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Coxsackievirus B4 (CBV4), a member of the Picornavirus genus, has long been implicated in the development
of insulin-dependent diabetes mellitus (IDDM) caused by virus-induced pancreatic cell damage. The progres-
sive destruction of pancreatic 3 cells is responsible for the development of IDDM. It has recently been
suggested that CBV4 infection can induce the production of proinflammatory cytokines, and these cytokines
seem to be involved in the damage to the insulin-producing cells. In this study we investigated whether toll-like
receptors (TLRs) are responsible for triggering the proinflammatory cytokine production in human pancreatic
cells in response to CBV4. Here we demonstrate that CBV4 triggers cytokine production through a TLR4-
dependent pathway. This interaction seems to be independent of virus attachment and cell entry.

Epidemiological studies have shown that enteroviruses are
associated with chronic inflammatory and autoimmune dis-
eases in humans (2). One such disease is insulin-dependent
diabetes mellitus (IDDM), also known as type I diabetes,
which is caused by progressive destruction of pancreatic 8 cells.
Enterovirus and, in particular, coxsackievirus infections are
associated with the development of type I diabetes (14, 33).
The most commonly detected strain in diabetic and prediabetic
patients is coxsackievirus B4 (CBV4) (14).

Although the pancreatropic nature of this virus is well doc-
umented, how it causes degenerate destruction of large regions
of exocrine pancreas as well as {3 islets, leading to IDDM, is not
very well understood. It has been shown that CBV4 infection
can induce the production of proinflammatory cytokines such
as interleukin-1 (IL-1) beta and tumor necrosis factor-alpha
(TNF-o) (31). Even though the known role of these cytokines
in host defense against infection leads us to believe that they
may have a protective role, recent studies suggest that proin-
flammatory cytokines might have a negative effect on pancre-
atic function. It has been suggested that the cytokines pro-
duced in response to the virus might play an important role in
the pathogenesis of IDDM (5). In particular, the involvement
of TNF-« in the damage of the insulin producing cells has been
reported previously (5).

Viruses have long been known to be able to activate the
innate immune response and to induce the production of
proinflammatory cytokines (24, 25). The mechanism by which
viruses trigger this inflammatory process upon infection has
long remained unknown. It is now emerging that toll-like re-
ceptors (TLRs) are involved in “sensing” microbial pathogens
and triggering the induction and secretion of cytokines as part
of the innate immune response. To date, a number of viruses
have been shown to trigger innate responses via TLRs. Respi-
ratory syncytial virus (18) and mouse mammary tumor virus
(22) have been shown to trigger through TLR4, while measles

* Corresponding author. Mailing address: School of Life Sciences,
JMS Building, University of Sussex, Falmer, Brighton BN1 9QG,
United Kingdom. Phone and fax: 44-1273678362. E-mail: M. Triantafilou
(@sussex.ac.uk.

virus (4) and human cytomegalovirus seem to trigger via TLR2
(7). It seems that at the very earliest stages of the virus-cell
interactions, TLRs sense the virus and mount an inflammatory
response against them.

In the case of the pancreatropic CBV4, the mechanism by
which it triggers the production of proinflammatory cytokines
upon infection of the pancreas is still unknown. In this study we
investigated whether TLRs are also involved in the innate
sensing of CBV4 and responsible for triggering the inflamma-
tory cytokines that eventually lead to the destruction of insulin-
producing cells. Using reporter cell lines, we demonstrate that
CBV4 triggers the production of cytokines in human pancre-
atic cells through a TLR4-dependent pathway. TLR4-blocking
monoclonal antibodies (MAbs) seem to be able to inhibit the
production of proinflammatory cytokines in response to CBV4.

Interestingly, fluorescent imaging techniques demonstrated
that TLR4 does not associate with the known virus receptor
CAR (coxsackie adenovirus receptor) protein (3), thus dem-
onstrating that the interaction of the virus with TLR4 is inde-
pendent of virus attachment and cell entry.

