as islet transplant recipients to
study the protective effects of PVPON/TA-encapsulated
NOD.scid islets against autoimmune-mediated rejection.
Euglycemia (blood glucose ,200 mg/dL) was restored by
transplanting 250 nonencapsulated or PVPON/TA-
encapsulated NOD.scid or C57BL/6 islets under the kid-
ney capsule as described (23,24). Mice were considered
to maintain islet graft function until blood glucose
readings$300 mg/dL after transplantation. STZ-treated,
nontransplanted recipients were used as diabetic con-
trols, and untreated NOD mice were used as euglycemic
controls. Mock transplants under the kidney capsule were
also performed on STZ-treated mice to distinguish among
wound healing, surgery stress responses, and immune-
mediated islet graft rejection. An intraperitoneal glucose
tolerance test (IPGTT) was performed as we described
(25). Kidney nephrectomy of transplanted islets was
performed to confirm islet function and restoration of
euglycemia in recipients.

Cell Surface and Intracellular Flow Cytometry
Single-cell suspensions of excised kidney islet grafts were
made with a Dounce homogenizer, followed by red blood
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cell lysis, and resuspended at a concentration of 2 3 107

cells/mL. Cells were treated with GolgiPlug (BD Bioscien-
ces), Fc receptors were blocked (BD Biosciences), and
surface or intracellular flow cytometry was performed
according to the manufacturer’s protocol with fluorochrome-
conjugated antibodies (Supplementary Table 1A) as described

(14). For intracellular staining, cells were fixed and per-
meabilized (BD Cytofix/Cytoperm) per manufacturer
instructions. Cells were collected by Attune NxT Flow
Cytometer (Thermo Fisher Scientific) with 500,000
events/sample and analyzed with FlowJo version 10.0.8r1
software.

Figure 1—Transplantation of PVPON/TA-encapsulated islets delays autoimmune-mediated graft failure in diabetic NODmice. Schematic of
PVPON/TA encapsulation of islets and strategy to elicit localized immunosuppression (A). Kaplan-Meier log-rank test of STZ-treated NOD
recipients maintaining islet graft function on the basis of blood glucose readings (,300mg/dL) after transplantation with 250 NOD.scid islets
under the kidney capsule with or without PVPON/TA encapsulation (n 5 13/group) (B). Student t test of average days recipients remained
euglycemic (,300mg/dL) after transplantation (C ). IPGTTwith transplanted recipients, diabetic (STZ-treated, nontransplanted) controls, and
euglycemic nontransplanted controls at 2 weeks posttransplantation (n 5 5–6) (D). Two-way ANOVA with multiple comparisons for area
under the curve of the IPGTT assay (E). Data represent four independent experiments. *P , 0.05, **P , 0.01. ns, not significant.
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Quantitative RT-PCR
RNA was isolated from the excised islet graft using TRIzol
(Invitrogen) and purified with the RNeasy Kit (QIAGEN).
mRNA was converted to cDNA with SuperScript III (Invi-
trogen) and quantitated using TaqMan gene expression
assays (Applied Biosystems) (Supplementary Table 1B) as
described (21). Relative gene expression levels were calcu-
lated with the 22DDCt method; Gapdh and Cd8 were used as
controls for normalization. Mock transplant samples were
used as calibrator controls and set as 1.

Histology and Immunofluorescence
Following islet transplantation, recipients received an in-
traperitoneal injection of 0.5 g/kg 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) (Dojindo Molecular Technologies) every
6 h for a total of three injections (1.5 g/kg total) for
immunospin trap detection as described (26). Grafts were
excised 24 h (for DMPO tissues) or 40 days after trans-
plantation, flash frozen in optimal cutting temperature
compound, and sectioned for hematoxylin-eosin and im-
munofluorescent staining of free radical-DMPO adducts,
islet hormones, and immune cells as described (21) (Sup-
plementary Table 1C for antibody information). Slides
were imaged using a Zeiss LSM710 confocal microscope
and processed by Zen software (blue edition; Zeiss). Quan-
titation of DMPO intensity was determined using ImageJ
version 1.52a software (National Institutes of Health).

