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T

ype 1 diabetes is caused by a cell-mediated
autoimmune destruction of the insulin-producing pancreatic islet ␤-cells (1). At present, there
is no available treatment that can prevent this
autoimmune process in humans. The current treatment of
type 1 diabetes involves the administration of exogenous
insulin, which does not accurately control glycemia and
cannot avoid hypoglycemic episodes or complications
caused by hyperglycemia. Genetic engineering of ␤-cells
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velopment of novel approaches for prevention of type 1
diabetes as well as for ␤-cell replacement by transplantation. A number of genes have been shown to increase the
resistance of ␤-cells to immune attacks or provide them
with the ability to downregulate immune effector mechanisms (2). Genes evolved by viruses to evade immune
responses against virus-infected cells represent an attractive source for such immunomodulatory elements (3).
The early three (E3) region of an adenovirus (Ad)
includes a number of genes that encode proteins that
prevent antigen presentation on infected cells and inhibit
cytokine-induced apoptosis of such cells (4). A 19-kDa
glycoprotein (gp19) downregulates class I major histocompatibility complex (MHC)-mediated antigen presentation
to cytotoxic T-lymphocytes (CTL) by two mechanisms.
The viral protein binds to the heavy chain of the class I
MHC molecule and prevents its transport from the endoplasmic reticulum to the cell surface (4); in addition, gp19
inhibits the transporter associated with antigen presentation (TAP) and prevents loading of class I MHC molecules
(5). Three other proteins encoded in the E3 region (10.4K,
14.5K, and 14.7K) inhibit tumor necrosis factor-␣ (TNF-␣)induced apoptosis (4,6,7). The 10.4K and 14.5K proteins
function as a complex to inhibit both TNF-␣– and Fasinduced apoptosis (8,9). We have demonstrated that expression of E3 genes in ␤-cells in transgenic mice under
control of the rat insulin II promoter (RIP) prolongs the
survival of islet allografts (10). In addition, expression of
the E3 transgenes prevented autoimmune cytolysis of
␤-cells transgenically expressing individual antigens of the
lymphocytic choriomeningitis virus (LCMV) when these
mice were infected with LCMV (11). These studies suggest
that expression of E3 genes in ␤-cells may prevent their
destruction by class I MHC-, TNF-␣– and Fas-dependent
mechanisms and/or alter the ability of such islets to
stimulate immune responses.
Here we describe the effect of E3 gene expression in
pancreatic ␤-cells on a mouse model of spontaneous
autoimmune diabetes, the nonobese diabetic (NOD)
mouse. NOD female mice develop a disease very similar to
human type 1 diabetes, initiated by infiltration of inflammatory cells into the islets (insulitis) at 4 – 8 weeks of age
(12). Recognition of both MHC class I– and class II–
restricted antigens triggers the local release of cytokines
(such as interleukin-1␤, TNF-␣, and interferon-␥) and free
radicals (such as nitric oxide) from the inflammatory cells,
which are thought to induce ␤-cell apoptosis (13). ␤-Cells
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The early three (E3) region of the adenovirus (Ad)
encodes a number of immunomodulatory proteins that
interfere with class I major histocompatibility–mediated antigen presentation and confer resistance to cytokine-induced apoptosis in cells infected by the virus.
