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autoantibodies to insulin, glutamic acid decarboxylase (GAD),
and tyrosine phosphatase-like islet antigen 2 (IA-2) (20). We
detected autoantibodies to GAD and to IA-2 in acute- and/or
convalescent-phase sera of 3 (30%) of 10 children without a
family history of diabetes who were hospitalized with rotavirus
gastroenteritis (24). This rate was at least four times that observed in normal schoolchildren (2).
The strong environmental influence on the development of
T1D (21) has led to numerous studies of potential viral trigger
agents in humans and in murine models (29, 49). We recently
reported evidence of a link between rotavirus infection and
T1D in humans genetically at risk for this disease (25, 26). The
immunodominant T-cell epitope of the islet antigen IA-2,
amino acids (aa) 805 to 820, was found to have 33 to 56%
identity and 100% similarity over 9 aa (aa 41 to 49) of rotaviruses of VP7 serotypes 1 and 3 (26). The T-cell contact residues in the IA-2 and VP7 sequences appeared to be identical,
indicating a potential for molecular mimicry. Only 11 aa N
terminal of this VP7 sequence is a 12-aa sequence at positions
18 to 30 that shows 67% identity and 92% similarity to aa 117
to 128 of GAD. All human rotaviruses contain the GADrelated sequence. This GAD sequence encompasses a T-cell
epitope in DR4 transgenic mice and in DR4-DQ8 homozygous
at-risk humans. Both the GAD- and IA-2-related sequences in
VP7 contain hydrophobic potential anchor sequences for binding to HLA class II molecules and are flanked by epitopes for
anti-rotavirus CD8⫹ cytotoxic T cells in C57BL/6 and BALB/c
mice (5, 15), confirming that this VP7 region is strongly immunogenic.
Evidence suggestive of a clinical association between rotavirus infection and T1D was obtained from 54 children at risk
for T1D in whom rotavirus seroconversion in immunoglobulin
A (IgA) or IgG was significantly associated in the same
6-month period with the first appearance of, or a significant
increase in, IA-2 antibodies, GAD antibodies, and/or antibodies to insulin (25). There was no cross-reaction between antirotavirus and anti-islet antibody responses, as absorption of
sera with viral antigen did not affect anti-islet antibody levels
(25). Rotavirus infection may trigger islet autoimmunity and

Rotaviruses are the major cause of human infantile gastroenteritis worldwide, with multiple serotypes causing regular
winter outbreaks until herd immunity is almost complete by 5
years of age (4). These nonenveloped, triple-layered, doublestranded RNA viruses are members of the family Reoviridae
(13). Their outer capsid is composed of the glycoprotein VP7,
through which spikes of the protein VP4 protrude (45). Both
VP4 and VP7 independently elicit neutralizing, protective antibodies and are serotype determinants (40). VP4 is an important determinant of virulence, host cell tropism (28), receptor
binding, and cell penetration (31, 35). Proteolytic cleavage by
pancreatic trypsin of VP4 into two subunits, VP8ⴱ and VP5ⴱ,
is required for virus infectivity and promotes rapid virus internalization into the cell. VP6 forms the capsid underlying the
outer capsid and determines group and subgroup specificity
(13).
Rotaviruses normally infect the mature enterocytes of the
small intestine but may spread extraintestinally. Indications of
rotavirus infection of the liver in humans include elevated liver
aminotransferase activity during rotavirus infection (17), rotavirus particles in a liver abscess (18), and rotavirus replication
in HepG2 cells (32, 52). In children with severe combined
immunodeficiency (SCID) and chronic rotavirus infection, replicating rotavirus is present in the liver and kidneys and rotavirus antigen is detectable in the serum (16, 51).
Severe rotavirus gastroenteritis has been associated with
pancreatitis in two children (12, 39) and with nonketotic hyperglycemic syndrome in one child (48). Extraintestinal rotavirus detection in these children was not attempted. Pancreatic
islet cell autoantibodies were detected in acute-phase but not
convalescent-phase serum from one child (39). These antibodies are markers of islet autoimmunity and predict the T-cellmediated destruction of islet ␤ cells, leading to type 1 diabetes
(T1D). In addition to islet cell autoantibodies, the subclinical
autoimmune prodrome of T1D is characterized by circulating
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Rotavirus infection in children at risk of developing type 1 diabetes has been temporally associated with
development of pancreatic islet autoantibodies. In this study, nonobese diabetic mice were shown to be
susceptible to rhesus rotavirus infection and pancreatic islets from nonobese diabetic mice, nonobese diabetesresistant mice, fetal pigs, and macaque monkeys supported various degrees of rotavirus growth. Human
rotaviruses replicated in monkey islets only. This islet susceptibility shows that rotavirus infection of the
pancreas in vivo might be possible.

