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Type Il interferons (IFNs), also called lambda interferons (IFN-A), comprise three isoforms, IFN-A1 (interleukin-29 [IL-29]),
IFN-A2 (IL-28A), and IFN-A3 (IL-28B). Only limited information is available on their expression and biological functions in hu-
mans. Type I and type II IFNs protect human pancreatic islets against coxsackievirus infection, and this is important since such
viruses have been proposed to play a role in the development of human type 1 diabetes. Here we investigated whether type III
IFN is expressed during infection of human islet cells with coxsackievirus and if type III IFN regulates permissiveness to such
infections. We show that human islets respond to a coxsackievirus serotype B3 (CVB3) infection by inducing the expression of
type III IFNs. We also demonstrate that islet endocrine cells from nondiabetic individuals express the type III IFN receptor sub-
units IFN-AR1 and IL-10R2. Pancreatic alpha cells express both receptor subunits, while pancreatic beta cells express only IL-
10R2. Type III IFN stimulation elicited a biological response in human islets as indicated by the upregulated expression of antivi-
ral genes as well as pattern recognition receptors. We also show that type III IFN significantly reduces CVB3 replication. Our
studies reveal that type III IFNs are expressed during CVB3 infection and that the expression of the type ITI IFN receptor by the
human pancreatic islet allows this group of IFNs to regulate the islets’ permissiveness to infection. Our novel observations sug-
gest that type III IFNs may regulate viral replication and thereby contribute to reduced tissue damage and promote islet cell sur-

vival during coxsackievirus infection.

Interferons (IFNs) are a class of proteins initially identified as
molecules interfering with viral replication (1) but which are
also now known to play an indispensable role in the immune
response to infection. In humans, type I IFNs comprise several
alpha interferon (IFN-a) subtypes and various single isoforms of
IEN-B, -€, -k, -9, -, -T, and - (2, 3), while the type I IFN family
contains only a single known member, [FN-y. The most recently
identified group, type III IFNs or IFN-As, comprises IFN-A1, IFN-
A2, and IFN-A3 (also designated interleukin-29 [IL-29], IL-28A,
and IL28-B, respectively) (4, 5), but only limited information is
available on their expression and biological functions.

IFN-A\ signaling occurs via a specific cell surface receptor, con-
sisting of two subunits: IFN-\ receptor 1 (IFN-AR1, also desig-
nated interleukin 28 receptor alpha [IL-28Ra]) and interleu-
kin-10 receptor 2 (IL-10R2) (2, 4, 5). While most cells express the
IL-10R2 subunit, the distribution of IFN-AR1 appears to be much
more restricted. Accumulating data suggest that the IFN-X recep-
tor complex is expressed preferentially on cells of epithelial origin,
as well as on certain immune cells (2, 6, 7), but this may be an
oversimplification since IFN-\ receptor expression has not been
investigated in many other human cell types.

Binding of IFN-A to its receptor leads to activation of JAK1 and
TYK2, which mediates the subsequent phosphorylation of
STAT1, STAT2, and STAT3. Phosphorylated STATs dimerize and
translocate to the nucleus, where they regulate the expression of
selected genes (2, 6, 7). However, the biological actions of type III
IFNs are still not fully understood. Type III IFNs have been de-
scribed as being functionally similar to type I IFNs, since both
display antiviral properties and can, for example, induce an anti-
viral state in responsive cells (2, 6, 7). In support of this, type III
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IFNs have been shown to mediate an antiviral response against
several human pathogens, including hepatitis B virus, hepatitis C
virus, rhinovirus, and human immunodeficiency virus (7-9). The
restricted receptor expression, however, suggests that type III
IFNs may exert this specialized antiviral defense role in only cer-
tain cell types (10, 11). Further studies on primary human cells
and clinically relevant pathogens are thus needed to understand
the full potential for type III IFNs in antiviral defense.
Coxsackieviruses (CVs) are single-stranded RNA viruses be-
longing to the Enterovirus genus in the family Picornaviridae. Most
enterovirus infections are asymptomatic. Nevertheless, in some
cases these viruses cause severe disease, including myocarditis,
hepatitis, and pancreatitis (12). Infections with enteroviruses, par-
ticularly those with coxsackie B virus serotypes (CVBs), have also
been associated with the development of type 1 diabetes (13, 14),a
chronic metabolic disease that arises as a result of the loss of insu-
lin-producing pancreatic beta cells. While rarely found in the pan-
creatic islets of healthy individuals, enterovirus protein and/or
RNA has been identified in pancreatic endocrine cells of type 1
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diabetes patients (15-17). This observation, coupled with in vitro
studies demonstrating a gradual loss of function and viability in
human pancreatic islet cells infected with enteroviruses (e.g.,
CVBs) (18), suggests that a direct infection of the pancreatic beta
cell may be involved in the disease process. Studies in animal mod-
els have provided additional support for this hypothesis (19-22).
However, irrespective of these observations, surprisingly little is
known about the ways in which permissiveness to enterovirus
infection is regulated in pancreatic islet cells (23). In previous
studies, we have shown that both type I and II IFNs induce an
antiviral state in human pancreatic islets and that they lower islet
cell permissiveness to CVB (24). Moreover, studies in an animal
model have suggested that the beta cell relies on IFN signaling in
order to survive during a systemic CVB infection (19, 20). How-
ever, whether human pancreatic islets respond to type III IFN
(IFN-MN) stimulation and whether such stimuli can modify their
permissiveness to infection have not been investigated.