MATERIALS AND METHODS

Cell lines. A human pancreatic cell line (PANC-1) was maintained in Dulbec-
co’s modified Eagle’s medium with Glutamax and 4,500 mg of glucose medium
(Gibco)/liter containing 10% heat-inactivated fetal bovine serum. Another hu-
man pancreatic cell line (ASPC-1) was maintained in RPMI medium with Glu-
tamax (Gibco) containing 10% heat-inactivated fetal bovine serum. Chinese
hamster ovary (CHO) cells transfected with human CD14 (hCD14) or with
hCD14 and human (hTLR4) cDNA or with hCD14 and hTLR2 ¢DNA in a
reporter background were constructed as previously described (9). CHO cells
were maintained in Ham’s F12 medium (Gibco BRL) supplemented with 2 mM
L-glutamine, 7.5% fetal calf serum, and 500 pg of gentamicin sulfate (G418;
Sigma)/ml. Cells were grown in 80-cm?® tissue culture flasks (Nunc). Trypsin-
EDTA (0.05% trypsin-0.53 mM EDTA) was used for passaging the cells.

Human embryonic kidney 293 (HEK-239) and HEK-239 cells transfected with
CD14 and TLR4 or with CD14 and TLR2 were maintained in Dulbecco’s
modified Eagle’s medium containing 4.6 g of glucose/liter with 10% fetal calf
serum, 5 pg of puromycin/ml, and 0.5 mg of G418 sulfate/ml.

Viruses. The diabetogenic isolated strain CBV4-E2 was kindly provided by
J.W. Yoon (33). UV inactivation of CBV4-E2 virions was performed in an UV
transluminator for 30 min. UV inactivation was confirmed by performing plaque
assays. The UV treatment described was sufficient to completely abolish virus
infection.
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Materials. All fine chemicals were obtained from Sigma (Gillingham, United
Kingdom). HTA-125, a TLR4-specific MAb which is known to be a function-
blocking MAb, was obtained from Cambridge Biosciences (Cambridge, United
Kingdom). TLR4-specific goat polyclonal serum was obtained from Santa Cruz
(Santa Cruz, Calif.). The CAR-specific MAb C1079 was obtained from Europa
Bioproducts. Horse polyclonal serum specific for CBV4 was purchased from the
American Tissue Type Collection. Cholera toxin-tetramethyl rhodamine isothio-
cyanate was purchased from List Labs. The antibodies used for fluorescence
resonance energy transfer (FRET) studies were conjugated to either Cy3 or Cy5
by use of labeling kits from Amersham Pharmacia (Bucks, United Kingdom).

Cytokine assays. PBMCs were left unstimulated or were stimulated with
CBV4 virions (103 PFU/ml). The cultures were incubated for the designated
times. The supernatants were collected and frozen until the cytokine assays were
performed. A Becton Dickinson cytometric bead array (CBA) system was used
to determine the levels of multiple cytokines at the same time. The CBA system
employs a series of beads with discrete fluorescence intensities that enable us to
simultaneously detect multiple soluble cytokines. Each bead provides a capture
surface for a cytokine and is analogous to a coated well in an enzyme-linked
immunosorbent assay. In this study the human Th1/Th2 cytokine CBA kit-II was
used to quantitatively measure IL-2, IL-4, IL-6, IL-10, TNF-o, and gamma
interferon levels in a single sample.

Virus binding assayed by flow cytometry. PANC-1 or ASPC-1 pancreatic cells
(5 X 10°) were harvested by scraping them off the flasks and fixed in 4%
paraformaldehyde. The cells were washed with phosphate-buffered saline (PBS)
and were subsequently incubated with 150 PFU of CBV4 in binding buffer (PBS
supplemented with 2 mM CaCl, and 1 mM MgCl,) at room temperature for an
hour. Unbound viruses were removed by being washed three times in binding
buffer followed by fixation using 4% paraformaldehyde (PFA). Cells were then
washed and incubated with the appropriate dilution (1/500) of CBV4 polyclonal
serum. Staining was visualized with fluorescein isothiocyanate (FITC)-conju-
gated goat anti-horse immunoglobulin (Stratech Immunochemicals) (1/500).
Fluorescent staining was analyzed by flow cytometry using a FACSCalibur system
(Becton Dickinson, Oxford, United Kingdom) and counting 10,000 cells per
sample.

Virus binding inhibition. PANC-1 or ASPC-1 pancreatic cells (5 X 10°) were
harvested by scraping them off the flasks. The cells were washed with PBS and
incubated with different concentrations (1, 2, 4, 6, 8, and 10 pg/ml) of HTA-125,
TLR4-specific MAb, TLR4-goat polyclonal serum, or irrelevant antibodies for 30
min on ice. After washing twice with binding buffer, virus binding was assayed as
described above.