Statistical Analysis
Data were analyzed using GraphPad Prism 8.3. Results
were expressed as mean 6 SEM. Percentage of euglycemic
mice was assessed using the Kaplan-Meier test for cumu-
lative survival, and log-rank test was used to compare
survival curves. Differences in days euglycemic was de-
termined using Student t test. Determination of the
difference between mean values and SD for each experi-
mental group was assessed using the two-way ANOVAwith
Tukey multiple comparisons test. In all tests, P, 0.05 was
considered significant. All experiments were indepen-
dently performed at least three times.

Data and Resource Availability
All data generated or analyzed during this study are in-
cluded in the published article (and its Supplementary
Material). The PVPON/TA encapsulation and transplan-
tation protocols for islets generated and analyzed during
the current study are available from the corresponding
authors upon reasonable request.

RESULTS

Transplantation of PVPON/TA-Encapsulated Islets
Delays Autoimmune-Mediated Graft Failure
The induction of oxidative stress is a key innate immune-
triggering event that can compromise islet function in
both spontaneous T1D and islet transplantation (27).
Since PVPON/TA coatings can decrease ROS, proin-
flammatory cytokines, and chemokines and provide

immunoprotection from diabetogenic splenocytes
(21,22), we hypothesized that decreasing ROS synthesis
by PVPON/TA encapsulation of islets may elicit localized
immunosuppression following islet transplantation into
autoimmune-prone diabetic NOD mice. NOD mice are
a preclinical model for T1D, and islet transplants into
these mice can assess the immunoprotective efficacy of
PVPON/TA encapsulation to delay both alloimmune and
autoimmune responses following transplantation. To fa-
cilitate the synchronization of sufficient diabetic recipients
for islet transplantation, we treated 8- to 10-week-old male
and female NOD mice with STZ to induce diabetes. At this
age for islet transplantation in our NOD colony, we can
determine the immunoprotective potential of PVPON/TA
coatings since insulitis is present and autoreactive T cells
exhibit proinflammatory effector responses required for
pancreatic b-cell destruction (J.M.B. and H.M.T., unpub-
lished observations). In the absence of systemic immunosup-
pression, STZ-treated diabetic NOD recipients transplanted
with PVPON/TA-encapsulated NOD.scid islets restored
euglycemia and exhibited a significant delay in autoimmune-
mediated islet graft rejection compared with nonencap-
sulated controls (Fig. 1B). Comparing the average days
transplanted recipients remained euglycemic, we observed
a significant increase in graft function with PVPON/TA-
encapsulated grafts (Fig. 1C). At 2 weeks posttransplanta-
tion, we performed an IPGTT on euglycemic recipients and
demonstrated that PVPON/TA-encapsulated islet grafts
were glucose-responsive similar to euglycemic controls,
while nonencapsulated islet grafts displayed partially im-
paired glycemic control (Fig. 1D and E). All transplanted
mice became hyperglycemic (.300 mg/dL) within 24 h
following the removal of the kidney containing the islet
graft (data not shown). Not only was immunoprotection of
PVPON/TA-encapsulated islets observed in STZ-induced
diabetic NOD mice but also transplantation of PVPON/
TA-encapsulated NOD.scid islets significantly delayed
autoimmune-mediated destruction when transplanted into
12- to 16-week-old recent-onset (,1 week) spontaneously
diabetic NOD mice in contrast to nonencapsulated islets
(Supplementary Fig. 1). This observation supports our
hypothesis that transplantation of PVPON/TA-encapsulated
islets can restore euglycemia.