In the present study, we show that primary human pancreatic
islets express type III IFN upon CVB3 infection. We also demon-
strate that certain pancreatic islet endocrine cells express both
subunits of the type III IFN receptor and that they respond to type
III IEN treatment by upregulating genes involved in antiviral de-
fense and the recognition of RNA viruses. Importantly, our study
also shows that CVB3 replication is perturbed in type III IFN-
treated pancreatic islets.

MATERIALS AND METHODS

Handling of human islets and in vitro stimulations. Human islets were
isolated from 19 human cadaver organ donors (5 female and 14 male) at
The Nordic Network for Clinical Islet Transplantation, Uppsala Univer-
sity Hospital, as described previously (25). The average donor age was 58.8
years = 11.3 years (range, 25 to 72 years), and the cold ischemic time was
9.9 = 4.4 h (range, 2.1 to 17.2 h). The body mass index (BMI) was avail-
able for only nine of the donors and averaged 26.7 = 2.9 kg/m?* (range,
22.9 to 31.1 kg/m?). The quality of the isolated islets was evaluated by
measuring insulin release in response to glucose. The corresponding stim-
ulation index averaged 6.0 = 3.6 (range, 1.6 to 12.7) in a dynamic perfu-
sion system (26). The islets had a purity of 73% = 17% (range, 40 to 99%),
determined by dithizone staining, and were further purified by hand pick-
ing before use in individual experiments. Islets were initially maintained
in CMRL-1066 supplemented with 2 mM L-glutamine, 10% inactivated
human serum, 10 mM HEPES, 0.25 pg/ml amphotericin B (Fungizone),
50 pg/ml gentamicin, 10 pg/ml ciprofloxacin, and 10 mM nicotinamide.
Upon arrival at Karolinska Institutet, the islets were transferred to RPMI
1640 supplemented as described above but with inactivated fetal bovine
serum instead of human serum and without nicotinamide. Human islets
were transported to Karolinska Institutet 5 = 2 days (range, 2 to 9 days)
after isolation, and experiments were performed after a further 7 * 3 days
(range, 3 to 13 days) of culture. The experiments were approved by local
ethics committees in Uppsala and Stockholm, Sweden, and performed in
accordance with the principles of the Declaration of Helsinki 2000. Each
experiment comprised control and stimulated islets from the same donor.

Subjects included in immunohistochemistry and immunofluores-
cence studies. Five human pancreases removed at autopsy from nondia-
betic pediatric patients were selected randomly from a collection de-
scribed previously (16). The specimens were studied with ethical approval
and had been fixed in buffered formalin and paraffin embedded. The
cohort consisted of patients with a mean age of 3.8 = 1.6 years (range, 2 to
6 years).

Interferons, virus stock, and virus titration. IFN-a2b (Intron A;
Merck Sharp & Dohme [Sweden]) was added to the islets (500 islets/well)
at a final concentration of 1,000 U/ml. IFN-A1 and IFN-A2 (PeproTech)
were dissolved in phosphate-buffered saline (PBS) containing 0.1% bo-
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vine serum albumin (BSA) and added to the islets (500 islets/well) at a
final concentration of 100 ng/ml. Due to the scarcity of human pancreatic
islets, the concentration of IFN-\s used was selected based on the litera-
ture and our own work on dose-response studies using human cell lines
showing that 100 ng/ml induces high expression levels of IFN-stimulated
genes (ISGs) without causing cellular damage (e.g., see reference 27 and K.
Lind and M. Flodstrém-Tullberg, unpublished data). Mock-treated cells
were incubated with dilution buffer alone (PBS containing 0.1% BSA).

CVB3 Nancy was propagated in HeLa cells, and the titer was deter-
mined as described before (28). Viral titers in supernatant and in the last
wash supernatant were determined by standard plaque assay using HeLa
cells (each sample was run twice). Viral titers were determined as PFU/ml
and presented as log, ,(PFU/ml). The lower detection limit for the plaque
assay was 2.5 PFU/ml.

