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Abstract
Background—Islets are susceptible to damage by proinflammatory cytokines, via activation of
transcription factor NF-κB. We hypothesized that inhibition of NF-κB activity will decrease
cytokine-mediated β cell injury and improve islet transplant functional outcome.

Methods—We created a transgenic mouse expressing a degradation resistant N-terminally
deleted IκBα (ΔNIκBα) under control of the TetOn system under the rat insulin promoter. Isolated
islets from transgenic and control mouse strains were exposed to cytokines in vitro and assayed or
transplanted.

Results—ΔNIκBα was significantly increased with doxycycline treatment according to Western
blot. Cytokine-induced NF-κB activation was significantly decreased in transgenic (0.065±0.013
abs. value/µg protein) versus control islets (0.128±0.006; p<0.05). Suppression of cytokine-
mediated NF-κB activity reduced expression of iNOS, MCP-1 and IP-10 RNA transcripts and
significantly reduced nitric oxide production in transgenic islets (0.084±0.043 µM/µg protein)
versus controls (0.594±0.174; p<0.01). The insulin stimulation index in islets exposed to cytokines
was higher in transgenic versus controls (1.500 ± 0.106 vs. 0.800 ± 0.098; p<0.01). Syngeneic
transplants of a marginal mass of intraportally infused transgenic islets resulted in a reversion to
euglycemia in 69.2% of diabetic recipients at a mean of 7.8±1.1 days, versus 35.7% of control
islet recipients reverting at a mean of 15.8±2.9 days (p<0.05).

Conclusions—Conditional and specific suppression of NF-κB activity in β cells protected islets
from cytokine-induced dysfunction, in vitro and in vivo. These results provide a proof of principle
that inhibition of NF-κB activity in donor islets enhances function and improves the outcome of
islet transplantation.
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Introduction
Islet transplantation is a promising treatment for select patients with type 1 diabetes.1,2

Methods to mitigate islet injury, and specifically β cell injury, in the early engraftment
period are hypothesized to improve functional results. Immune-mediated injury of
transplanted islets involves both classic allo-specific T-cell responses as well as early host
non-specific inflammatory responses involving infiltration of the islet graft by macrophages
and release of proinflammatory cytokines such as IL-1β, TNF-α and IFN-γ.3–6

Proinflammatory cytokines act directly on the β cells, upregulating inducible nitric oxide
synthase (iNOS), that is detrimental to β cell viability and function through generation of
nitric oxide and subsequent peroxynitrite formation.7–10 In addition, induction of
macrophage chemokine protein-1 (MCP-1) and interferon-γ inducible protein-10 (IP-10),
which draw immune cells into the islet graft7,11–14, and interleukin-15 (IL-15), a powerful
growth factor and activator of T cells14,15, exacerbate an injurious host response. Prolonged
exposure to these cytokines leads to cell death by apoptosis in both murine and human
islets.16–18

The transcription factor NF-κB is activated in β cells by proinflammatory cytokines and
plays a critical role in regulating expression of iNOS, MCP-1, IP-10 and IL-15 in mouse and
human islets.7,14 In resting β cells, NF-κB is bound by its inhibitory protein IκBα and
resides in the cytoplasm. Upon stimulation, IκBα is phosphorylated at two serine residues in
the N-terminal region. This results in IκBα dissociation from NF-κB allowing NF-κB to
translocate to the nucleus and upregulate a wide variety of genes. We have previously shown
that stably transfected MIN6 cells expressing a mutant IκBα protein lacking the two serine
phosphorylation sites (IκBαM) inhibited cytokine-induced NF-κB activity and protected the
cells from dysfunction and cell death.19 Additionally, using the same MIN6 cell line, we
have demonstrated that cytokine-induced chemokine expression was reduced when NF-κB
activity was inhibited.20 Protection of β cells from proinflammatory cytokines is not limited
to mouse β cells, as expression of an IκBα super repressor in human islets, delivered using
an adenoviral vector, protected those cells from IL-1β-mediated dysfunction and cell
death.21

While inhibition of NF-κB protects β cells from the deleterious effects of IL-1β, TNF-α and
IFN-γ in vitro, nothing is known about the effects of inhibiting NF-κB in an in vivo
transplant setting. Eldor, et. al. demonstrated that inhibition of NF-κB activity specifically in
the β cells, using the TetOn system under the control of the rat insulin promoter to express
an N-terminally deleted IκBα protein, protected the islets from multiple low dose
streptozotocin injections.22 Here we present data using a similar mouse model to
conditionally inhibit NF-κB activity in the β cells (RIP-rtTA-luciferase(Renilla);
luciferase(Firefly)-TetO-ΔNIκBα). Inhibition of NF-κB in islets isolated from the transgenic
animals resulted in enhanced islet survival and function both in vitro and in an in vivo
marginal mass isogeneic islet transplant model.