9538

NOTES

min at 37°C before use. The identities of the rotaviruses used
were confirmed by RNA gel electrophoresis (8).
NOD mice (NOD/Jax) and diabetes-resistant NOR mice
(NOR/Lt), obtained from the Jackson Laboratory (Bar Harbor, Maine), were maintained at the animal facilities of the
Walter and Eliza Hall Institute and the Department of Microbiology and Immunology of The University of Melbourne under specific-pathogen-free conditions and housed in microisolator cages. All procedures were conducted in accordance with
protocols approved by the Walter and Eliza Hall Institute
Animal Ethics Committee or the Animal Experimentation
Ethics Sub-Committee of The University of Melbourne, as
appropriate. Both NOD and NOR mice are H-2 Kd Db I-Ag7,
I-E negative. Female and male NOD mice in these facilities
have diabetes incidences of ⱖ70% and ⱕ45%, respectively, by
250 days of age. The sera collected from the 100 NOD and
NOR mice used in our experiments all showed negative antirotavirus antibody titers of ⬍1:50 by an enzyme immunoassay
(EIA) which was done as previously described (10) with partially purified RRV as the capture antigen. The viral antigens
reactive in this assay are VP6, VP4, and VP7 (10).
Four-week-old NOD mice were examined for susceptibility
to infection with RRV. All of the mice showed anti-rotavirus
antibody titers of ⬍1:50 by EIA immediately prior to RRV
inoculation and were housed in microisolator cages in an isolation cabinet of a dedicated quarantine room for the course of
the experiment. Groups of 5 female and 5 male mice (10 mice
per group) were inoculated orally with 50 l of RRV (8.0 ⫻
106 fluorescing cell-forming units [FCFU]), a medium dose
(37), or 50 l of a mock-infected control preparation. Of the
RRV-inoculated mice, 90% seroconverted to RRV, showing
anti-rotavirus antibody titers in sera collected 10 to 16 days
after RRV inoculation of ⱖ1:800 by EIA. Stool samples collected daily for 16 days after RRV inoculation were analyzed
for rotavirus antigen by capture EIA as described previously
(11), with anti-VP6 mouse monoclonal antibody RVA for detection of bound antigen. Of the RRV-inoculated mice, 70%
excreted viral antigen, as detected by EIA, starting at 3 to 7
days after RRV inoculation and continuing for 1 to 7 days.
Virus excretion was detected for up to 10 days from the time of
RRV inoculation, with 58% of mice showing stationary antigen
levels, 14% showing increasing and then decreasing levels,
14% showing decreasing levels, and 14% showing biphasic
peaks of excretion at days 5 and 9 after inoculation. Of the
female mice that seroconverted to rotavirus, 20% did not excrete viral antigen detectable by EIA. Of the male RRVinoculated mice, 20% showed a titer of ⬍1:50 by EIA in sera
collected 16 days after inoculation, did not excrete RRV detectable by EIA, and thus did not appear to have become
infected with RRV. Overall, 90% of RRV-inoculated NOD
mice showed evidence of rotavirus infection, which did not
appear to be sex dependent. The mock-inoculated mice neither
seroconverted to rotavirus nor excreted detectable rotavirus
antigen in their stool. No evidence of diarrhea (liquid stool
after gentle abdominal palpation, soiling of bedding or fur) or
diabetes (frequent urination) was detected during daily examination of mice. The blood glucose levels of these mice were
not measured. Overall, RRV infection in adult NOD mice
showed patterns of seroconversion, virus shedding, and lack of
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hasten the onset of clinical diabetes in genetically at-risk children.
Direct pancreatic involvement during experimental rotavirus
infection was examined by using porcine rotavirus strain OSU,
which was not detected in piglet pancreata (54). Porcine islets
are surrogates for human islets (47) and are being evaluated as
xenografts (33). No studies of pancreatic involvement during