In vitro stimulation and infection of human islets. Human islets
were infected with CVB3 Nancy (4 X 10* PFU/islet) as described previ-
ously (19). In brief, islets were infected with virus for 90 min in 2 ml
serum-free medium (Sterilin tissue culture-treated plates, 50 mm). Plates
were gently rocked every 10 min during the infection. After infection, the
islets were washed extensively in order to remove free virus particles and
placed in Sterilin plates containing 3 ml complete medium. At indicated
time points, supernatant alone (20 wl) or islets and supernatant were
collected. Supernatants were stored at —80°C and later used for virus
titration by a standard plaque assay. The virus titer in the supernatant
from the last wash (following the 90-min incubation with virus) was be-
low or just above the detection limit (data not shown). The harvested islets
were lysed and homogenized using RLT buffer and QIAshredder (Qia-
gen); RNA was isolated and used for analysis of gene expression.

In some experiments, human islets were treated with I[FN-a2b, IFN-
A1, or IEN-A2 or mock treated for 6 h followed by lysis and homogeniza-
tion using RLT buffer and QIAshredder (Qiagen). RNA was isolated and
used for analysis of gene expression.

In other experiments, the human islets were treated with IFN-a2b,
IFN-A1, or IEN-A2 or mock treated for 24 h. This was followed by either
protein isolation for Western blot analysis or infection with CVB3 as
described above. After infection, the islets were washed using complete
medium; placed in 3 ml complete medium supplemented with IFNs, as
described above; and incubated at 37°C for 48 h. At indicated time points,
supernatants were collected and used for virus titration. The islets were
lysed and homogenized using RLT buffer and QIAshredder (Qiagen) for
RNA isolation or harvested in RIPA buffer and used for Western blot
analysis.

RNA isolation, real-time RT-PCR, and PCR array for interferon re-
sponse. Total RNA was isolated using an RNeasy minikit (Qiagen) ac-
cording to the manufacturer’s instructions. The quantity and purity of the
isolated RNA were assessed using a NanoDrop ND-1000 instrument
(Saveen and Werner AB, Sweden). For individual genes, total RNA (0.27
jLg) was treated with DNase and converted to cDNA using the Superscript
III First Strand synthesis system for real-time reverse transcription-PCR
(RT-PCR) (Invitrogen, Sweden). Quantification of IFN-\1, IFN-\2, IL-
10R2, IEN-AR1, RIG-I, TLR3, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was achieved using the Quantitech primer assay (Qia-
gen) and RT? Real-time SYBR green/ROX PCR master mix (SuperArray,
Sweden). The thermocycler parameters were 50°C for 20 s and 95°C for 10
min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min.

The PCR array was performed according to the manufacturer’s in-
structions. In brief, total RNA (1 pg) from three human islet donors was
converted into cDNA using the RT? First Strand kit (SABiosciences) fol-
lowed by expression analysis using the RT? Profiler PCR array for human
IFN-/B response (SABiosciences; catalog number PAHS-016A) and RT?
Real-time SYBR green/ROX PCR master mix (SuperArray, Sweden). The
array contains a panel of 84 ISGs and five housekeeping genes. The ther-
mocycler parameters were 95°C for 10 min, followed by 40 cycles of 95°C
for 15 s and 60°C for 1 min.

A threshold cycle (C;) value of =35 was considered below the detec-
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tion level of the assay, and a gene with a C.value of =35 was considered to
be not expressed. The mRNA expression for each gene was normalized to
the expression level of GAPDH (individual genes) or five housekeeping
genes (genes analyzed using PCR array) using the AC; method, and the
data shown in the figures as “relative expression” represent 2~ <7 values.
Expression levels between control and experimental samples were com-
pared using AAC, and the data shown in Fig. 3 as “fold induction” rep-
resent the 27247 values.

All real-time RT-PCR analyses were performed using an ABI Prism
7500 sequence detecting system.