Methods and Materials
Creation of transgenic mouse model

A double transgenic mouse strain Tg(PRIP-rtTA-M2-hRL/Ptet-ΔNIκBα-Luc) was generated.
The rtTA-M2 gene is a revised/mutated version of the original rtTA generated by the
laboratory of Dr. Hermann Bujard at the University of Erlangen, Germany. rtTA-M2
functions at 10-fold lower doxycycline concentrations than rtTA, has enhanced stability in
eukaryotic cells, and causes less background expression in the absence of doxycycline. A
plasmid containing the rtTA-M2 was obtained from Dr. Bujard (PhCMV-rtTA-M2). We then
generated a construct PRIP-rtTA-M2-hRL by replacing the promoter sequence with the
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683bp rat insulin II promoter, ligating the PRIP-rtTA-M2 sequence with a synthetic Renilla
Luciferase reporter sequence (hRluc, Promega), linked via the internal ribosome entry site
(IRES, Clontech). The purified DNA fragment was microinjected into the pronuclei of
C57BL/6 × BALB/c zygotes. This line was crossbred with another transgenic mouse line,
Tg(Ptet-ΔNIκBα-Luc), a generous gift from Dr. Yinon Ben-Neriah from The Hebrew
University-Hadassah Medical School, Israel. This strain of mouse expresses a ΔNIκBα and a
Firefly luciferase reporter gene under the control of a tetracycline-responsive bi-directional
vector.23 Several double transgenic mouse lines were generated and the line with the highest
expression of rtTA coupled with the strongest induction of ΔNIκBα was used for all
experiments reported here.

Isolation of pancreatic islets from donor mice
Unless specified, all donor mouse islets used in the study were isolated from control (−rtTA/
+ΔNIκBα) and transgenic (+rtTA/+ΔNIκBα) mice that were treated with doxycycline
(Sigma Aldrich) in the drinking water (2mg/mL) for 3 weeks prior to the isolation to induce
expression of the transgene. Islets were isolated as described previously.24,25 The islets were
then cultured in RPMI 1640 containing 10% FBS, 100 U/mL penicillin G, 100 µg/mL
streptomycin sulfate and 2µg/mL doxycycline at 37°C, 5% CO2.

Western blot analysis
The isolated islets as stated above were lysed using the RIPA lysis buffer. Protein from each
was run on 4–20% Tris-HCl gels and transferred to PVDF membranes. The primary
antibody against IκBα (C-21 rabbit polyclonal antibody, Santa Cruz Biotechnologies) was
added at a dilution of 1:100 in TBST, 5% blocker for 1 hour at room temperature. Secondary
antibody was added at a dilution of 1:2000 in TBST for 1 hour at room temperature. The
blot was developed using the Amersham ECL detection system (GE Healthcare).

Luciferase assay
Islets were isolated from control (−rtTA/+ΔNIκBα) and transgenic (+rtTA/+ΔNIκBα) mice
treated with or without doxycycline (2 mg/mL) for 3 weeks. Islets were lysed using the
Passive Lysis Buffer from Promega and luciferase activity of both Renilla and Firefly
luciferase measured using Promega’s Dual Luciferase Reporter Assay system.

Bioluminescent imaging of transgenic mice
Mice were anesthetized using isoflurane and injected with either the Renilla luciferase
substrate coelenterazine (Promega) or the firefly luciferase substrate luciferin (BioGold) to
detect the presence of the RIP-rtTA-luciferase(Renilla) and luciferase(Firefly)-TetO-
ΔNIκBα transgene, respectively. For the Firefly luciferase detection, mice were previously
given doxycycline in the drinking water (2mg/mL) for 3 weeks prior to imaging. Imaging
was done using the Xenogene IVIS 100 imaging instrument approximately 6 minutes after
substrate injection.