Plaque assays (infectivity assays). For the production of virus plaques, 5 X 10°
cells grown in six-well plates were infected with virus (multiplicity of infection of
0.01) and covered with a plaquing overlay. The plaquing overlay consisted of an
appropriate medium to which 0.5% (wt/vol) carboxymethylcellulose was added.
Plaques were visualized by staining with 0.2% (wt/vol) crystal violet in 1%
(vol/vol) ethanol.

Virus entry inhibition. For virus entry inhibition experiments, 5 X 10° cells in
six-well plates were used as well as different concentrations (using a range of 1 to
10 wg/ml) of HTA-125, TLR4-specific antibody, TLR4-specific goat polyclonal
serum, or irrelevant antibodies. The antibodies were added for 30 min in 1 ml of
serum-free medium before the addition of the virus (multiplicity of infection of
0.01) and a further incubation for 50 min.

The cell monolayer was washed twice with culture medium and overlaid with
0.5% (wt/vol) carboxymethylcellulose in culture medium. The incubation was
continued for another 72 h in a 7% CO, incubator before plaque visualization.
The efficiency of viral infection was analyzed by plaque assays. Plaques were
visualized with 0.2% (wt/vol) crystal violet in 1% (vol/vol) ethanol.

Cell labeling for FRET. PANC-1 or ASPC-1 cells on microchamber culture
slides (Lab-tek; Gibco) were labeled with 100 pl of a mixture of donor-conju-
gated antibody Cy3 and acceptor-conjugated antibody Cy5. The cells were either
stimulated with CBV4 or left unstimulated and were rinsed twice in PBS-0.02%
bovine serum albumin prior to fixation with 4% formaldehyde for 15 min. The
cells were fixed to prevent potential reorganization of the proteins during the
course of the experiment.

Cells were imaged on a Carl Zeiss, Inc., LSM510 META confocal microscope
(with an Axiovert 200 fluorescent microscope) using a 1.4-numerical aperture
(NA) 63X Zeiss objective. The images were analyzed using LSM 2.5 image
analysis software (Carl Zeiss, Inc.). Cy3 and Cy5 were detected using the appro-
priate filter sets. When typical exposure times (less than 5 s) for image acquisi-
tion were used, no fluorescence from a Cy3-labeled specimen was observed using
the Cys5 filters and no Cy5 fluorescence was detected using the Cy3 filter sets.

FRET measurements. FRET involves nonradiative transfer of energy from the
excited state of a donor molecule to an appropriate acceptor (32). The rate of
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energy transfer (E) is inversely proportional to the 6th power of the distance r
between the donor and the acceptor:

E = 1/[1+ (r/Ry)°]

In the present study FRET was measured using a previously described method
(17, 26, 27). Briefly, human pancreatic cells were cultured on microchamber
culture slides (Lab-tek; Gibco) and labeled with 100 pl of a mixture of donor-
conjugated antibody (Cy3) and acceptor-conjugated cholera toxin (Cy5). Energy
transfer was detected as an increase in donor fluorescence (dequenching) after
complete photobleaching of the acceptor molecule. Cells were imaged on a Carl
Zeiss, Inc., LSM510 META confocal microscope (with an Axiovert 200 fluores-
cent microscope) using a 1.4-NA 63X Zeiss objective. Cy3 was excited with a
helium-neon laser line emitting at 543 nm, whereas Cy5 was excited with a
633-nm laser line. Tracks were scanned sequentially, with only one laser and
respective detector channel active per scan. The images were analyzed using
LSM 2.5 image analysis software (Carl Zeiss, Inc.). FRET was calculated from
the increase in donor fluorescence after acceptor photobleaching by the follow-
ing equation:

E% % 100 = 10,000 X (Cy3 postbleach — Cy3 prebleach)/Cy3 postbleach

The scaling factor of 10,000 was used to expand E to the scale of the 12-bit
images.

Isolation of lipid rafts. Human pancreatic cells (100 X 10°) were lysed in 500
wl of MEB buffer (150 mM NaCl, 20 mM morpholineethanesulfonic acid, pH
6.5) containing 1% Triton X-100 and protease inhibitors (500 wM phenylmeth-
ylsulfonyl fluoride and 5 mM iodoacetamide) for 1 h on ice. The cells were mixed
with an equal volume of 90% sucrose in MEB buffer and placed at the bottom
of a centrifuge tube. The sample was overlaid with 5.5 ml of 30% sucrose—4.5 ml
of 5% sucrose in MEB buffer and centrifuged at 100,000 X g for 16 h. Fractions
(1 ml) were gently removed from the top of the gradient, and n-octylglucoside
was added to each fraction (60 wM final concentration) to solubilize rafts. For
isolation of cellular membranes following CBV4 stimulation, PANC-1 cells were
stimulated for 30 min at 37°C prior to solubilization in MEB buffer.