PVPON/TA Encapsulation Promotes an Anti-
inflammatory Innate Immune Phenotype
To define whether PVPON/TA encapsulation can elicit
localized immunosuppression on innate immune responses
during autoimmune-mediated islet transplantation rejec-
tion in NOD mice (Fig. 1B), mRNA analysis at 5 days
posttransplantation and flow cytometric analysis (gating
strategy shown in Supplementary Fig. 2) at 7 days post-
transplantation with NOD.scid islets were performed (Figs.
2 and 4–6). We observed a significant increase in the anti-
inflammatory gene Arg1 (Fig. 2A) and a significant decrease
in the mRNA accumulation of proinflammatory chemo-
kines Ccl2 (Fig. 2B), Ccl5 (Fig. 2C), and Cxcl10 (Fig. 2D)
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Figure 2—Encapsulated NOD.scid islets skew innate immune responses toward an anti-inflammatory phenotype. NOD.scid islet grafts were
excised from STZ-treated NODmice, and gene expression (day 5) and flow cytometry (day 7) were performed. Graft mRNA was analyzed by
quantitative RT-PCR for alternatively activated M2 macrophage marker Arg1 (A) and Ccl2 (B), Ccl5 (C), and Cxcl10 chemokines (D). Flow
cytometry analysis of CD11b1 cell number (E ), DC number (F ), CXCR31CD11b1 cell frequency (G), CXCR31CD11b1 cell number (H), MHC-
II1macrophage frequency (I), MHC-II1macrophage number (J), MHC-II1CD11b1 cell frequency (K), MHC-II1CD11b1 cell number (L), MHC-
II1 DC frequency (M), MHC-II1 CD11c1 cell number (N), arginase-11 macrophage frequency (O), arginase-11 macrophage cell number (P),
arginase-11 CD11b1 cell frequency (Q), and arginase-11 CD11b1 cell number (R) (n 5 5–10). Analyzed by two-way ANOVA with multiple
comparisons. Data represent three independent experiments. *P , 0.05, **P , 0.01.
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within our encapsulated islet grafts compared with non-
encapsulated islets. Confirming the gene expression data,
flow cytometry analysis showed significantly reduced num-
bers of CD11b1 cells (Fig. 2E), CD11c1 DCs (Fig. 2F), and
reduced frequencies (Fig. 2G) and cell numbers (Fig. 2H) of
CD11b1 cells expressing the chemokine receptor CXCR31

within encapsulated grafts. We also observed significant
reductions in the frequency and cell number of MHC-II1

expression on macrophages (Fig. 2I and J), CD11b1 cells
(Fig. 2K and L), and CD11c1 DCs (Fig. 2M and N).
Corroborating the decrease in proinflammatory innate
immune cells, an increase in the frequencies and cell
numbers of arginase-11 macrophages (Fig. 2O and P)
and arginase-11 CD11b1 cells (Fig. 2Q and R) were present
following transplantation of PVPON/TA-encapsulated islets.
Our results demonstrate that transplantation of PVPON/
TA-encapsulated islets can promote an alternatively acti-
vated macrophage phenotype, suppress chemokine synthe-
sis, and reduce MHC-II expression of innate immune cells
compared with nonencapsulated islets. The decrease in
proinflammatory innate immune responses with PVPON/
TA-encapsulated islets can inhibit T-cell migration and
contribute to localized immunosuppression because a signif-
icant reduction in the numbers of islet graft–infiltrating
CD8 T cells was observed (Supplementary Fig. 3A).