NF-κB Activation Assay
Islets were isolated from control (−rtTA/+ΔNIκBα) and transgenic (+rtTA/+ΔNIκBα) mice
that had received doxycycline in the drinking water for 3 weeks prior to isolation. The islets
were cultured overnight in RPMI 1640 with doxycycline (2mg/mL). The islets were then
stimulated with 50 U/mL IL-1β, 1000 U/mL TNF-α and 750 U/mL IFN-γ for 1 hour.
Nuclear lysates were prepared using the Nuclear Extract kit from Active Motif (Carlsbad,
CA). Activated NF-κB was measured using Active Motif’s NF-κB Activation ELISA Assay.
Protein concentrations were determined using the Prostain Protein Quantification kit (Active
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Motif). Data were presented as absorbance units per µg of protein and are a combination of
3 independent experiments.

Analysis of gene expression changes in response to cytokine treatment using
semiquantitative RT-PCR

Control (−rtTA/+ΔNIκBα) and transgenic (+rtTA/+ΔNIκBα) islets were isolated from
donors treated with doxycycline (2 mg/mL) in the drinking water for 3 weeks. Islets were
cultured with or without the cytokine mix in RPMI 1640 with doxycycline (2 µg/mL) for 24
hours. RNA was extracted using Trizol (Molecular Research Center, Cincinnati, OH) and
BCP (Molecular Research Center). The amount of RNA in each sample was quantified by
measuring the absorbance at 260 nm and 1 µg of RNA used for reverse transcription using
Promega’s Reverse Transcription System. PCR was then preformed on the subsequent
cDNA products for GAPDH, iNOS, MCP-1, IP-10 and IL-15 using the following reaction
cycle: 1 cycle of 95°C for 2 minutes; 35 cycles of 95°C for 1 minute, 55°C for 1 minute,
72°C for 1 minute; 1 cycle of 72°C for 10 minutes. GoTaq DNA Polymerase and dNTPs
were obtained from Promega. PCR primers were ordered from Integrated DNA
Technologies, Inc. (Coralville, IA). Gel electrophoresis was run on the PCR products.
GAPDH was used as a control to ensure that the same amount of cDNA was added to each
PCR reaction tube.

Measurement of Nitric Oxide Production
Control (−rtTA/+ΔNIκBα) and transgenic (+rtTA/+ΔNIκBα) islets were isolated from mice
treated with doxycycline (2mg/mL) in the drinking water for 3 weeks. Islets were cultured
with or without cytokine mixture (CM: 50 U/mL IL-1β, 1000 U/mL TNF-α, 750 U/mL IFN-
γ; R&D Systems) in RPMI 1640 with doxycycline (2mg/mL) for 24 hours. Media was
collected from all conditions and the nitrite concentration measured using the Griess
Reaction (Promega). The islets were collected, centrifuged at 2000 ×g for 4 minutes at 4°C
and lysed. The amount of protein in each islet sample was assayed using the DC Protein
Assay (BioRad) and the amount of nitrite produced standardized to the protein
concentrations. Data are presented as nitrite concentration (µM) per µg protein and are a
combination of 4 independent experiments.

Glucose stimulated insulin secretion assay
Control (−rtTA/+ΔNIκBα) and transgenic (+rtTA/+ΔNIκBα) islets were isolated from
donors previously treated with doxycycline for 3 weeks. Islets were treated with or without
CM in RPMI 1640 media supplemented with doxycycline (2 µg/mL) for 24 hours. Islets
(approximately 15 per replicate) were allowed to equilibrate in Krebs solution (25 mM
HEPES, 115 mM NaCl, 24 mM NaHCO3, 5 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 0.1%
BSA [pH7.4]) containing 2.8 mM glucose. Next, the islets were incubated for 1 hour in
Krebs solution containing 2.8 mM glucose and subsequently for another hour in 28 mM
glucose-containing Krebs solution. The media from each 1-hour incubation was collected
for insulin measurement using an insulin EIA kit (Alpco, Salem, NH). Data are presented as
a ratio of the amount of insulin secreted by the islets exposed to high (28 mM) versus low
glucose (2.8 mM). Data represent a combination of 3 independent experiments.