Transgenic expression of Ad E3 genes under the rat
insulin II promoter (RIP-E3) in ␤-cells in nonobese
diabetic (NOD) mice decreases the incidence and delays
the onset of autoimmune diabetes. The immune effector
cells of RIP-E3/NOD mice maintain the ability to infiltrate the islets and transfer diabetes into NOD-scid
recipients, although at a significantly reduced rate compared with wild-type littermates. The islets of RIP-E3/
NOD mice can be destroyed by adoptive transfer of
splenocytes from wild-type NOD mice; however, the time
to onset of hyperglycemia is delayed significantly, and
40% of these recipients were not diabetic at the end of the
experiment. These findings suggest that expression of E3
genes in ␤-cells affects both the activation of immune
effector cells and the intrinsic resistance of ␤-cells to
autoimmune destruction. Diabetes 50:980 –984, 2001
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RESEARCH DESIGN AND METHODS
Generation of RIP-E3/NOD mice. The original RIP-E3 transgenic line was
generated in B6D2/F2 mice and maintained by back-crossing into C57BL/6
(B6) background (10). To generate RIP-E3/NOD mice, the RIP-E3 B6 mice
were backcrossed with NOD mice for 11 generations. The presence of the
transgene was determined by polymerase chain reaction (PCR) analysis of tail
DNA, as previously described (10). At the eighth backcross generation, RIP-E3
transgenic mice were typed by PCR for the previously described set of
microsatellite markers (17) delineating all known genetic loci of NOD origin
that contribute to diabetes susceptibility. All mice used in this study (from the
9th to 11th backcross) were derived from two 8th backcross females found to
be homozygous for NOD alleles of all of these markers. Animals were followed
until 30 weeks of age. Rates of type 1 diabetes development in the indicated
experimental groups were assessed for statistically significant differences by
Kaplan Meier life table analysis using the Statview 4.5 computer software
program (Abacus Concepts, Berkeley, CA).
Glucose measurements. Starting at 2 months of age at the Albert Einstein
College of Medicine (AECOM), RIP-E3/NOD and nontransgenic littermate
female mice were monitored weekly for plasma glucose levels using Glucometer II strips. Values ⬎400 mg/dl on two consecutive weekly determinations
were considered to be diabetic. At The Jackson Laboratory (TJL), glycosuria
was monitored with the Ames Diastix (supplied by Miles Diagnostics, Elkhart,
IN). Values ⱖ3 were considered diagnostic for the onset of diabetes.
Histological analyses. The pancreas was removed from killed animals, fixed
in buffered formaldehyde, embedded in paraffin, and sectioned. Sections were
stained with hematoxylin and eosin.
Adoptive transfer of splenocytes. Splenic leukocytes were isolated as
previously described (18) from the indicated donors. In some experiments,
1 ⫻ 107 splenic leukocytes from prediabetic (6 weeks old) or overtly diabetic
NOD female donors were injected intravenously into sublethally irradiated
(700R) 6- to 8-week-old NOD or RIP-E3/NOD female recipients. In other
experiments, 2 ⫻ 107 splenic leukocytes isolated from 6-week-old NOD or
RIP-E3/NOD female donors were injected intravenously into 4- to 6-week-old
T- and B-cell– deficient NOD/scid female recipients. These experiments were
terminated at 21 weeks posttransplantation. All animal studies were approved
by the animal institute committees of AECOM and TJL.