PVPON/TA-Encapsulated Allogeneic Islets Delay Graft
Failure in Autoimmune-Prone Mice
Our results demonstrate that PVPON/TA-encapsulated
islets can delay autoimmune-mediated graft destruction
(Fig. 1B) and proinflammatory innate immune responses
(Fig. 2), but future clinical application in patients with T1D
must also elicit localized immunosuppression against
alloimmune-mediated inflammatory responses. To deter-
mine the clinical efficacy of PVPON/TA encapsulation for
islet allotransplants in the absence of immunosuppression,
PVPON/TA-encapsulated or nonencapsulated C57BL/6
islets were transplanted into STZ-treated diabetic NOD
mice without exogenous immunosuppression. We ob-
served a significant delay in alloimmune-mediated islet
graft rejection compared with nonencapsulated controls
(Fig. 3A). We also observed a significant increase in the
average days PVPON/TA-encapsulated allografts main-
tained euglycemia compared with nonencapsulated con-
trols (Fig. 3B). At 2 weeks posttransplantation, an IPGTT
on euglycemic recipients demonstrated that PVPON/TA-
encapsulated islet grafts were glucose responsive similar to
euglycemic controls, while nonencapsulated islet grafts
displayed partially impaired glycemic control (Fig. 3C
and D). These glucose clearance data suggest that
PVPON/TA encapsulation has significant beneficial effects
on systemic glucose homeostasis and islet function com-
pared with nonencapsulated islet grafts (Fig. 3D). Col-
lectively, our data reveal that conformal coating of
islets with PVPON/TA can delay both autoimmune-
(Fig. 1B and Supplementary Fig. 1) and alloimmune-
mediated rejection (Fig. 3A) of transplanted islets and

maintain islet graft function in the absence of systemic
immunosuppression.

Allotransplantation of PVPON/TA-Encapsulated Islets
Can Elicit Localized Immunosuppression
To demonstrate that PVPON/TA coatings can decrease
in vivo ROS synthesis after allogeneic islet transplantation,
we used DMPO, a spin trap that will form free radical
adducts detectable by immunofluorescence (28). NOD
recipients treated with DMPO and allotransplanted with
nonencapsulated or PVPON/TA-encapsulated C57BL/6
islets were euthanized 24 h posttransplantation for the
detection of free radical-DMPO adducts at the transplant
site. PVPON/TA-encapsulated grafts displayed signifi-
cantly reduced free radical-DMPO adduct formation com-
pared with nonencapsulated controls that colocalized with
CD11b1, insulin1 (Fig. 4A and B), and Ly6G1 cells (data
not shown). These results demonstrate that transplanta-
tion of PVPON/TA-encapsulated islets can suppress ROS
synthesis by islet-infiltrating myeloid cells and insulin-
producing b-cells in vivo.

To further determine the immunoprotective effects of
PVPON/TA encapsulation on innate immune responses
during islet allotransplantation, mRNA analysis displayed
a significant decrease in the mRNA accumulation of proin-
flammatory chemokines Ccl5 (Fig. 4C) and Cxcl10 (Fig. 4D)
and a decrease in Ccl2 (Fig. 4E) expression within our
encapsulated islet grafts compared with controls at 5 days
posttransplantation. Corroborating the reductions in proin-
flammatory chemokine gene expression, flow cytometry
analysis showed significantly reduced CD11c1 DC (Fig.
4F) migration within our PVPON/TA-encapsulated grafts
and significant reductions in the frequency and cell number
of CCL51 (Fig. 4G and H) and CXCR31 (Fig. 4I and J)
macrophage populations in allotransplanted PVPON/TA-
encapsulated grafts at 7 days posttransplantation. Impor-
tantly, these phenotypes observed during alloimmune graft
rejection are similar to our results in the autoimmune
rejection model (Fig. 2).

Encapsulated grafts also displayed a significant increase
in alternatively activated M2 macrophage-associated Arg1
(Fig. 5A), Retnla (Fig. 5B), and Ccl17 (Fig. 5C) mRNA and
significantly increased frequencies and cell number of
arginase-11 CD11c1 DCs (Fig. 5D and E), arginase-11