Transplantation of a marginal islet mass intrahepatically to streptozotocin-induced
isogeneic recipients

Control (C57BL/6) and transgenic (+rtTA/+ΔNIκBα) were isolated from donors treated with
doxycycline (2 mg/mL) in the drinking water for 3 weeks. Islets were cultured in RPMI
1640 containing 2 µg/mL doxycycline overnight prior to transplantation. Recipient mice
(C57BL/6) were made diabetic via a single injection of streptozotocin (220 mg/kg body
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weight). Mice were considered diabetic after demonstrating 2 consecutive blood glucose
readings above 300 mg/dL as measured using the One Touch Basic blood glucose meter
(Lifescan, Milpitas, CA). 50 islets (control or transgenic) were hand counted and
transplanted to the liver of recipient mice via the portal vein as described previously.25,26

Recipient mice were treated with doxycycline (2 mg/mL) in the drinking water post
transplantation. Blood glucose levels were measured daily for the first 3 weeks, then 3 times
per week after that. Mice were considered normoglycemic when 2 consecutive blood
glucose readings were below 200 mg/dL. Data are presented as the percentage of mice
achieving normoglycemia in each group versus days post transplantation. N=14 for the
control islet recipient group and N=13 for the transgenic islet recipient group.

Statistical analyses
The student’s t-test and ANOVA tests were utilized for statistical analysis, where
appropriate. P values of less than 0.05 were considered statistically significantly different.

Results
Generation of transgenic mouse strain

To generate a transgenic mouse strain in which we are able to inhibit NF-κB activity
specifically and conditionally in the adult β cell, we utilized the TetOn system and bred a
C57BL/6 RIP-rtTA-luc(Renilla) mouse strain with a Balb/c luc(Firefly)-TetO-ΔNIκBα
strain (Figure 1A). Figure 1B and 1C shows the RIP-rtTA-luc(Renilla) and double
transgenic strain, imaged using the Xenogen IVIS 100 system, demonstrating the presence
of the rtTA transgene in 1B and the combination of transgenes (rtTA and ΔNIκBα) in 1C.
The resultant double transgenic mice were then bred back on a C57BL/6 background for at
least 12 generations to obtain pure C57BL/6 double transgenic mice. Figure 1D shows a
western blot for IκBα of control (−rtTA/+ΔNIκBα) and double transgenic (+rtTA/+ΔNIκBα;
referred to as transgenic from here on out) lysates, with the two bands in the double
transgenic lane corresponding to the endogenous and N-terminally deleted IκBα proteins.

Characterization of Transgenic Mouse Model
To characterize the relative expression levels of the rtTA and ΔNIκBα transgenes, we
utilized the fact that the Renilla and Firefly luciferase expression directly correlate with the
expression of the rtTA and ΔNIκBα transgenes. The transgenic mouse line demonstrated a
much greater Renilla luciferase expression (2,900,000.00 RLU/islet versus 2391.00 under no
doxycycline treatment) and induction of the ΔNIκBα transgene in the transgenic mouse line
by doxycycline treatment resulted in a 967.47 fold increase as compared to no doxycycline
treatment (268,956.00 RLU/islet versus 278.00 RLU/islet) (Table 1). These results indicate
that at baseline, the transgenic mice express the rtTA transgene and that treatment with
doxycycline induces significant expression of the ΔNIκBα transgene.

To determine whether the expression of the ΔNIκBα transgene was sufficient to inhibit NF-
κB activity in the β cells, islets were isolated from mice treated with doxycycline and
cultured overnight before treatment with proinflammatory cytokines (50 U/mL IL-1β, 1000
U/mL TNF-α, 750 U/mL IFN-γ) for 1 hour. NF-κB activation was reduced by 49% in
transgenic islets compared to control (0.065 ± 0.013 abs. value/µg protein versus 0.128 ±
0.006; p<0.05; Figure 2). These results demonstrate that doxycycline treatment for 3 weeks
induces sufficient ΔNIκBα transgene expression to inhibit NF-κB activation in response to
cytokine exposure.
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Inhibition of NF-κB Alters Gene Expression in Islets Treated with Proinflammatory
Cytokines

Gene expression changes in control and transgenic islets were analyzed using
semiquantitative RT-PCR and gel electrophoresis on RNA samples obtained from islets
treated with and without proinflammatory cytokines for 24 hours (Figure 3). All samples
were standardized to GAPDH expression levels. In control islets, cytokine treatment led to
increased expression of iNOS, MCP-1, IP-10 and IL-15, all of which were reduced or
eliminated when NF-κB activity was inhibited in the transgenic islets. These data indicate
that inhibition of NF-κB in the islets decreases expression of cytokine-induced chemokines
and deleterious genes.