RESULTS

CBV4 activation of human pancreatic cells. It has been
previously shown that CBV4 can induce the production of
proinflammatory cytokines in freshly isolated human leuko-
cytes (31). Although CBV4 can infect many cell types, it dis-
plays a strong pancreatropic nature in vivo when a mouse
model is used. To investigate its pancreatropic nature we in-
fected human pancreatic cells (PANC-1) and performed
plaque assays. It was shown that CBV4 was able to efficiently
infect pancreatic cells (Fig. 1A). Similar results were obtained
when we performed infectivity assays on ASPC-1 cells (data
not shown). Thus, we proceeded to investigate whether CBV4
can induce inflammatory cytokines in human pancreatic cells.

Human pancreatic cells (PANC-1) were incubated with
CBV4 virions for different time periods. It was shown that
CBV4 can induce TNF-a and, mainly, IL-6 cytokine produc-
tion in these cells (Fig. 1C).

To further investigate whether CBV4 infection of pancreatic
cells is required for the induction of cytokines, we incubated
PANC-1 cells with UV-inactivated CBV4 particles, which were
found not to be able to infect pancreatic cells (Fig. 1B). Al-
though these virus particles are unable to infect cells, they were
able to stimulate cytokine production (Fig. 1C), thus demon-
strating that the initial contact between the viral particle and
the cells is sufficient to stimulate the proinflammatory cytokine
production.

CBV4-induced activation is TLR4 dependent. To investigate
the role that TLRs might play in CBV4-induced activation of
human pancreatic cells we utilized transfected cell lines. HEK
cells transfected with CD14 and TLR2 or with CD14 and
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FIG. 1. CBV4 activation of human pancreatic cells investigated by
infectivity assays. The results of plaque assays performed with non-
UV-inactivated CBV4 (A) and UV-inactivated CBV4 (B) on PANC-1
cells are shown. Human pancreatic (PANC-1) cells were incubated
with CBV4 virions (10> PFU/ml) (white bar charts) or with UV-inac-
tivated CBV4 (black bar charts) for 1 h or were left untreated (grey bar
charts) (C). The supernatants were harvested and assayed for cytokine
secretion by use of a CBA system (Becton Dickinson). Fluorescence
was detected using a FACSCalibur system (Becton Dickinson). The
data represent the means of three independent experiments.

TLR4 were utilized. HEK cells do not express TLR2 and
TLR4 and thus were found not to be able to produce cytokines
in response to the presence of CBV4 (Fig. 2). Similarly CBV4
did not trigger cytokine production in HEK cells transfected
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FIG. 2. Cytokine production is TLR4 dependent. HEK-293 (grey
bar charts), HEK/CD14/TLR4 (black bar charts), and HEK/CD14/
TLR2 (white bar charts) cells were incubated with no stimulus (me-
dium alone) (Mock), 100 ng of LPS/ml, 10 pg of lipoteichoic acid/ml,
CBV4 virions (10> PFU/ml), or UV-inactivated CBV4. The superna-
tants were harvested and assayed for cytokine secretion by use of a
CBA system (Becton Dickinson). Fluorescence was detected using a
FACSCalibur system (Becton Dickinson). The data represent the
means of three independent experiments.
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with CD14 and TLR2 (Fig. 2). In contrast, HEK cells trans-
fected with CD14 and TLR4 produced cytokines after incuba-
tion with CBV4 virions (Fig. 2), thus suggesting that CBV4
induced activation in mediated via TLR4. Control cultures
were stimulated with known TLR2 or TLR4 ligands.

To determine whether the induction of cytokines was de-
pendent on replication competence, we stimulated the trans-
fected cell lines with UV-inactivated CBV4 virions. We found
that UV-inactivated CBV4 virions were able to stimulate the
production of proinflammatory cytokines only on HEK/CD14/
TLR4 cells, thus demonstrating that infection of cells by CBV4
is not required to activate the innate immune response. In
contrast, it seems that CBV4 triggers the innate immune re-
sponse in its initial interaction with the cells and that the
production of proinflammatory cytokines is independent of
internalization and replication of CBV4 virions.