macrophages (Fig. 5F and G), and CD2061 macrophages
(Supplementary Fig. 3J and K) by flow cytometry. While no
significant transcriptional changes in macrophage marker
F4/80 (Emr1), inducible nitric oxide synthase (Nos2),
mannose receptor (Mrc1), or tumor necrosis factor
(TNF) (Tnf) were detected (Supplementary Fig. 3B–E),
we observed significantly reduced frequencies and cell
numbers of TNF1 CD11c1 DCs (Fig. 5H and I), MHC-
II1 CD11c1 DCs (Fig. 5J and K), MHC-II1 macrophages
(Fig. 5L and M), MHC-II1 CD11b1 cells (Supplementary
Fig. 3N and O), TNF1 CD11b1 cells (Supplementary Fig.
3L and M), and CD11b1 cells (Supplementary Fig. 3H and
I) with PVPON/TA encapsulation, demonstrating a shift
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toward an anti-inflammatory environment and induction
of localized immunosuppression.

PVPON/TA-Encapsulated Islets Abrogate T-Cell
Infiltration and Effector Responses
Since we observed a decrease in innate immune cell in-
filtration, synthesis of ROS, cytokines, and chemokines, we
next wanted to determine whether T-cell infiltration and
effector responses were compromised because they directly
mediate b-cell destruction during islet transplant rejection
(29). Gene expression at 5 days posttransplantation did not
show any difference in total Cd8amRNA accumulation (Fig.
6A), but we observed significant reductions in CD8 T-cell
effector Grzmb (Fig. 6B) and Prf1 (Fig. 6C) mRNA within
PVPON/TA-encapsulated islet allografts. These differences
were maintained when normalized to Cd8a (Supplementary
Fig. 3F and G). Flow cytometric analysis at 7 days post-
transplantation confirmed that PVPON/TA-encapsulated
islets significantly decreased CD81 T-cell infiltration (Fig.
6D) and perforin1 CD8 T-cell frequencies (Fig. 6E) and cell

numbers (Fig. 6F). Additionally, PVPON/TA-encapsulated
grafts displayed a significant increase in an anti-inflamma-
tory T-cell response as shown by an increase in CTLA-41

CD8 T-cell frequency (Fig. 6G) and cell number (Fig. 6H)
compared with nonencapsulated grafts. These CTLA-41

CD8 T cells within our PVPON/TA-encapsulated grafts
also displayed significantly enhanced activation profiles,
including an increase in the frequency and cell number of
CD25 (Fig. 6I and J), CD44 (Fig. 6K and L), and PD-1 (Fig.
6M and N) expression. To further investigate the effects of
PVPON/TA encapsulation on adaptive immune cell infiltra-
tion, we excised islet allografts at 40 days posttransplanta-
tion and performed histology and immunofluorescence
staining. PVPON/TA-encapsulated grafts displayed intact
islet morphology and insulin expression, while nonencap-
sulated islet grafts were heavily infiltrated with CD4 and
CD8 T cells (Fig. 6O). Our results support the hypothesis
that PVPON/TA encapsulation of islets can elicit localized
immunosuppression of infiltrating T cells to delay allograft
rejection.

Figure 3—Transplantation of PVPON/TA-encapsulated allogeneic islets delays graft failure in diabetic autoimmune-prone mice. Kaplan-
Meier log-rank test for percent of STZ-treated NOD recipients maintaining islet allograft function and euglycemia on the basis of blood
glucose readings (,300 mg/dL) after transplantation with 250 C57BL/6 islets under the kidney capsule with or without PVPON/TA
encapsulation (A) (n 5 12). Student t test of average days allograft recipients remained euglycemic (,300 mg/dL) after transplantation
(B). IPGTT with allotransplanted recipients, diabetic (STZ-treated, nontransplanted) controls, and euglycemic nontransplanted controls at
2 weeks posttransplantation (C ) (n 5 5–6). Two-way ANOVA with multiple comparisons for area under the curve of IPGTT assay (D). Data
represent four independent experiments. **P , 0.01, ***P , 0.001, ****P , 0.0005. ns, not significant.
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Figure 4—PVPON/TA-encapsulated islet allografts reduce free radical-DMPO adduct formation and chemokine production following
allotransplantation. C57BL/6 islet allografts were excised from the kidney capsule 24 h after transplantation into STZ-treated NOD mice and
stained for insulin (green), DMPO (red), CD11b (cyan), and DAPI (blue) to detect free radical-DMPO adducts (A). DMPO adduct intensity
quantitation analyzed with Student t test (B). C57BL/6 islet allografts were excised from the kidney capsule of STZ-treated NOD mice, and
gene expression (day 5) and flow cytometry (day 7) were performed. Graft mRNAwas analyzed by quantitative RT-PCR for chemokines Ccl5
(C ), Cxcl10 (D), and Ccl2 (E) (n 5 5–6). Flow cytometry of islet allograft-infiltrating CD11c1 DC numbers (F ), frequency of F4/801