Nitric Oxide Production by Islets in Response to Cytokine Exposure
When islets are exposed to proinflammatory cytokines, one of the major genes upregulated
is iNOS. While direct measurement of NO is difficult, measurement of nitrite, a byproduct
of iNOS activity, is much easier. Transgenic islets exposed to proinflammatory cytokines
(50 U/mL IL-1β, 1000 U/mL TNF-α, 750 U/mL IFN-γ) for 24 hours demonstrate a 7-fold
reduction in nitrite levels (0.084 ± 0.043 µM nitrite/µg protein) versus control islets (0.594 ±
0.174 µM nitrite/µg protein; p<0.01; Figure 4). These results demonstrate that inhibition of
NF-κB activity by the ΔNIκBα transgene results in decreased activity of iNOS in islets
exposed to proinflammatory cytokines.

Inhibition of NF-κB Activity Enhances Glucose Stimulated Insulin Secretion When Islets
Are Exposed to Proinflammatory Cytokines

Exposure of islets to proinflammatory cytokines decreases the islets’ ability to secrete
insulin in response to glucose stimulation. When transgenic islets were exposed to
proinflammatory cytokines for 24 hours, they demonstrated an increased insulin stimulation
index (the ratio of the amount of insulin secreted at 28 mM glucose divided by the amount
of insulin secreted at 2.8 mM glucose) as compared to control islets (1.500 ± 0.106 versus
0.800 ± 0.098; p<0.01; Figure 5). These data demonstrate that inhibition of NF-κB activity
protects the islets’ ability to secrete insulin when exposed to proinflammatory cytokines.

Transgenic Islets Perform Better than Control Islets in a Syngeneic Marginal Islet Mass
Transplant Model

To investigate the benefit of inhibiting NF-κB activity in the islet transplant setting, 50
islets, control or transgenic, were transplanted to the liver of C57BL/6 streptozotocin-
induced diabetic mice. Fifty islets was chosen as the marginal islet mass to be transplanted
as previous studies demonstrated that this number of islets was sufficient to cause reversion
to euglycemia in approximately 8 days.26 Normoglycemia is defined in this instance as 2
consecutive blood glucose readings below 200 mg/dL. Transplantation of transgenic islets
caused reversion to normoglycemia in 69.2% of recipients, with an average of 7.8 ± 1.1 days
to cure (N=13). Comparatively, transplantation of control islets caused reversion to
normoglycemia in 35.7% of recipients, with an average of 15.8 ± 2.9 days to cure (N=14,
p<0.05; Figure 6). These results demonstrate that inhibition of NF-κB in islets protects them
in an in vivo transplant setting, allowing for increased engraftment and faster times to
normoglycemia.

Discussion
Transplantation of pancreatic islets has been shown to be a very effective short-term
treatment for type 1 diabetes by ameliorating the need for exogenous insulin to maintain a
euglycemic state. Unfortunately, long-term durability of insulin independence has been
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challenging. It is estimated that as much as 50% of the intraportally infused islet graft is
injured in the immediate post-transplant period. Given the stresses that islets are subjected to
immediately post transplantation, specifically exposure to the proinflammatory cytokines
IL-1β, TNF-α and IFN-γ released by macrophages in response to local inflammation,
inhibition of NF-κB, the transcription factor activated by those cytokines, is a compelling
strategy to improve islet survival and function.