rotavirus infection of monkeys or mice have been reported. In
monkeys, simian rotavirus strain SA11 produced enteric infection, diarrhea, or generalized infection and diarrhea, depending on the species (53). Rhesus rotavirus (RRV) induced hepatitis in 21% of normal mice and 84% of neonatal SCID mice,
and strain SA11 induced mild hepatitis in SCID mice (57),
demonstrating extraintestinal spread. It has been proposed
that RRV induces extrahepatic biliary atresia in newborn
BALB/c mice (44). Reovirus, also a member of the Reoviridae
family, has long been implicated in extrahepatic biliary atresia
in mice (56). Mammalian reoviruses infect murine pancreatic ␤
cells to produce a T1D-like syndrome (22, 41) that can be
associated with autoantibodies to insulin (42). Reovirus infection of human islets results in increased MHC class I protein
expression and ␤-cell death (7, 56).
The nonobese diabetic (NOD) mouse is the favored animal
model for human T1D. Its MHC class II (I-Ag7) is structurally
and functionally similar to HLA-DQ8 (ⴱ0302), the major susceptibility class II molecule in humans, and it displays immunity to the same islet antigens as that of humans (1). Spontaneous destruction of ␤ cells occurs in response to macrophage
and lymphocyte infiltration of the islets (insulitis), beginning at
3 to 4 weeks of age. Most mice succumb to diabetes by 16 to 20
weeks. Coxsackievirus B4 infection of NOD mice produces
severe pancreatitis starting at 3 days postinfection (p.i.) (27). In
contrast, the nonobese, diabetes-resistant (NOR) mouse that
has 88% of the NOD genome, including the diabetogenic
MHC (46), exhibits protracted, nondestructive peri-insulitis
(14). No studies of rotavirus infection of NOD or NOR mice
have been reported.
In this study, we examined the ability of RRV to infect NOD
mice and tested islets and islet cell-depleted pancreatic cells
from NOD and NOR mice, fetal porcine islets, and monkey
islets for susceptibility to infection with human and monkey
rotaviruses.
RRV infects NOD mice. The viruses used in this study, monkey rotaviruses RRV and SA11, of serotypes P5B[3], G3 and
P5B[2], G3, respectively, and human rotavirus strains Wa
(P1A[8], G1), RV-5 (P1B[4], G2), and P (P1A[8], G3), have
been described previously (8). Virus infectivity was activated
by treatment with porcine pancreatic trypsin type IX (10 g/
ml; Sigma Chemical Co., St. Louis, Mo.) for 20 min at 37°C.
Viruses were propagated in confluent MA104 cells in Dulbecco’s modified Eagle’s medium (DMEM) containing porcine
trypsin at 1 g/ml (DMEM-T) as previously described (23, 50).
Control, uninfected MA104 cell lysate was prepared by mock
infection of MA104 cells with DMEM containing porcine trypsin at 10 g/ml. After incubation at 37°C for 2 to 5 days,
virus-infected and mock-infected cells were lysed by three
rounds of freeze-thawing at ⫺70°C and harvested cells were
clarified by centrifugation at 1,500 ⫻ g for 7 min. Uninfected
MA104 cell lysate was treated with trypsin at 10 g/ml for 20
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described above and photographed immediately. Photographs
were taken with a Leitz Diaplan fluorescence microscope
(Wild Leitz Pty. Ltd.) and Kodak Elite Chrome 400 film (Eastman Kodak Company, Rochester, N.Y.).
With this immunochemical staining method, RRV replication was detectable in virus-infected islets at 24 h p.i. and the
numbers of infected cells per islet increased up to 72 h p.i.,
when most of the cells on the islet surface were infected (Fig.
1A and B). At 120 h p.i., islets still showed many infected cells
(Fig. 1C). Strongly fluorescing RRV-infected cells often appeared to be rounded or partly detached from the islet surface
(Fig. 1B, C, and F). Concomitant with virus replication, islets
decreased in size, as shown in Fig. 1D (cf. Fig. 1F). It therefore