NF-kB transcriptional responses to CBV4 are mediated by
TLR4. Many of the inflammatory cytokines that were secreted
in response to CBV4 stimulation are under the control of
genes containing NF-kB elements in their promoters. TLRs
seem to act upstream of NF-«kB activation. TLR signaling path-
ways have been shown to ultimately result in the release of
NF-«B from its endogenous inhibitor (1) and subsequent nu-
clear translocation that leads to the transcription of inflamma-
tory cytokines.

To determine whether the CBV4-induced TLR4 activation
that we observed leads to NF-kB-driven transcription re-
sponse, we utilized reporter cell lines for our experiments.
CHO cells expressing CD14 and human TLR2 or TLR4 which
contains an NF-kB-CD25 reporter construct (12) were uti-
lized. In these cell lines, when there is NF-kB-driven activation
CD25 is expressed on the cell surface. Flow cytometry was used
to test for CD25 expression on these cell lines in response to
the presence of CBV4.

CD25 expression was found to be induced after stimulation
with CBV4 virions in CHO/CD14/TLR4 cells but not in CHO/
CD14/TLR2 cells (Fig. 3). These experiments demonstrate
that CBV4 activates NF-kB in a TLR4-dependent manner.
Control experiments with known TLR2 or TLR4 ligands were
also performed.

Inhibition of CBV4 activation of human pancreatic cells by
TLR4-specific antibodies. Since we had already demonstrated
the importance of TLR4 in CBV4-mediated activation in
model cell lines, we investigated whether TLR4 was also im-
portant for triggering the inflammatory response in human
pancreatic cells.

Human pancreatic (PANC-1) cells were incubated with
TLR4-specific MAb prior to incubation with CBV4 virions.
Cytokine assays were performed after the designated incuba-
tion times. It was shown that preincubation with TLR4-specific
MAbs inhibited CBV4-induced cellular activation (Fig. 4A),
thus suggesting the importance of TLR4 in CBV4-mediated
activation of human pancreatic cells. Similar results were ob-
tained with ASPC-1 cells (data not shown).

TLR4-specific antibodies do not inhibit CBV4 infection of
pancreatic cells. Our experiments suggested that TLR4 was
involved in triggering a proinflammatory cytokine production
in response to CBV4 and that the TLR4-CBV4 interaction was
independent of the internalization and replication competence
of CBV4. We had concluded that CBV4 must interact with
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FIG. 3. TLR4-dependent NF-kB activation in response to CBV4.
CHO (grey bar charts), CHO/CD14/TLR4 (black bar charts), and
CHO/CD14/TLR2 (white bar charts) reporter cells were incubated
with no stimulus (medium alone) (Mock), 1 pg of isotype control
antibody/ml, 100 ng of LPS/ml, 10 wg of lipoteichoic acid/ml, CBV4
virions (10°> PFU/ml), or UV-inactivated CBV4. At 1 h posttreatment,
cell surface expression of CD25 was measured by flow cytometry.
Fluorescence was detected using a FACSCalibur system (Becton Dick-
inson), counting 10,000 cells per sample. The percentages of CD25-
positive cells are shown as the means and standard deviations from
three independent experiments.

TLR4 in the initial stages of the virus-cell interaction. The
results of the time course cytokine assays also supported this
notion (Fig. 4B). During the 6-h infectious cycle of CBV4 it
was shown that the maximum cytokine production occurred
within the first hour of the virus-host interaction.

If TLR4 was associating with CBV4 in the initial stages of
attachment, then TLR4 might play a role in the attachment
step as a virus-receptor molecule. To investigate the role that
TLR4 played in CBV4 binding, we preincubated human pan-
creatic (PANC-1) cells with TLR4-specific MAb and subse-
quently incubated them with CBV4 virions. Virus particles
were detected using an antibody against the virus followed by
the addition of a secondary antibody conjugated to FITC. The
level of virus binding was determined by flow cytometry as
previously described (28, 30). It was found that TLR4-specific
MADs could not inhibit CBV4 binding to human pancreatic
cells (Fig. 5). The level of CBV4 binding was the same in
pancreatic cells both in the presence and absence of TLR4-
specific MAbs, thus leading us to believe that CBV4 does not
directly bind to TLR4. Similar results were obtained with
ASPC-1 cells (data not shown).