macrophages expressing CCL51 (G), cell number of F4/801 macrophages expressing CCL51 (H), frequency of F4/801 macrophages
expressing CXCR31 (I), and cell number of F4/801 macrophages expressing CXCR31 (J) (n 5 5–10). Gene expression and flow cytometry
analyzed by two-way ANOVAwithmultiple comparisons. Data represent three independent experiments. *P, 0.05, **P, 0.01, ***P, 0.001.
SSC-A, side scatter area.
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Figure 5—Encapsulated allogeneic islets skew innate immune responses toward anti-inflammatory phenotypes. C57BL/6 islet allografts
were excised from STZ-treated NOD mice, and gene expression (day 5) and flow cytometry (day 7) were performed. Graft mRNA was
analyzed by quantitative RT-PCR for alternatively activated M2 macrophage markers Arg1 (A), Retnla (B), and Ccl17 (C). Flow cytometry
analysis of the frequency and cell number of arginase-11CD11c1DCs (D and E ), arginase-11 F4/801macrophages (F andG), TNF1CD11c1

DCs (H and I), MHC-II1 CD11c1 DCs (J and K), and MHC-II1 F4/801 macrophages (L andM) (n5 5–10). Analyzed by two-way ANOVA with
multiple comparisons. Data represent three independent experiments. *P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 6—Transplantation of PVPON/TA-encapsulated islets abrogate T-cell infiltration and effector responses. C57BL/6 islet allografts were
excised from STZ-treated NODmice at day 5 posttransplantation for quantitative RT-PCR analysis of T-cell markers Cd8a (A),Grzmb (B), and Prf1
(C) normalized toGapdh. Flowcytometry at day 7 posttransplantation of islet-infiltratingCD8T-cell numbers (D), frequency (E) and cell number (F) of
perforin1 CD8 T cells, frequency (G) and cell number (H) of CTLA-41 CD8 T cells, frequency (I) and cell number (J) of CTLA-41 CD251 CD8 T cells,
frequency (K) and cell number (L) of CTLA-41CD441CD8T cells, and frequency (M) and cell number (N) of CTLA-41 PD-11CD8 T cells (n5 5–10).
Analyzed by two-way ANOVA with multiple comparisons. Kidney islet allografts were excised 40 days posttransplant, sectioned, and then stained
with immunofluorescence to detect CD4 or CD8 T cells (red), insulin (green), or DAPI in nonencapsulated and PVPON/TA-encapsulated islets (O).
Data represent three independent experiments. *P , 0.05, **P , 0.01, ****P , 0.0005.
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DISCUSSION

We demonstrate that encapsulation of islets with PVPON/
TA can prolong islet graft function and delay both autoim-
mune and allogeneic graft rejection in the absence of
systemic immunosuppression. Dissipation of ROS synthesis
at the site of transplantation shows promise as a potential
strategy to elicit localized immunosuppression. Encapsula-
tion with PVPON/TA can protect insulin-secreting b-cells
from the damaging effects of oxidative stress and impor-
tantly, suppress redox-dependent signals that are necessary
to mature and enhance innate and adaptive immune proin-
flammatory responses involved in islet graft rejection. These
data support our hypothesis that decreasing ROS synthesis
with PVPON/TA encapsulation of islets can induce localized
immunosuppression that is partly due to an increase in alter-
natively activated M2macrophages, arginase-1–expressing
DCs, and diminished proinflammatory chemokines and
cytotoxic CD8 T-cell effector responses.