Antibodies and immunoblotting. Cellular extracts for Western blot
analysis were prepared using RIPA buffer (20 nM Tris, pH 7.5, 1 mM
EDTA, 140 mM NaCl, 1% NP-40, I mM phenylmethylsulfonyl fluoride, 1
pg/ml aprotinin, and 1 mM activated Na;VO,) and mechanical disrup-
tion of the islets using a pellet pestle. Total protein concentrations were
determined using the bicinchoninic acid (BCA) protein assay kit (Pierce,
Sweden). Total protein extracts (5 pg) were diluted 1:1 in Laemmli buffer
and boiled for 10 min followed by separation on an SDS-polyacrylamide
gel (Bio-Rad) and transfer to nitrocellulose membrane (Bio-Rad). Pri-
mary antibodies were incubated overnight at 4°C: MDA5 (1:1,000; Alexis
Biochemicals), RIG-I (1:1,000; Alexis Biochemicals), VP-1 (1:400, clone
5D8/1; Dako), or MxA (1:1,000; a kind gift from Otto Haller, University of
Freiburg, Germany), an antibody which weakly cross-reacts with MxB.
Binding of the primary antibody was detected using a horseradish perox-
idase (HRP)-conjugated anti-mouse or anti-rabbit antibody (1:1,000;
Bio-Rad, Sweden). To guarantee equal loading, membranes were probed
with a primary antibody against actin (1:30,000; MP Biomedicals, Aurora,
OH, USA). Binding of primary antibody was detected using an HRP-
conjugated anti-mouse antibody (1:10,000; Bio-Rad, Sweden). Blots were
developed using Supersignal West Dura extended-duration substrate
(Pierce, Sweden) and the LAS-4000 imaging system (Fujifilm).

Immunohistochemistry. Serial sections (4 wm) were cut from each
case and mounted on glass slides coated in (3-aminopropyl)-triethoxysi-
lane (Sigma, Dorset, United Kingdom). Sections were processed and la-
beled using a standard immunoperoxidase technique for paraffin sec-
tions. Antigens were unmasked by heat-induced epitope retrieval in 10
mM citrate buffer, pH 6.0. Primary antibodies (Abcam, Cambridge,
United Kingdom) were applied for 1 h at room temperature (RT) (anti-
IL-10R2; 1:1,000) or overnight at 4°C (anti-IFN-AR1; 1:1,500). The Dako
Real Envision detection system (Dako, Cambridge, United Kingdom) was
used for antigen detection.

Immunofluorescence. To examine the islet cell subtypes expressing
IL-10R2 and IFN-ARI, double immunofluorescence staining was per-
formed. Rabbit antisera with specificity for IFN-AR1 or IL-10R2 were
incubated as described for the immunoperoxidase method above and
were detected with goat anti-rabbit Alexa Fluor 568-conjugated second-
ary antibody (1:400; Invitrogen, Paisley, United Kingdom). To detect and
localize IFN-AR1, sections were incubated overnight with antireceptor
serum and then washed and stained for islet hormones (guinea pig anti-
insulin [Dako], mouse antiglucagon, or rat antisomatostatin [Abcam])
for 1 h. In the case of IL-10R2, antireceptor and antihormone sera were
coincubated on the sections for 1 h. Immunopositivity was detected with
an appropriate goat secondary antibody conjugated with Alexa Fluor 488
(1:400; Invitrogen). 4',6-Diamidino-2-phenylindole (DAPI; 1:1,000; In-
vitrogen) was included in the final incubation step to stain cell nuclei.
Sections were mounted in Vectashield hard-set mounting medium (Vec-
tor Laboratories, Peterborough, United Kingdom) under glass coverslips.
The sections were analyzed using a Zeiss LSM510 Meta confocal micro-
scope. Images were cropped and separated via Zeiss LSM Image software
and Image] software, respectively.

Statistics. Statistical analysis was performed using GraphPad Prism 5.
The Wilcoxon matched pairs test (nonparametric) was used when com-
parisons were made between two groups representing paired observa-
tions. One-way analysis of variance (ANOVA) with Bonferroni correction
was used when multiple comparisons were made. Statistical analysis on
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FIG 1 Human pancreatic islets express type III IFN mRNA upon infection
with CVB3. (A) Human pancreatic islets from nine donors were infected with
CVB3 (4 X 10* PFU/islet), and the expression of IFN-A1 and IFN-A\2 mRNA
was measured at 24 and 48 h p.i. using real-time RT-PCR. The IFN-\ mRNA
expression levels are presented relative to that of GAPDH. The expression of
IFN-A1 and IFN-A2 mRNAs was below the detection limit in uninfected con-
trol islets (C, values of =35 [data not shown]). (B) Titers (PFU/ml) of infec-
tious virus particles were measured in culture supernatants harvested from
infected islets from the same donors at 24 h and 48 h p.i. using the plaque assay
technique. Data are presented as log,,(PFU/ml), mean = SD. **, P < 0.01, 24
h versus 48 h for both panels A and B, Wilcoxon matched pairs test.

virus titers was performed prior to logarithmic transformation of data.
Data are presented as means * standard deviations (SDs).