appears that each round of virus replication in the cells on the
islet surface results in progressive loss of the surface cells,
reducing the size of the islet. This process may have exposed
further susceptible cells to infection. SA11 replication was also
evident at 24 h p.i. (Fig. 1G), and additional infected cells were
detected at 48 h p.i. (Fig. 1H). In Wa rotavirus-infected islets,
one or two specifically fluorescing cells per islet were evident at
24 h p.i. (Fig. 1H) and none were detected after that time. Islet
cell-depleted pancreatic cells consisted of single cells and
clumps of up to five cells, which were a mixture of at least two
nonadherent cell types on the basis of size. As assessed by
trypan blue exclusion, these cells lost ⬎80% of their viability
after culture for 24 h, even in the presence of 2% (vol/vol)
FCS. However, one or two RRV-infected cells were visible at
18 h p.i. in cytospins of cells inoculated with virus at an MOI of
1, whereas no stained cells were visible in mock-infected, islet
cell-depleted cells (data not shown).
In order to construct virus growth curves, virus-infected and
uninfected islets and islet cell-depleted pancreatic cells were
prepared as described above. Confluent monolayers of MA104
cells (5 ⫻ 104 cells/well) were washed twice with PBS and
infected with trypsin-activated rotavirus at an MOI of 0.1, 1, or
10 (RRV) or 1 or 10 (SA11 and Wa). For all cell types,
infection was terminated at 1 to 168 h p.i. by freezing at ⫺70°C.
Samples were frozen and thawed twice to release intracellular
virus. Viral titers were determined by indirect immunofluorescent staining of MA104 cell monolayers inoculated with serial
dilutions of virus samples as previously described (8). Viral
titers are expressed as the number of FCFU per milliliter.
The titers of infectious RRV produced during virus growth
over 72 h in primary NOD mouse islets were compared with
the titers in primary intestinal epithelial cells (enterocytes)
obtained from the same mice and with the titers in MA104
cells (Fig. 2). In islets, RRV titers increased slowly and steadily
up to 72 h p.i. In contrast, the virus titer obtained after inoculation of the MA104 cell monolayers increased rapidly over
the first 24 h and then stabilized at a level about 1 log10 higher
than that in islet cultures at 72 h p.i. No RRV growth was
detected in the enterocytes, which were obtained as small
clumps that did not adhere to the solid phase over the course
of the experiment. Mock-infected enterocyte cultures showed
rapidly declining viabilities (as assessed by trypan blue exclusion) of 83, 42, 41, and 36% after 1, 2.5, 3.5, and 15 h of culture,
respectively. The lack of adherence and loss of cellular viability
suggest that, in contrast to islets, freshly isolated enterocytes
are unable to survive long enough for detectable RRV growth.
Titers of SA11 and Wa in NOD mouse islets were consistent
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symptoms similar to those of other mouse strains, such as
BALB/c and CD2 (30, 37).
Monkey, but not human, rotaviruses replicate to a high titer
in NOD mouse islets. Islets and islet cell-depleted pancreatic
cells from NOD and NOR mice were tested for susceptibility
to infection with RRV, SA11, and the prototype human rotavirus strain Wa. Pancreatic islets were isolated from 8-weekold male NOD and NOR mice (eight per experiment) by a
modified collagenase technique as previously described (55).
Briefly, immediately after euthanasia by CO2 narcosis, pancreatic ducts of mice were injected with 3.9 U of collagenase P
(Boehringer, Mannheim, Germany) in 3.0 ml of DMEM. Pancreata were collected onto ice and incubated at 37°C for 20 min
in 10 ml of warm DMEM. Collagenase digestion was stopped
by replacement of medium with 10 ml of cold DMEM, and cell
clumps were disrupted by shaking for 1 min. Cells were filtered