Using STZ treatment to synchronize hyperglycemia, we
transplanted NOD.scid (Fig. 1) or allogeneic C57BL/6 islets
(Fig. 3) into STZ-treated diabetic NOD mice. In both
autoimmune- and alloimmune-mediated rejection models,
we observed significant delays in islet graft failure with
PVPON/TA encapsulation. In addition to STZ induction of
hyperglycemia, transplantation of PVPON/TA-encapsulated
NOD.scid islets into recent-onset spontaneously diabetic
female NODmice was also effective in significantly delaying
islet graft failure (Supplementary Fig. 1). These results
demonstrate that under different models of alloimmune-
and autoimmune-mediated graft rejection, suppressing ROS
synthesis with PVPON/TA layers can improve islet graft
function and delay immune-mediated rejection.

Our immunospin trap studies are the first to highlight the
detection of ROS synthesis following islet allotransplantation
by macrophages and b-cells. Importantly, encapsulation of
islets with PVPON/TA coatings can significantly dampen free
radical-DMPOadduct synthesis at the site of transplantation.
Previous studies have shown that abrogating ROS synthesis
with antioxidant treatment can decrease the ability of macro-
phages and DCs to upregulate MHC-II, present antigen, and
stimulate T cells (30–32). Therefore, reducing the early
generation of ROS following islet transplantation with our
PVPON/TA coatings may inhibit the capacity of antigen-
presenting cells to properly activate allo- and autoreactive
T cells involved in islet transplantation rejection by decreas-
ing the expression of ROS, MHC-II, costimulatory molecules,
and proinflammatory cytokines. Our data support this hy-
pothesis, as immunophenotyping of transplanted PVPON/
TA-encapsulated islet grafts displayed a reduction in MHC-II
expression in macrophage and DC innate immune subsets
during both autoimmune- and alloimmune-associated
responses (Figs. 2 and 5) as well as reductions in TNF1-
expressing DC populations (Fig. 5).

Additionally, suppressing ROS synthesis with PVPON/
TA-encapsulated islets not only will protect islets from free
radical–mediated damage but also may suppress the

synthesis of redox-dependent inflammatory signaling mol-
ecules, such as proinflammatory CCL2, CCL5, and CXCL10
(33,34) chemokines, that can further propagate immune-
mediated rejection of transplanted islets. These chemo-
kines play an important role in both T1D disease
progression (35–37) and islet graft rejection (38). Our
results highlight that one mechanism of immunoprotection
with PVPON/TA encapsulation of islets could also be due to
suppressing chemokine synthesis and prolonging islet graft
survival. During both auto- and allogeneic islet graft re-
jection, PVPON/TA-encapsulated islets significantly reduced
levels of proinflammatory CCL2, CCL5, and CXCL10 chemo-
kines, CXCR3 chemokine receptor–positive innate immune
cell populations, and islet-infiltrating immune cell subsets
at the islet graft site (Figs. 2 and 4).

ROS generation can influence proinflammatory M1 mac-
rophage differentiation (14,39,40), while reductions in ROS
synthesis with genetic mouse models or antioxidant treat-
ment can promote an alternatively activatedM2macrophage
phenotype (14,41). In both our autoimmune-mediated and
our allogeneic islet transplantation models, we demonstrated
that PVPON/TA-encapsulated grafts delayed immune-
mediated rejection that is partly due to the differentiation
of arginase-1 DCs and alternatively activated M2 macro-
phages expressing arginase-1, Retnla, and Ccl17 mRNA
accumulation (Figs. 2 and 5). Considering the important
role of proinflammatory M1 macrophages in the initiation
of T1D (42) and the immunoprotective role of M2
macrophages (14,43–45), our results provide further evi-
dence that altering the redox balance of immune responses
by decreasing ROS with PVPON/TA coatings, antioxidants,
or ROS-deficient mouse models can elicit an alternatively
activated M2 macrophage phenotype and delay islet graft
destruction and autoimmune diabetes (25,34,46–48).