RESULTS

CVB3 infection induces the expression of type III IFN in human
pancreatic islets. First, we investigated whether infection of hu-
man pancreatic islets with CVB3 induces the expression of type I1I
IEN. To this end, islets (n = 450 to 500 per condition) from nine
donors were either mock treated or infected with CVB3. Twenty-
four and 48 h later, the IFN-\1 and IFN-A2 mRNA levels were
measured using real-time RT-PCR. In uninfected islets, the ex-
pression levels of the two IFNs were below the detection limit of
the assay (C; values for IFN-A1 and IFN-A2 were =35 for both
time points in all control samples [data not shown], and C values
for GAPDH in control samples [means = SDs, n = 9] were
17.89 = 1.12 and 18.22 = 1.40 for 24 h and 48 h, respectively). In
contrast, IFN-A1 and IFN-A2 mRNAs were expressed by CVB3-
infected islets from all donors as early as 24 h postinfection (p.i.),
and their expression levels increased further by 48 h p.i. (Fig. 1A).
The induction of IFN-A1 and IFN-A2 mRNAs correlated with
virus replication as indicated by the increasing concentrations of
infectious virus particles recovered from culture supernatants
over time (Fig. 1B). Collectively, these observations suggest that
CVBS3 infection results in increased type III IFN expression by
human islet cells.

Human islet cells express the type III IFN receptor. The ex-
pression of the two type III IFN receptor subunits is required for
cells to respond to IFN-As (2, 4, 5). In order to determine whether
human pancreatic islets express the type III IFN receptor, we next
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evaluated the mRNA expression levels of the two receptor sub-
units in islets (n = 450 to 500 per condition) from seven donors
using real-time RT-PCR. Two human hepatic cancer-derived cell
lines and human peripheral blood mononuclear cells (PBMCs)
were included as positive controls (11, 29). As expected, the he-
patic cell lines and PBMCs were found to express both the IFN-
AR1 and the IL-10R2 subunits (Fig. 2A). Human pancreatic islets
also expressed mRNAs encoding IFN-AR1 and IL-10R2 (Fig. 2A).

To verify these data and to examine the cellular localization of
each receptor subunit, pancreas sections from control (nondia-
betic) subjects were studied by immunohistochemistry (Fig. 2B to
M). The results revealed that IL-10R2 was expressed abundantly
in many islet cells. Colocalization analysis revealed that IL-10R2
was present in both alpha (Fig. 2K to M) and beta (Fig. 2E to G)
cells whereas it was absent from somatostatin-positive delta cells
(data not shown). IFN-AR1 was highly expressed in alpha cells
(Fig. 2H to J), while it was below the detection limit in most beta
(Fig. 2B to D) and delta (data not shown) cells.

Type III IFN induces an antiviral state in human pancreatic
islets. Type I and II IFNs establish an antiviral state in human
pancreatic islet cells by inducing the expression of numerous
genes directly or indirectly involved in antiviral defense (24). To
investigate whether type III IFNs also induce the expression of
classical interferon-stimulated genes (ISGs) in primary human
pancreatic islet cells, islets (n = 500 per condition) from three
donors were stimulated with IFN-A1 or IFN-A2 for 6 h. Mock-
treated islets served as controls. Using real-time RT-PCR and a
PCR array, the expression of 84 genes known to be modulated by
IFN-a and -3 was examined. In separate real-time RT-PCR anal-
yses, we also studied the mRNA expression levels of two pattern
recognition receptors (PRRs), RIG-I and TLR3, both known to
sense viral RNA (23). Pancreatic islets exposed to IFN-« served as
a positive control (24). The gene expression levels in IFN-treated
islets were compared to those in untreated control islets from the
same donor, and a fold change of =2 for at least two of the three
donors was set as the cutoff criterion for differentially expressed
genes.

Of 86 genes studied, the expression of 28 and 25 genes was
upregulated by IFN-N1 or IFN-A2, respectively (Fig. 3; see also
Table S1 in the supplemental material). IFN-a treatment induced
the expression of 43 of the 86 genes investigated (Fig. 3; see also
Table S1).

In order to determine whether the gene expression changes
were translated into increased protein production, we exposed
human pancreatic islets (n = 500 per condition) from two addi-
tional donors to IFN-As for 24 h and compared the expression
levels of selected proteins by Western blotting. As shown in Fig. 4,
IEN-\ treatment upregulated the levels of MxA (encoded by the
gene mxI), MDAS (also called IFIH1), and RIG-1. Taken together,
these results strongly indicate that IFN-\1 and IFN-A2 induce an
antiviral state in human pancreatic islets.

CVBS3 replication is perturbed in human pancreatic islets
treated with type III IFN. Type III IEN exerts antiviral activity
against several viruses (7-9). It is not known, however, if it also
inhibits CVB infection. We therefore set out to investigate
whether treatment with IFN-\s would suppress CVB3 replication
in human pancreatic islet cells. To this end, we made use of a
previously established infection protocol where the islet cells are
exposed to IFNs for 24 h before exposure to CVB (24). In order to
determine whether type III IFN exerts antiviral activity against
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CVB3, human islets (n = 500 per condition) from 4 or 5 donors
were pretreated with IFN-X\1, IFN-A2, or IFN-« for 24 h prior to
challenge with virus. The expression of viral protein 1 (VP-1) in
infected cells at 48 h p.i. and the release of viral particles into the
supernatant at 24 and 48 h p.i. were measured by Western blotting
and a standard plaque assay, respectively.