through 500-m mesh into DMEM and then sedimented twice
under gravity for 5 min on ice. The supernatant, containing
pancreatic cells depleted of islets, was collected into DMEM
supplemented with 2% (vol/vol) fetal calf serum (FCS) (islet
cell-depleted pancreatic cells). Sedimented islets were centrifuged at 200 ⫻ g for 1 min at 4°C, resuspended in 10 ml of
Histopaque 1077 (Sigma), and overlaid with 5 ml of DMEM.
Cells were centrifuged at gradually increasing speeds (from 25
⫻ g to 800 ⫻ g) for 4 min and then at 800 ⫻ g for a further 10
min at 4°C. Islets were recovered from the interface, washed
twice at 1 ⫻ g for 1 min with DMEM, hand picked individually
into DMEM on ice with a siliconized Pasteur pipette, and
counted under a dissecting microscope. As assessed by microscopic examination, the islet purity was 70%.
Freshly isolated, free-floating murine islets (⬃500; ⬃5 ⫻ 105
cells) in DMEM were infected with trypsin-activated virus at a
multiplicity of infection (MOI) of 0.1, 1, or 10 or with trypsinactivated, uninfected MA104 cell lysate for 1 h at 37°C. After
virus adsorption, islets were washed twice in DMEM by centrifugation at 1,500 ⫻ g for 7 min. After the final wash, cells
were gently resuspended in DMEM-T and transferred in
100-l aliquots to wells of 96-well cell culture trays (Nunclon).
At 24 to 120 h p.i., cells were collected onto glass slides by
cytospin centrifugation at 450 ⫻ g for 8 min and then fixed in
a 3:1 solution of acetone-methanol for 20 min at ⫺20°C.
Freshly isolated, murine islet cell-depleted pancreatic cells
were centrifuged at 1,000 ⫻ g, resuspended in DMEM supplemented with 2% (vol/vol) FCS to 5 ⫻ 105 cells/ml, and then
infected with trypsin-activated virus or uninfected MA104 cell
lysate as for islet cells. After virus adsorption, cells were
washed twice in DMEM by centrifugation at 1,000 ⫻ g for 7
min and maintained in DMEM-T in 100-l aliquots in the
same way as islets. Cells were collected at 18 h p.i. by cytospin
centrifugation at 800 ⫻ g for 8 min onto glass slides and then
fixed the same way as islets.
After drying, each slide of cells was stained with 50 l of a
1:400 dilution in filtered phosphate-buffered saline (PBS) of
rabbit hyperimmune antiserum to SA11 or preimmune rabbit
serum as a control (11) for 1 h at 37°C. Slides were washed in
filtered PBS for 15 min at room temperature with one change
of PBS and then counterstained, at 50 l per slide, with fluorescein isothiocyanate-conjugated sheep anti-rabbit IgG (Silenus Labs Pty. Ltd., Boronia, Victoria, Australia) diluted 1:100
in filtered PBS for 1 h at 37°C. Slides were then washed as
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with the results of immunochemical staining of infected islets.
SA11 titers in islet cultures increased gradually to maxima at
168 h p.i. of 1.0 ⫻ 106 FCFU/ml at an MOI of 0.1 and 5.2 ⫻ 105
FCFU/ml at an MOI of 1 (Fig. 3, Table 1). The maximum titer
of SA11 in islets at an MOI of 1 was 130-fold lower than the
maximum titer of SA11 in MA104 cells at the same MOI. Very
little, if any, replication of Wa rotavirus was detected in islets,
as virus titers in islet cultures did not change significantly over
168 h (Table 1). SA11 titers in islet cell-depleted pancreatic
cells, at MOIs of 0.1 and 1, did not show any increase over the
input virus titer (data not shown). At MOIs of 1 and 10, Wa
titers in islet cell-depleted pancreatic cells declined over 168 h,
showing no evidence of virus growth (data not shown).
RRV replicates to higher titers in NOD mouse islets than in
NOR mouse islets. The kinetics of RRV growth in NOD and
NOR mouse islets and islet cell-depleted pancreatic cells over
7 days are compared with those in MA104 cells, at MOIs of 0.1
and 1, in Fig. 4. In islets and MA104 cells, the maximum virus
yield was obtained at an MOI of 0.1. As shown in Fig. 4 and
Table 1, virus titers in NOD mouse islets rose steadily to