Collectively, these changes in the innate immune re-
sponse can mitigate efficient adaptive immune responses.
From our immunophenotyping studies with auto- and
allogeneic islet transplants into diabetic NOD mice,
PVPON/TA-encapsulated grafts significantly reduced
CD8 T-cell infiltration, most likely as a result of the
reductions seen in inflammatory chemokine synthesis.
The effector responses of these cells were also affected
because PVPON/TA-encapsulated grafts demonstrated re-
duced Prf1 and Grzmb mRNA accumulation and the fre-
quency of islet-infiltrating perforin1 CD8 T cells by flow
cytometry (Fig. 6). While we did not observe any signif-
icant changes in either gene expression or flow cytometry
with immunosuppressive CD4 regulatory T-cell popula-
tions (data not shown), we did identify a significant in-
crease in activated CTLA-41 CD8 T cells recruited to the
site of PVPON/TA-encapsulated islets. Whether this pop-
ulation of CD8 T cells is regulatory and elicits an anti-
inflammatory immune response remains to be determined
in future studies. Our strategy to decrease ROS synthesis
by encapsulating islets with PVPON/TA coatings can me-
diate localized immunosuppression, inhibit proinflamma-
tory immune responses, and delay islet graft rejection.
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Future studies will also investigate how PVPON/TA en-
capsulationmay elicit localized immunosuppression by inhib-
iting the activation of ROS-dependent signaling pathways
involved in maturing innate and adaptive immune effector
responses (27,48). These pathways includemitogen-activated
protein kinase, Janus kinase/signal transducer and activator
of transcription, and nuclear factor-kB that are redox regu-
lated by H2O2 and necessary for optimal immune cell acti-
vation and proinflammatory chemokine and cytokine
synthesis (15,27). We previously demonstrated that PVPON/
TA is effective in decreasing H2O2 synthesis in vitro (21), and
with the decrease of free radical-DMPO adducts observed
in vivo following transplantation, we postulate that the
absence of H2O2 and inability to activate redox-dependent
signaling cascades necessary for proinflammatory M1 mac-
rophage polarization (14) may partly explain the observed
immunoprotection and localized immunosuppression.

Our approach to inhibit proinflammatory immune
responses with PVPON/TA-encapsulated islets without sys-
temic immunosuppression is a significant advancement to-
ward successful islet transplants in humans. PVPON/TA
coatings can be modified to increase the number of layers
of PVPON and TA for encapsulation, complexed with im-
mune inhibitory receptors, including CTLA-4, PD-L1, and/or
anti-inflammatory cytokines (interleukin 10, transforming
growth factor-b), to further enhance localized immunosup-
pression. The use of PVPON/TA coatings is not limited to
encapsulation of human islets, as our preliminary studies
also demonstrated that PVPON/TA encapsulation does not
compromise neonatal porcine islet function (submitted to
American Journal of Transplantation) and can also be ex-
panded to include human stem-cell–derived pancreatic
b-cells (49,50). As opposed to alginate encapsulation,
PVPON/TA capsules do not significantly increase the volume
of a human islet allograft, thereby allowing for transplan-
tation into feasible extrahepatic sites, such as the omentum,
or subcutaneously. The adaptability of PVPON/TA coatings
with various technologies further emphasizes the novelty of
this biomaterial to elicit localized immunosuppression and
delay islet graft rejection in future translational studies.
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