To inhibit NF-κB in the β cells, we generated a transgenic mouse in which NF-κB activity
could be inhibited conditionally and specifically. Knockout of either an NF-κB subunit, such
as p65, or one of the components of the IKK complex, such as IKKβ, results in liver
degradation and eventually embryonic lethality in mice.27,28 Additionally, inhibition of NF-
κB during embryonic development in pancreatic progenitor cells by expression of a
nondegradable IκBα protein resulted in adult mice with hyperglycemia and had altered
glucose stimulated insulin secretion.29

Here we demonstrate that conditional and specific inhibition of NF-κB in adult β cells,
through expression of an N-terminally deleted IκBα using the TetOn system under the
control of the rat insulin promoter. Use of this transgenic mouse strain allows for inhibition
of NF-κB in the β cells prior to transplantation but not during development, ensuring that
there is no lethality or disruption to normal islet formation. Treatment of the transgenic mice
with doxycycline induced significant transgene expression and a concomitant decrease of
cytokine-induced NF-κB activity by ~50% compared with control islets.

Inhibition of NF-κB activity lead to decreased expression of iNOS, MCP-1, IP-10 and IL-15
as measured by semiquantitative RT-PCR. These results correlated to previous studies using
MIN6 cells in which inhibition of NF-κB resulted in a decrease in chemokine and iNOS
expression after 24-hour cytokine treatment.19,20 It is significant to note the large decrease
in MCP-1 expression reported since MCP-1 is considered an extremely potent chemokine.
Previous work has demonstrated that blocking MCP-1, or its receptor, prolongs islet graft
survival.12 It is impossible to know how much islet cells contribute to the total amount of
MCP-1 produced post islet transplantation, however, any decrease in MCP-1 expression
should enhance islet survival post transplantation.

Corresponding to the decreased expression of iNOS, a decrease in nitrite production, a
byproduct of iNOS activity, was seen when NF-κB activity was inhibited. Nitric oxide is
detrimental to β cells as it weakens free radical defenses, stresses the endoplasmic reticulum,
and can result in cell death.8,10 Previous work by our lab, and others, have demonstrated that
inhibition of nitric oxide production in β cells decreased cytokine-induced cell death.

We observed that the ability of islets to secrete insulin in response to glucose stimulation in
vitro was preserved in cytokine-treated transgenic islets compared to controls. These results
correlate to that reported using a similar transgenic mouse model in which NF-κB inhibition
resulted in protection from multiple low dose streptozotocin injections, a treatment thought
to damage β cells through nitric oxide production and DNA alkylation.22 Others reported the
use of viral vectors to deliver the IκBα superrepressor to islet cells.21,30 All these results are
consistent with previous work reported by our lab that examined the effect of
proinflammatory cytokine exposure to MIN6 cells expressing a dominant-negative IκBα
mutant.

The above observations suggest that inhibition of NF-κB activity in β cells should prove
beneficial to islet function in a transplant setting. Syngeneic transplantation of a marginal
islet mass to streptozotocin-induced diabetic C57BL/6 recipients were used to determine
whether inhibition of NF-κB activity in islets would have a beneficial effect on transplant
outcome. In syngeneic islet transplants, the islets are still subjected to the nonspecific
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immune response, including exposure to proinflammatory cytokines, but not the specific T-
cell mediated immune response seen in allogeneic rejection. Inhibition of NF-κB in the
donor islets resulted in approximately double the number of normoglycemic mice, with the
time to normoglycemia occurring 8 days earlier as compared to control islet recipients.
These results demonstrated a clear benefit of inhibiting NF-κB activity in donor mouse
islets. It is possible that further inhibition of NF-κB, above the 50% inhibition achieved in
these transgenic mice, may lead to enhanced in vitro islet function and further improve the
survival of the transplanted islet mass. However, a low level of NF-κB activity is necessary
for proper glucose stimulated insulin secretion31 and inhibiting NF-κB further could result a
decrease in islet function, which would possibly negate the improved islet transplant results
shown here.

The results were similar to those obtained when a marginal islet mass is transplanted to mice
receiving 15-deoxyspergualin (DSG).32 In those experiments, DSG treatment decreased the
number of days post islet transplant of hyperglycemia and increased the percentage of
allogeneic recipients that reverted to euglycemia after receiving a marginal islet mass
transplant. It was concluded that DSG acted by blunting the nonspecific injury to β cells
mediated by macrophage-derived proinflammatory cytokine release. DSG has been shown
to inhibit translocation of NF-κB to the nucleus in LPS-stimulated 70Z/3.12 murine pre-B-
cell line33, and blockade of NF-κB activity in macrophages can lead to decreased cytokine
production as well as nitric oxide production.34–36 Here we demonstrate a similar beneficial
effect through inhibiting NF-κB in β cells. It should be noted that lessening the effects of
proinflammatory cytokine exposure on islets, either through blockade of cytokine release by
macrophages or through inhibition of one of the major cytokine-induced signaling pathways
in β cells, provides enhanced function and survival of the islets post transplantation.