FIG. 2. Relative growth of RRV in primary NOD mouse islets,
enterocytes, and MA104 cells up to 72 h p.i. at an MOI of 1.0. Enterocytes were isolated from the same mice from which the pancreatic
cells were obtained, as described previously (36), but were infected
immediately, without culturing in vitro. Each bar represents the 95%
confidence interval of the mean of three replicates.
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FIG. 1. Detection of RRV, SA11, and Wa antigens in primary NOD mouse islets by indirect immunofluorescence assay after 1 to 5 days of
infection at an MOI of 1.0. Rotavirus-infected and uninfected cells were fixed and stained at various times p.i. RRV-infected cells are shown at
24 h (A and D), 72 h (B), and 120 h (C and F) p.i.; uninfected (control) cells are shown at 72 h p.i. (E); SA11-infected cells are shown at 24 h
(G) and 48 h (H) p.i.; and Wa-infected cells are shown at 24 h p.i. (I). Infected cells were visualized by fluorescence microscopy (A, B, C, E, G,
H, and I). The position of RRV-infected cells within the islet was located by phase-contrast microscopy (D and F). Magnification, ⫻200.

VOL. 76, 2002

NOTES

9541

TABLE 1. Maximum rotavirus titers and maximum increases in virus titers over input produced by monkey and
human rotaviruses in cultures of primary islet cells from mice, pigs, and monkeys
Maximum virus titer in FCFU/ml (fold increase in titer over inputa) in given islet cell type:
Rotavirus
strain

Mouse

MOI
NOD

NOR

Pig

Monkeyb

RRVc

0.1
1

1.7 ⫻ 107 (4,570)
7.0 ⫻ 106 (269)

1.9 ⫻ 106 (503)
2.6 ⫻ 106 (125)

NDg
ND

ND
3.9 ⫻ 104 (23)

SA11d

0.1
0.5–1
10

1.0 ⫻ 106 (1,300)
5.2 ⫻ 105 (140)
1.3 ⫻ 105 (4.9)

ND
ND
ND

ND
8.4 ⫻ 104 (40)
6.5 ⫻ 106 (3,170)

ND
1.7 ⫻ 104 (20)
ND

4.2 ⫻ 103 (1.2)

ND

ND

6.0 ⫻ 103 (6.0)

Wae

0.5–1

ND

ND

3.8 ⫻ 103 (1.0)

4.4 ⫻ 103 (3.3)

a

Input titer is defined as the titer of cell-associated virus at 1 h p.i.
Maximum virus titers of all rotaviruses were reached at 72 h p.i. in monkey islets.
c
Maximum RRV titers were reached at 120 h p.i. in NOD and NOR mouse islets.
d
Maximum SA11 titers were reached at 168 h p.i. in NOD mouse islets and at 24 h in pig islet cells.
e
Maximum Wa titers were reached at 24 h p.i. in NOD mouse islets.
f
Maximum RV-5 titers were reached at 24 h p.i. in pig islet cells.
g
ND, not done.
b