A clear cytopathic effect could not be observed in any of the
cultured islets (data not shown). VP-1 was, however, strongly ex-
pressed in mock-treated CVB3-infected pancreatic islet cells (Fig.
5A). In contrast, the expression of this viral protein was below the
detection limit in islets treated with IFN-a or IFN-\ (Fig. 5A).

To determine whether type III IFN also prevented the release of
new viral particles, we measured the accumulation of infectious
virus in media harvested at 24 h and 48 h p.i. As shown previously
(24), IFN-a exerted a powerful antiviral activity in the pancreatic
islets (Fig. 5B, 259- and 1,203-fold difference in viral titers at 24
and 48 h, respectively). Importantly, our analysis also revealed a
significantly lower accumulation of virus in media from islets
treated with IFN-A\1 (24- and 40-fold difference in viral titers at 24
and 48 h, respectively) and IFN-A2 (22- and 53-fold difference in
viral titers at 24 and 48 h, respectively) compared to untreated
islets (Fig. 5B). These data demonstrate that type III IFNs suppress
CVB3 replication in human pancreatic islet cells.

DISCUSSION

The present study demonstrates that primary human pancreatic
islets express both components required to constitute the func-
tional type III IFN receptor, that they respond to type III IFN
stimulation, and that such stimulation affords protection from
CVB3 replication. To our knowledge, this is the first time that a
detailed study has been conducted on receptor expression and
responsiveness to IFN-\ in primary pancreatic endocrine cells.
Moreover, our study reveals, for the first time, that this family of
IFNs interferes with CVB3 replication in primary human cells.

Type III IFN is known to become expressed during infection of
mammalian cells with viruses both in vitro and in vivo (7-9). Here,
we show that human pancreatic islets express both IFN-A1 and
IEN-A2 in response to infection with CVB3. However, this re-
sponse may not be limited to the B3 serotype, as a very recent
study has demonstrated a similar response in human islets in-
fected with the B5 serotype (30). It still remains to be investigated
whether type IIT IFN is produced by islet cells during a systemic
CVB infection, but since this family of IFNs is expressed during in
vivo infections with other picornaviruses (10, 31), it is likely that
type III IFN is also expressed during CVB infection.

In order to understand whether human pancreatic islet cells
can respond to type III IFN, we first studied whether isolated islets
express the two receptor units IFN-AR1 and IL-10R2. We found
that both were present at the mRNA level. We also took advantage
of access to human pancreases retrieved from control subjects to
study the production and distribution of each receptor compo-
nent at the protein level. This revealed that IL-10R2 is present in
the majority of islet cells and that it colocalized with either gluca-
gon or insulin, suggesting its expression in both alpha and beta
cells (Fig. 2E to G and K to M). IL-10R2 was not detected in
somatostatin-positive delta cells (data not shown). Interestingly, a
different situation obtained for IFN-AR1, since this protein was
labeled to a high intensity in alpha cells (Fig. 2H to J) but was
undetectable in beta cells (Fig. 2B to D) and delta cells (data not
shown). Collectively, these observations indicate that only certain
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FIG 2 Human pancreatic islets express the type III IFN receptor. (A) mRNA expression levels of type III IFN receptor subunits IFN-AR1 and IL-10R2 were
quantified in human pancreatic islet cells from seven donors using real-time RT-PCR. The expression levels were compared with those observed in two hepatic
cell lines and four human PBMC donors. The receptor mRNA expression levels are presented relative to that of GAPDH. Data are presented as means = SDs for
islets and PBMCs and as means from three independent cell preparations for the cell lines. (B to M) Expression of each component of the type III IFN receptor
(IFN-AR1 and IL-10R2) was assessed in parallel with islet hormone immunostaining in pancreas sections from five nondiabetic individuals, to determine their
respective cellular localization. Representative images from a single pancreas section are shown, and arrows are used to illustrate relevant cells in each panel. (B
to D) Sections were stained with anti-insulin (B), anti-IFN-AR1 (C), and both anti-insulin and anti-IFN-AR1 (merged image) (D). (E to G) Sections were stained
with anti-insulin (E), anti-IL-10R2 (F), and both anti-insulin and anti-IL-10R2 (merged image) (G). (H to J) Sections were stained with antiglucagon (H),
anti-IFN-AR1 (I), and both antiglucagon and anti-IFN-AR1 (merged image) (J). (K to M) Sections were stained with antiglucagon (K), anti-IL-10R2 (L), and
both antiglucagon and anti-IL-10R2 (merged image) (M).
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FIG 3 Expression profile of ISGs after type III IFN treatment. (A) Human pancreatic islets from three donors were stimulated with IFN-\1 (100 ng/ml), IEN-A2
(100 ng/ml), or IFN-a (1,000 U/ml) or mock treated with buffer alone for 6 h; thereafter, mRNA expression of 86 ISGs was assessed by real-time RT-PCR. The
mRNA expression levels were normalized to the expression level of GAPDH (individual genes; RIG-I and TLR3) or five housekeeping genes (genes analyzed using
PCR array) and calculated relative to untreated control islets from the same donor. For each gene, a 2-fold-or-higher-increased expression in at least two out of
the three donors was used as a criterion to classify the gene as being increasingly expressed following IFN stimulation. For each gene, the mean of the fold
induction values for the three donors = SD is shown as log,,(fold induction). (B) Venn diagram of genes demonstrating increased expression after IFN
treatment, showing the numbers of overlapping and individually expressed genes upon IFN-\1, IFN-A2, or IFN-a treatment.
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FIG 4 Type III IFN-treated human pancreatic islets upregulate the expression
of proteins involved in antiviral defense and virus recognition. Human pan-
creatic islets from two donors were treated with IFN-A\1 (100 ng/ml), IFN-\2
(100 ng/ml), or IFN-a (1,000 U/ml) for 24 h, and the protein expression levels
of MDAS, MxA, and RIG-I were measured using Western blotting. Actin was
used as a loading control. One representative experiment out of two is shown.
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islet cell types are likely to respond to type III IFN stimulation in
nondiabetic patients. Further studies are required to clarify if beta
cells are universally unresponsive to type III IFNs or whether they
may become responsive during, for example, exposure to a pro-
inflammatory environment in vivo (such as may be encountered
during the development of type 1 diabetes) or following the stress
of islet isolation.