RESULTS

Incidence of diabetes in RIP-E3/NOD mice. To examine the effect of the E3 gene products on the development
of diabetes in NOD mice, plasma glucose levels were
monitored in 9th–11th backcross generation transgenic
and nontransgenic littermate female mice. These animals
were demonstrated to be homozygous for NOD alleles at
markers delineating all known genetic loci that contribute
to development of the disease (data not shown). The
animals were evaluated for the protective effects of the Ad
E3 genes in separate experiments either at AECOM or at
TJL, where the incidence of diabetes in NOD controls was
known to be higher. As seen in Fig. 1, by 21 weeks of age,
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FIG. 1. Decreased incidence of diabetes in the RIP-E3/NOD transgenic
mice. RIP-E3/NOD and nontransgenic NOD littermate female mice in
the 11th backcross were monitored weekly for plasma glucose levels or
glycosuria. Mice were considered diabetic according to criteria detailed in RESEARCH DESIGN AND METHODS. AECOM, AECOM colony; JL, TJL
colony.

67% of the nontransgenic NOD females in the 11th backcross at AECOM developed hyperglycemia. In contrast, all
of the RIP-E3/NOD females at AECOM remained euglycemic until 25 weeks of age, when 1 of 13 became diabetic.
The incidence of diabetes at TJL was higher both in the
NOD controls (93%) and in the RIP-E3/NOD animals (36%),
but the delayed onset in the latter group was again noted.
There was a statistically significant difference between
RIP-E3/NOD and wild-type littermates at each institution
(P ⬍ 0.0001 at TJL, P ⫽ 0.0012 at AECOM). Subsequent
constructs of new transgenic NOD mice containing E3
genes have proven that the E3 effect on the incidence of
diabetes is not attributable to a positional insertion effect
of the transgene.
Histological analysis of RIP-E3/NOD mice. To determine whether the E3 gene products also retarded the
development of insulitis, the pancreases from 14-week-old
prediabetic female mice in the 11th backcross at AECOM
were subjected to histologic analysis. The pancreases of
both transgenic (Fig. 2) and nontransgenic littermates
(data not shown) contained islets with varying degrees of
insulitis as well as islets free of inflammatory cells. Quantitation of islets into four grades of insulitis revealed a
lower insulitis score for the transgenic mice compared
with the nontransgenic littermates (Table 1). Because
these two groups developed insulitis at quantitatively
different rates, a qualitative comparison by histochemistry
of cell types comprising the insulitic lesions in agematched standard and RIP-E3 transgenic NOD mice would
not reveal mechanistic information about the basis of
E3-induced type 1 diabetes resistance. Hence, alternative
studies of mechanism were pursued.
Adoptive transfer experiments. Prevention of the development of diabetes in the RIP-E3/NOD mice might
result from an aberrant stimulation of the immune system
by the ␤-cells or from an increased resistance of ␤-cells to
immune effector mechanisms. To evaluate both of these
possibilities, several types of adoptive transfer experiments were performed. Splenocytes from 6-week-old RIPE3/NOD or standard NOD female donors were transferred
981
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are particularly sensitive to the effects of free radicals
because of their low expression of antioxidant enzymes
(14). In addition, the expression of TNF-␣ in islets has
been shown to promote diabetes in neonatal NOD mice by
enhancing islet antigen presentation (15,16). Our findings
demonstrate that expression of the E3 genes in NOD mice
decreases the destruction of ␤-cells and slows the development of diabetes. Although insulitis occurs, it is significantly reduced, and destruction of the target cells by
infiltrating inflammatory cells appears to be similarly
decreased. However, the immune system in these mice
maintains its capacity to destroy ␤-cells, as demonstrated
by adoptive transfer experiments. The ability of E3 gene
expression in ␤-cells to both prevent islet damage in NOD
and LCMV murine models of type 1 diabetes and facilitate
survival of allogeneic transplanted islets (10) makes it a
potential candidate for gene therapy of type 1 diabetes.
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into NOD-severe combined immunodeficient (scid) female
mice, which do not develop diabetes spontaneously due to
their immunodeficiency (19). As seen in Fig. 3 data obtained in the TJL colony, ⬃80% of recipients transplanted
with splenocytes from euglycemic nontransgenic NOD
donors developed hyperglycemia within 15–16 weeks.
Among recipients transplanted with splenocytes from RIPE3/NOD donors, 40% of the mice developed hyperglycemia
within the same period of time. These differences, which
are statistically significant (P ⫽ 0.042), demonstrate that
immune effector cells that are primed and mature in
animals expressing the E3 genes can transfer diabetes into
the NOD-scid recipients, but they do so at the reduced rate
characteristic of their endogenous function. These results
support the conclusion that there are changes in the donor

cell–mediated immune capacity as a result of expression
of the RIP-E3 transgene. However, the following experiments suggest that there were also local effects of the
RIP-E3 transgene in islet ␤-cells.

TABLE 1
Quantitation of insulitis in RIP-E3/NOD mice

Genotype
Nontransgenic
RIP-E3

Mice

Islets

3
4

45
67

Insulitis grades
(%)
0
1 2 3
46
69

9
12

7
6

38
13

Insulitis score
1.32
0.63

The pancreases from 14-week-old RIP-E3/NOD and nontransgenic
littermate female mice from the 11th backcross were subjected to
histological analysis. Insulitis grades (shown in Fig. 2) were defined
as follows: 0, no inflammatory cells visible inside the islet or in its
proximity; 1, peri-insulitis; 2, light infiltration involving ⬍25% of the
islet area; 3, heavy infiltration involving ⬎25% of the islet area. A
comparison of variance in the incidence of insulitis grades between
the two groups showed a significant difference (P ⫽ 0.0006).
982