maxima at 120 h p.i., which were five- to sevenfold lower than
the maximum titers in MA104 cells at the same MOI. NOR
mouse islets were less susceptible to RRV infection than were
islets from NOD mice (Fig. 4; Table 1). This effect was greater
at an RRV MOI of 0.1 (Fig. 4A) but was also evident at an
MOI of 1 (Fig. 4B). RRV titers in NOR and NOD mouse islets
were similar at 168 h p.i., but titers at 24 to 120 h p.i. were
always lower in NOR mice than in NOD mice. The maximum
difference in titer between NOR and NOD mouse islets was at
72 h p.i. at an MOI of 0.1, when NOR islets showed 320-fold
lower titers than NOD islets (Fig. 4A). Maximum titers in
MA104 cells were reached at 72 h p.i. (MOI, 0.1; Fig. 4A) and
24 h p.i. (MOI, 1; Fig. 4B). The slower rate of RRV growth in
NOD and NOR mouse islets than in MA104 cells may result
from the restricted access of virus to susceptible cells imposed
by the spherical nature of islets. In contrast to islets, almost all
of the cells in the MA104 cell monolayer would be accessible to
virus at the time of inoculation.
At an MOI of 0.1, the RRV titer in islet cell-depleted pancreatic cells increased 9.8-fold over the input, to a maximum of
2.5 ⫻ 104 FCFU/ml at 120 h p.i. (Fig. 4A). At an MOI of 1, the
maximum RRV titer of 1.3 ⫻ 106 FCFU/ml was reached at
96 h p.i., which was a 209-fold increase over the input (Fig. 4B).
In order for RRV titers in MA104 cells to be comparable to
those in the islet cell-depleted pancreatic cells, MA104 cells
also were inoculated with RRV in the presence of 2% (vol/vol)
FCS, which reduced the maximum RRV titer by 2.2-fold at an
MOI of 1 (data not shown). The maximum RRV titer in islet
cell-depleted pancreatic cells at an MOI of 1 was 30-fold lower
than that in MA104 cells grown in the presence of FCS. At
MOIs of 10 and 100, RRV titers in islet cell-depleted pancreatic cells increased 2.0- and 1.2-fold, respectively (data not
shown).
Monkey, but not human, rotaviruses replicate in porcine
islets. To obtain cultured fetal porcine proislet cells, pancreatic
fragments from late-gestation outbred Landrace fetal pigs
were incubated with collagenase (type XI; Sigma) (21) and
cultured in 95% O2–5% CO2 at 37°C for 3 days to reduce the

amount of nonendocrine tissue. After 2 days of further culture
in 90% air–10% CO2, proislet cells were harvested by hand
picking (21) and single cells were prepared by digestion at 37°C
in 0.1% (wt/vol) porcine trypsin for 45 min, followed by 87 mg
of collagenase (type XI; Sigma) per ml for 7 min. Cells were
washed twice in DMEM by centrifugation at 1,000 ⫻ g for 6
min and allowed to recover in culture overnight at 37°C in
DMEM-F10. Cells were centrifuged at 1,000 ⫻ g, resuspended
in DMEM to 8 ⫻ 105 cells/ml, infected with trypsin-activated
SA11, RV5, or P rotavirus or uninfected MA104 cell lysate,
and then washed and resuspended in DMEM-T in the same
way as murine islets were. Cells were transferred to 24-well cell
culture plates (Nunclon). Infection was terminated, and the
virus titer was determined as it was in MA104 cells. Over 24 h,
fetal porcine proislets supported more than 3 log10 of SA11
growth at an MOI of 10 and almost 2 log10 of SA11 growth at