Our study also demonstrates that human pancreatic islets re-
spond to type III IFN by upregulating the expression of classical
ISGs, at both the mRNA and the protein levels. The expression of
genes involved in IFN-induced intracellular signaling (e.g.,
STAT1, STAT2, IRF7, and IRF9) and the recognition of viral RNA
(e.g., IFIH1/MDA, RIG-I, and TLR3) as well as genes involved in
antiviral defense (e.g., ISG15, PKR, OAS, and MxA) and recruit-
ment of immune cells (e.g., CXCL10) was all upregulated. Con-
sistent with a previous report (24), we also confirmed, in positive-
control studies, that human islets respond to IFN-a by
upregulating a number of ISGs and PRRs.

Given the scarcity of human islet material, it was not possible to
perform dose-response curves for the different IFNs in the present
work. Because of this, our studies do not allow a direct compari-
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FIG 5 Type III IEN inhibits CVB3 protein expression and replication. (A)
Human islets from five donors were treated with IFN-A1 (100 ng/ml, n = 5),
IFN-A2 (100 ng/ml, n = 5), or IFN-a (1,000 U/ml, n = 4) for 24 h prior to
infection with CVB3 (4 X 10* PFU/islet). Total protein was isolated at 48 h p.i.
Five micrograms of protein from each sample was added to SDS-polyacryl-
amide gels, and the expression of VP-1 was measured using Western blotting.
Actin was used as a loading control. One representative experiment out of five
is shown. (B) Supernatant was collected at 0, 24, and 48 h p.i., from experi-
ments described for panel A, and viral titers (PFU/ml) were determined using
plaque assay. Data are presented as log, ,(PFU/ml), means = SDs of five inde-
pendent experiments; ***, P < 0.001, versus untreated infected islets, one-way
ANOVA with Bonferroni correction.

son between the effects of IFN-« and IFN-\ (or between the var-
ious IFN-\ isoforms) on individual genes. Some conclusions can,
however, be drawn from our PCR array and RT-PCR analyses.
First, we noted that the nine most highly upregulated genes were
common to IFN-a and IFN-As, although the orders of magnitude
of induction were different. Second, there were no striking differ-
ences in the gene signatures induced by IFN-A1 and IFN-A2
(Fig. 3). Collectively, these observations confirm previous studies
showing that IFN-a and IFN-As have overlapping effects (7-9).
Moreover, they suggest that the different subtypes of IFN-As may
exert similar, though not identical, effects on human pancreatic
islet cells. It has been hypothesized that IFN-\ and IFN-a exert
similar functions due to the fact that they use the same signaling
molecules (7-9). Our data on a selected number of genes affirm
this notion, although future studies with a broadened approach
are needed to determine if other genes may be regulated differen-
tially by IFN-a and IFN-A, as well as by the different IFN-As. In
addition, since the kinetics of induction may differ for individual
genes between type [ and IIT [FNs (6, 32), future time course stud-
ies will also be required to assess this in islets.