FIG. 3. Incidence of diabetes using splenocytes transferred from
RIP-E3/NOD into NOD-scid mice. Splenocytes were harvested from
6-week-old NOD mice before the onset of hyperglycemia and from
age-matched RIP-E3/NOD littermates as described in RESEARCH DESIGN
AND METHODS. NOD splenocytes or RIP-E3/NOD splenocytes were injected into NOD-scid mice. Glycosuria was monitored weekly as described in RESEARCH DESIGN AND METHODS.
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FIG. 2. Histological analysis of pancreatic islet sections from 14-week-old RIP-E3/NOD female mice. The pancreases were fixed in formaldehyde,
embedded in paraffin, sectioned, and stained with hematoxylin and eosin. The islets shown represent four grades of insulitis: A, grade 0, absence
of insulitis; B, grade 1, peri-insulitis; C, grade 2, light infiltration involving <25% of the islet area; D, grade 3, heavy infiltration involving >25%
of the islet area. Magnification is ⴛ217.
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To test whether the transgenes reduced the susceptibility of ␤-cells to immune destruction, the E3-expressing
␤-cells were exposed to immune effector cells that developed in the wild-type NOD environment. For this purpose,
the RIP-E3/NOD transgenic mice and nontransgenic NOD
controls were sublethally irradiated and transplanted with
splenocytes harvested from either young prediabetic or
overtly diabetic NOD female donors. As expected, splenocytes from overtly diabetic donors transferred disease
more rapidly than those from prediabetic donors. However, in both cases, the onset of diabetes in RIP-E3
recipients was significantly delayed compared with standard NOD recipients (P ⫽ 0.0049 for prediabetic donor
cells, and P ⫽ 0.035 for overtly diabetic donor cells). The
results of these experiments, which were performed at
TJL, are shown in Fig. 4.
DISCUSSION

These results demonstrate that expression of adenovirus
E3 genes in ␤-cells in the NOD background decreases the
incidence and delays the development of diabetes. These
results were obtained with identical transgenic animals
housed in two different institutions at which the rate of
diabetes differed between 67 and 92% for the parental
female NOD strain. The E3 gene products did not prevent
the development of some insulitis in the RIP-E3/NOD
animals, even when the rate of diabetes was reduced to
⬍10% in this population. However, the amount of insulitis
was significantly reduced in the presence of the E3 genes.
Because it was unlikely that analysis of the quantitatively
heterogeneous mononuclear infiltrates would yield an
understanding of the Ad E3 regulatory process, we are
performing other types of experiments to determine the
nature of the effector cells that are altered in the presence
of ␤-cell Ad E3 gene expression.
The mechanism of protection against diabetes by the Ad
E3 gene products is not known, in part because of the
multigenic nature and multiple pathways potentially alDIABETES, VOL. 50, MAY 2001
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FIG. 4. Incidence of diabetes using splenocytes transferred from NOD
mice into irradiated RIP-E3/NOD mice. RIP-E3/NOD animals and NOD
littermate controls were irradiated (irr.) with 700R at 6 weeks of age
and transplanted with splenocytes from either prediabetic or diabetic
(db) NOD animals. Urinary glucose levels were measured at the
indicated times after cell transfer.