FIG. 3. Kinetics of SA11 growth over 7 days in primary NOD
mouse islets at MOIs of 0.1 and 1. The growth curve of SA11 in MA104
cells at an MOI of 1 is included for comparison. Each bar represents
the 95% confidence interval of the mean of replicates in two experiments.
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an MOI of 0.5. As shown in Table 1, at an MOI of 10, SA11
titers increased from a mean ⫾ a standard deviation of 2.1 ⫻
103 ⫾ 3.9 ⫻ 102 FCFU/ml at 1 h p.i. to 6.5 ⫻ 106 ⫾ 9.4 ⫻ 105
FCFU/ml at 24 h p.i. In contrast, low and stationary or low and
decreasing titers of rotaviruses P (MOI, 0.5, 10) and RV-5
(MOI, 0.5) were detected to 24 h p.i., showing that little or no
replication of these rotaviruses occurred.
Human and monkey rotaviruses replicate in monkey islets.
The ability of rotaviruses to replicate in monkey islets, prepared similarly to human islets (6), was examined. Pancreata
were obtained from two adult female pigtailed macaques (Macaca nemestrina) housed in the Australian National Macaque
Facility that were being culled because of age. Excised pancreata were transported in ice-cold Ross’ perfusion solution for
1 h. Pancreata, minced into 2-mm3 blocks, were incubated at
37°C with agitation at 400 rpm on a horizontal rotator (Infors
AG) in RPMI 1640 medium containing 3 mg of collagenase P
(Roche Diagnostic GmbH, Mannheim, Germany) per ml. The
supernatant was collected after 40 min and diluted in ice-cold
RPMI 1640 medium containing 10% (vol/vol) FCS (RPMIFCS). This process was repeated once on the remaining pieces
of pancreas. Resultant cells were gently washed twice in
RPMI-FCS by centrifugation at 500⫻g, and islets were hand
picked into RPMI-FCS. Islet purity, as determined by microscopic examination, was 60%. Islets were infected with the Wa,
RV-5, RRV, and SA11 rotaviruses at an MOI of 1 as described
above. As shown in Fig. 5 and Table 1, all of the rotavirus
strains tested replicated in the monkey islets and reached maximum titers at 72 h p.i.
Relative growth of rotaviruses in islets of different species.
In monkey islets, strain Wa titers increased 6.0-fold over the
input whereas in NOD mouse islets, strain Wa titers were
stationary (Table 1; Fig. 5A). Strain RV-5 titers in monkey
islets increased 3.3-fold over the input but were unchanged in
porcine islets (Table 1; Fig. 5B). Overall, the human rotaviruses grew only in monkey islets and to lower titers than did
monkey strains. This is consistent with previous studies showing that cell lines permissive to infection with these human
rotaviruses are restricted to monkey kidney (MA104) and human colonic adenocarcinoma types (34). Surprisingly, as shown
in Table 1, stains RRV and SA11 grew to the highest titers in
heterologous murine islets and to the lowest titers in homolo-

FIG. 5. Kinetics of growth of human and monkey rotaviruses at an
MOI of 1 in primary adult monkey islets. Strain Wa replication in
monkey islets is compared with titers of strain Wa in primary NOD
mouse islets (A). Growth curves of rotavirus strains RV-5, RRV, and
SA11 in primary adult monkey islets are shown in panel B. Each bar
represents the standard deviation of the mean of three replicates from
each of two experiments.
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FIG. 4. Kinetics of RRV growth over 7 days in primary NOD and NOR mouse islets and islet cell-depleted pancreatic cells at MOIs of 0.1
(A) and 1 (B). Growth curves of RRV at the same MOI in MA104 cells are included for comparison. Each bar represents the 95% confidence
interval of the mean of replicates obtained in two to four experiments.
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new cells and that the latter cells do support a 37-fold increase
in RRV titer at 1 day p.i. at an MOI of 10 (36). In contrast to
enterocytes, primary islets were susceptible to RRV and other
rotaviruses without recourse to culture.
Consistent with the detection in murine islets of fewer SA11
virus-infected cells than RRV-infected cells at 1 and 3 days p.i.,
the maximum SA11 titers produced in these islets were 13- to
17-fold lower than those obtained with RRV at the same MOI.
Evidence of growth of RRV and SA11 in NOD mouse islet
cell-depleted pancreatic cells was obtained. However, it is not
completely clear to what extent these non-islet pancreatic cells
are able to support RRV and SA11 infection. The cell preparations used were those remaining after islet purification and
may have contained residual islet cells. Islet cell-depleted pancreatic cells also routinely show reduced viabilities compared
with islets because of release of proteases from the exocrine
cells (38), which also may have affected the virus titers produced.
This demonstration that RRV, Wa, RV-5, and SA11 are
able to infect islets shows that rotavirus infection of the pancreas could be possible in vivo in an animal model (by analogy
with reovirus) and in humans. These findings lend support to
our previous studies implicating rotavirus as a trigger for islet
autoimmunity in children. Should direct infection of the pancreas leading to islet autoimmunity occur in vivo, it would not
necessarily be to the exclusion of molecular mimicry between
T-cell epitopes on rotavirus VP7 and IA-2 or GAD. It is likely
that both direct infection and molecular mimicry could operate
synergistically to promote ongoing islet autoimmunity.
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