Collectively, our data suggested that human pancreatic islets
enter an antiviral state following exposure to type III IFN. To
investigate if this transition resulted in protection from infection,
we studied the enterovirus CVB3, a common human pathogen
that is mainly associated with mild infections but which can, oc-
casionally, cause more severe disease such as myocarditis, hepati-
tis, and pancreatitis (12). Our studies on CVB3 are of particular
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relevance as enterovirus proteins and RNA have been found fre-
quently in the pancreatic islets of type 1 diabetes patients (15-17).
Here, we found that both IFN-\1 and IFN-A2 induce antiviral
activity in human pancreatic islets. Treatment with IFN-A1 and
IFN-A2 prevented the synthesis of viral protein (VP-1) and the
release of infectious particles into the culture medium. The accu-
mulation of newly synthesized virus particles in the culture super-
natant was 22- to 53-fold lower in type III IFN-treated islets than
in untreated islets. Previous studies have shown a protective effect
of type III IFN in other picornavirus infections, including those
with foot-and-mouth disease virus (33, 34) and rhinovirus (9). To
our knowledge, this is, however, the first time that type III IFN has
been shown to promote antiviral activity against CVB.

Although the precise mechanism by which type III IFN inhibits
CVB3 replication remains to be determined, we show that multi-
ple genes known to be involved in antiviral defense against CVBs
are upregulated following type III IEN treatment. For example, the
expression of PKR and OAS was increased under these conditions,
and each of these enzymes is important for preventing viral repli-
cation. PKR activation leads to the attenuation of protein transla-
tion, while OAS generates 2,5"-oligoadenylates to activate RNase
L as a means to enhance the degradation of viral RNA (35). Both
proteins have been shown to be protective against CVBs during
systemic infections and during infections of isolated murine pan-
creatic islets (36). Type III IFN also induced the expression of
MxA (encoded by the mxI gene), a protein involved in inhibition
of the replication of several viruses, including CVB (37). More-
over, we noted that type III IFN induced the expression of the
PRRs TLR3 and MDAS5, both of which have been proposed to be
of importance in the host response to CVBs (23). Although un-
likely to contribute to the direct antiviral effects, increased sensing
of viral RNA by these PRRs may heighten the cellular responses to
infection (e.g., production of IFNs) and thereby contribute fur-
ther to the induction of antiviral activity.

A high proportion of patients with type 1 diabetes have pan-
creatic islets that stain positively with antibodies directed against
the enteroviral protein VP-1 and/or are positive for enterovirus
RNA by in situ hybridization (15-17). This suggests that such islets
harbor a viral infection, but it remains to be established whether
this is important for the disease process. Previous studies have
suggested that type I IFNs play an important role to limit viral
infection and subsequent cell damage in pancreatic islets (24). The
present study now broadens this view by revealing that type III
IFNs are also regulators of the permissiveness of human islet cells
to CVB infection. If a failure to regulate this process is a feature of
the beta cells in human type 1 diabetes, then this could be impor-
tant for the etiology of the disease. However, this remains to be
confirmed, and it is also important to determine more directly
whether beta cells are (or can become) responsive to type IIT IFN.
Nevertheless, an indication that patients with type 1 diabetes may
have an altered response to enterovirus infection comes from ob-
servations that nonsynonymous single nucleotide polymorphisms
(nsSNPs) in the ifih] gene that encodes the PRR MDAS5 modulate
the risk for diabetes development (38, 39). Studies in mice defi-
cient in MDAS5 have demonstrated that this PRR is crucial for an
intact response to CVB infection (40, 41). Moreover, some of the
nsSNPs associated with an altered risk for type 1 diabetes devel-
opment are also associated with changes in type I IFN production
in response to a viral mimetic [poly(I-C)] (42). Whether this re-
sults in different handling of the virus or in altered production of
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IFNs (including type III IFN) during the development of type 1
diabetes will need to be addressed in future studies.

In summary, our study shows that primary human pancreatic
islets express both components of the type III IEN receptor and
that they respond to type III IFN treatment by upregulating clas-
sical IFN-inducible genes, including PRRs important for the de-
tection of RNA viruses. We also show for the first time that type I11
IEN treatment limits CVB3 replication in primary human cells,
and we propose that type III IFN may regulate human islet per-
missiveness to CVB infection. Thus, type III IFN could contribute
to reduced tissue damage and promote beta cell survival during an
enteroviral infection. This information may be useful for the de-
velopment of improved therapeutic strategies aiming at reducing
the severity of enterovirus infections in humans, as is currently
being used in trials in the case of foot-and-mouth disease in cattle
(34).
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