tered by the E3 genes. In addition to the inhibitory effects
on cell death by inhibiting class I MHC–mediated antigen
presentation and TNF-␣– and Fas-initiated apoptosis by
various E3 proteins, the E3-14.7K protein has been shown
to interact with important regulatory molecules on the
nuclear factor-B signal transduction pathway (20,21) and
with a small guanosine 5⬘-triphosphatase that can complex
to a component of dynein (22). Mapping studies are in
progress to dissect the Ad E3 genes responsible for the
inhibition of autoimmune diabetes in the LCMV-induced
model as well as for the decrease of disease in the NOD
mice. Animals that are transgenic for the Ad E3 cassette
designed with various deletions have been constructed for
these experiments, which are in progress. Although these
experiments are not yet completed, it is clear that NOD
transgenics expressing new constructs of E3 genes are
also protected from diabetes. These recent results indicate
that the effects of the E3 transgenes demonstrated in the
current article are not attributable to insertional mutagenesis.
None of the Ad E3– coded proteins has been shown to
be secreted. Thus, they should effect only cells in which
they are synthesized or immunological reactions that
depend on recognition of such cells. The insulin promoter
is primarily active in pancreatic ␤-cells, but it has shown
some activity in testis; the RIP II version used here has
also been shown to be active at low levels in thymus
(23,24). However, from adoptive transfer experiments, it
appears that the RIP-driven E3 proteins affect both the
activation and/or development of immune effector cells as
well as the susceptibility of ␤-cell targets to destruction by
fully activated immune effector cells. The two effects are
likely to be interrelated, because the initial damage to
␤-cells may reinforce the immune response by providing
further stimuli to immune effector cells. Adoptive transfer
studies have been initiated to determine which immunologic cell types are altered during the reduction of the
diabetogenic phenotype in NOD mice as a result of RIP-E3
transgene expression.
Whereas the reduction in diabetes by Ad E3 gene
products is complete in the LCMV model and readily
apparent in the NOD model, it is clear that the activity of
the viral genes must be further enhanced before a useful
prophylactic or therapeutic approach to diabetes in humans would be feasible using these principles. Although
the system might be further optimized by increased expression of the E3 proteins, it also may be improved by
deletion of E3 genes with potentially harmful effects. One
example is an 11.6-kDa proapoptotic protein, also called
the “adenovirus death protein,” that is thought to function
in viral release from the nucleus at the end of the infectious cycle (25). Thus, viral genes evolving with an infectious agent to modify the host immune and cytokine
responses to favor survival of the pathogen might prove to
be useful for controlling the host response to endogenous
stimuli that promote autoimmune diseases. Unlike immunomodulation approaches based on gene targeting, such
as the ␤2-microglobulin knockout animals (26,27), the E3
genes could be introduced into ␤-cells as dominant transgenes using viral vectors to modulate the immune response to human islets before transplantation.

ADENOVIRUS GENES DECREASE NOD DIABETES

ACKNOWLEDGMENTS

This work was funded by Program Project grants from the
Juvenile Diabetes Foundation International (JDFI) and the
National Institutes of Health (NIH) (to M.H. and S.E.) and
by NIH grants DK46266, DK51090, and AI41469 and JDFI
grants (to D.S.).
REFERENCES

984

DIABETES, VOL. 50, MAY 2001

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/50/5/980/369157/980.pdf by guest on 27 September 2022

1. Castano L, Eisenbarth GS: Type-I diabetes: a chronic autoimmune disease
of human, mouse, and rat. Annu Rev Immunol 8:647– 679, 1990
2. Efrat S: Prospects for gene therapy of insulin-dependent diabetes mellitus.
Diabetologia 41:1401–1409, 1998
3. Spriggs MK: One step ahead of the game: viral immunomodulatory
molecules. Annu Rev Immunol 14:101–130, 1996
4. Wold WS, Gooding LR: Region E3 of adenovirus: a cassette of genes
involved in host immunosurveillance and virus-cell interactions. Virology
184:1– 8, 1991
5. Bennett EM, Bennink JR, Yewdell JW, Brodsky FM: Cutting edge: adenovirus E19 has two mechanisms for affecting class I MHC expression.
J Immunol 162:5049 –5052, 1999
6. Wold WSM: Adenovirus genes that modulate the sensitivity of virusinfected cells to lysis by TNF. J Cell Biochem 53:329 –335, 1993
7. Tufariello J, Cho S, Horwitz MS: The adenovirus E3 14.7-kilodalton protein
which inhibits cytolysis by tumor necrosis factor increases the virulence of
vaccinia virus in a murine pneumonia model. J Virol 68:453– 462, 1994
8. Shisler J, Yang C, Walter B, Ware CF, Gooding LR: The adenovirus
E3-10.4K/14.5K complex mediates loss of cell surface Fas (CD95) and
resistance to Fas-induced apoptosis. J Virol 71:8299 – 8306, 1997
9. Tollefson AE, Hermiston TW, Lichtenstein DL, Colle CF, Tripp RA,
Dimitrov T, Toth K, Wells CE, Doherty PC, Wold WS: Forced degradation
of Fas inhibits apoptosis in adenovirus-infected cells. Nature 392:726 –730,
1998
10. Efrat S, Fejer G, Brownlee M, Horwitz MS: Prolonged survival of pancreatic islet allografts mediated by adenovirus immunoregulatory transgenes.
Proc Natl Acad Sci U S A 92:6947– 6951, 1995
11. von Herrath M, Efrat S, Oldstone MBA, Horwitz MS: Expression of
adenoviral E3 transgenes in ␤ cells prevents autoimmune diabetes. Proc
Natl Acad Sci U S A 94:9808 –9813, 1997
12. Kikutani H, Makino S: The murine autoimmune diabetes model: NOD and
related strains. Adv Immunol 51:285–322, 1992
13. Mauricio D, Mandrup-Poulsen T: Apoptosis and the pathogenesis of IDDM:
a question of life and death (Review). Diabetes 47:1537–1543, 1998
14. Lenzen S, Drinkgern J, Tiedge M: Low antioxidant enzyme gene expression