Syngeneic transplant experiments allowed a focus on the effect of early host non-specific
immune responses. It will be very interesting to investigate the effect of inhibiting NF-κB
activity in β cells in an allogeneic setting, as various chemokines such as MCP-1 and IP-10
are upregulated by β cells in the presence of cytokines. By decreasing their expression
levels, rejection of allogeneic islet grafts may be delayed due to less infiltration of the islet
graft by host immune cells. Future research using this transgenic mouse strain will be
directed towards determining what role, if any, NF-κB activity in β cells plays in islet graft
rejection in an allogeneic setting.

Human islets used for clinical intraportal transplants are susceptible to very similar stresses
as designed in the murine functional islet transplant model of intraportal implantation
described. The detrimental effect on islet engraftment and function caused by immediate
host non-specific proinflammatory cytokine production by resident macrophages in the liver
may be blunted by inhibition of NF-κB activation. In the clinical scenario, the period of pre-
transplant islet culture may provide an ideal window in which to treat the islets to protect
against in situ cytokine-mediated NF-κB activation. There are a number of NF-κB small
molecule inhibitors that are currently being used in research, including 6-amino-4-(4-
phenoxyphenylethylamino)quinazoline (QNZ)37–39, dehydroxymethylepoxyquinomicin
(DHMEQ)40 and the NF-κB essential modulator (NEMO)-binding domain (NBD) peptide.41

Pretreatment of the islets with one or more inhibitors may provide similar protection against
proinflammatory cytokines as seen with the transgenic mice presented here. Additionally,
gold nanoparticles (AuNP) have been used to deliver antisense DNA to both human and
mouse islets.42 These AuNPs were able to fully penetrate into the islet cells without altering
their viability or functionality, both in vitro and in vivo. Attaching antisense DNA, or
siRNA, sequences to AuNPs targeted against NF-κB itself or a member of the NF-κB
signaling pathway, would allow for inhibition of NF-κB activity in intact human islets.
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Figure 1. Characterization of double transgenic mouse line
Double transgenic mice were generated by crossing the two strains shown in (A) and
breeding them back on a C57BL/6 strain for at least 12 generations to generate a pure
C57BL/6 double transgenic mouse. B. RIP-rtTA-luc(Renilla) mouse injected with
coelenterazine and imaged using the Xenogen IVIS 100 system. C. Double transgenic
mouse treated with doxycycline in the drinking water (2 mg/mL) for 3 weeks, then injected
with luciferin and imaged using the Xenogen IVIS 100 system. D. Western blot for IκBα.
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Figure 2. Activation of NF-κB in Control and Transgenic Islets by Proinflammatory Cytokines
Treatment with cytokine mix (CM: 50 U/mL IL-1β, 1000 U/mL TNF-α and 750 U/mL IFN-
γ induced less activation of NF-κB in transgenic islets as compared to control islets. *
indicates p<0.05
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Figure 3. Gene expression analysis of control and transgenic islets exposed to cytokines by
semiquantitative RT-PCR
Control islets exposed to CM for 24 hours upregulated iNOS, MCP-1, IP-10 and IL-15.
Transgenic islets receiving the same treatment demonstrated reduced expression of iNOS,
MCP-1, IP-10 and IL-15 as compared with control islets treated with CM.

Rink et al. Page 14

Surgery. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Nitric Oxide production in control and transgenic islets exposed to proinflammatory
cytokines
Exposure of islets to CM for 24 hours resulted in increased NO production in control islets
as compared to transgenic islets. *indicates p<0.01
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Figure 5. Glucose stimulated insulin secretion assay
Treatment with CM for 24 hours resulted in a lower insulin stimulation index in the control
islets compared with transgenic islets. * indicates p<0.01
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Figure 6. Syngeneic marginal islet mass transplantation to streptozotocin-induced diabetc mice
Fifty control or transgenic islets were transplanted intrahepatically to diabetic recipients.
Transgenic islet transplants reverted mice to euglycemia faster and had a higher success rate
as compared to control islet transplants.
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