in pancreatic islets compared with various other mouse tissues. Free Radic
Biol Med 20:463– 466, 2000
15. Green EA, Eynon EE, Flavell RA: Local expression of TNF␣ in neonatal
NOD mice promotes diabetes by enhancing presentation of islet antigens.
Immunity 9:733–743, 1998
16. Green EA, Flavell RA: The temporal importance of TNF␣ expression in the
development of diabetes. Immunity 12:459 – 469, 2000
17. Serreze DV, Chapman HD, Varnum DS, Hanson MS, Reifsnyder PC,
Richard SD, Fleming SA, Leiter EH, Shultz LD: B lymphocytes are essential
for the initiation of T cell-mediated autoimmune diabetes: analysis of a
new “speed congenic” stock of NOD.Ig null mice. J Exp Med 184:2049 –
2053, 1996
18. Serreze DV, Chapman HD, Varnum DS, Gerling I, Leiter EH, Shultz LD:
Initiation of autoimmune diabetes in NOD/Lt mice is MHC class I-dependent. J Immunol 158:3978 –3986, 1997
19. Prochazka M, Gaskins HR, Shultz LD, Leiter EH: The nonobese diabetic
scid mouse: model for spontaneous thymomagenesis associated with
immunodeficiency. Proc Natl Acad Sci U S A 89:3290 –3294, 1992
20. Li Y, Kang J, Friedman J, Tarassishin L, Ye J, Kovalenko A, Wallach D,
Horwitz MS: Identification of a cell protein (FIP-3) as a modulator of
NF-B activity and as a target of an adenovirus inhibitor of tumor necrosis
factor ␣-induced apoptosis. Proc Natl Acad Sci U S A 96:1042–1047, 1999
21. Ye J, Xie X, Tarassishin L, Horwitz MS: Regulation of the NF-B activation
pathway by isolated domains of FIP3/IKK␥, a component of the IB-␣
kinase complex. J Biol Chem 275:9882–9889, 2000
22. Lukashok SA, Tarassishin L, Li Y, Horwitz MS: An adenovirus inhibitor of
tumor necrosis factor ␣-induced apoptosis complexes with dynein and a
small GTPase. J Virol 74:4705– 4709, 2000
23. Jolicoeur C, Hanahan D, Smith KM: T-cell tolerance toward a transgenic
␤-cell antigen and transcription of endogenous pancreatic genes in thymus. Proc Natl Acad Sci U S A 91:6707– 6711, 1994
24. Smith KM, Olson DC, Hirose R, Hanahan D: Pancreatic gene expression in
rare cells of thymic medulla: evidence for functional contribution to T cell
tolerance. Int Immunol 9:1355–1365, 1997
25. Tollefson AE, Ryerse JS, Scaria A, Hermiston TW, Wold WS: The E3-11.6kDa adenovirus death protein (ADP) is required for efficient cell death:
characterization of cells infected with adp mutants. Virology 220:152–162,
1996
26. Markmann JF, Bassiri H, Desai NM, Odorico JS, Kim JI, Koller BH,
Smithies O, Barker CF: Indefinite survival of MHC class I-deficient murine
pancreatic islet allografts. Transplantation 54:1085–1089, 1992
27. Osorio RW, Ascher NL, Jaenisch R, Freise CE, Roberts JP, Stock PG: Major
histocompatibility complex class I deficiency prolongs islet allograft
survival. Diabetes 42:1520 –1527, 1993