Since the attachment and internalization of certain viruses
are often two different stages involving different receptors, we
continued to investigate whether TLR4 was involved in the
infectious cycle of CBV4. For these studies we performed
plaque assays. Human pancreatic (PANC-1) cells were incu-
bated with TLR4-specific MAbs prior to CBV4 infection. The
level of infection was determined by plaque assays. TLR4-
specific MAbs had no effect on the infectivity of CBV4. CBV4
appeared to have the same infectivity in the presence and
absence of TLR4-specific MADbs (Fig. 6), thus suggesting that
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FIG. 4. TLR4-dependent IL-6 secretion in response to CBV4. Hu-
man pancreatic (PANC-1) cells were incubated with CBV4 virions (10°
PFU/ml) (white bar charts) or UV-inactivated-CBV4 (black bar
charts) for 1 h in the presence or absence of TLR4-specific MAb or
TLR4-goat-specific serum (A). The supernatants were harvested and
assayed for cytokine secretion using a CBA system (Becton Dickin-
son). Human pancreatic cells were incubated with CBV4 virions (10°
PFU/ml) for 6 h. The supernatants were harvested every hour and
assayed for cytokine secretion using a CBA system (Becton Dickinson)
(B). Fluorescence was detected using a FACSCalibur system (Becton
Dickinson). The data represent the means of three independent ex-
periments.

as we had previously speculated, TLR4 does not play any role
in the attachment or internalization or replication of CBV4.

In addition, to demonstrate that TLR4 is not involved in the
CBV4 infectious cycle, we performed control experiments us-
ing CHO cells transfected with CAR, TLR4, or empty vector.
Untransfected CHO cells are not permissive to virus infection.
It was found that only CHO cells transfected with CAR were
infected by the virus (Fig. 6), thus suggesting that TLR4 in not
required for virus infection.

TLR4 is recruited in lipid rafts following CBV4 infection.
Accumulating evidence is suggesting the existence of specific
partitioning of the plasma membrane in the form of cholester-
ol-enriched microdomains that are essential for cellular func-
tion (8, 11, 15, 16). These membrane microdomains are be-
lieved to perform diverse functions by providing a specialized
microenvironment in which the relevant molecules for the spe-
cific biological functions accumulate (13).

The results of recent studies have indicated that these mem-
brane microdomains seem to be involved in the recognition of
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FIG. 5. CBV4 binding is TLR4 independent. Human pancreatic
(PANC-1) cells were incubated with CBV4 virions (10> PFU/ml)
(white bar charts) or UV-inactivated-CBV4 (black bar charts) for 1 h.
CBV4 binding was detected by using a CBV4 horse polyclonal serum
followed by incubation with FITC-goat anti-horse immunoglobulin.
Fluorescence was detected using a FACSCalibur system (Becton Dick-
inson), counting 10,000 cells per sample. The data represent the means
of three independent experiments.

microbial products and particularly in virus-cell interactions.
Lipid rafts seem to play a role in the budding of human im-
munodeficiency virus (19, 21, 20) and influenza virus (23),
comprising assembly sites of enveloped viruses, while involve-
ment of rafts in virus entry has also been postulated (10).

In this study we wanted to investigate whether lipid rafts play
an important role in CBV4-induced cellular activation. TLR4
has previously been found not to reside in lipid rafts but to be
recruited there in response to bacterial stimuli such as lipo-
polysaccharide (LPS) (29). Here, using initially biochemical
methods we isolated lipid raft fractions on the basis of their
insolubility in Triton X-100 and low-level buoyant density in
sucrose gradients (6).

GM-1 ganglioside, a raft-associated lipid, was detected using
horseradish peroxidase-conjugated cholera toxin. We found

.A.B
.C“

FIG. 6. CBV4 infectivity is TLR4 independent. The results of
plaque infectivity assays performed with CBV4 on PANC-1 cells in the

presence (A) and absence (B) of TLR4-specific (HTA-125) MADb,
CHO (C), CHO-CAR (D), and CHO-TLR4 (E) cells are shown.
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that GM-1 ganglioside migrated near the top of the sucrose
gradient (fractions 2 to 5), indicating that this procedure was
effective in separating membrane rafts from the rest of the
cellular membrane (Fig. 7). As expected, TLR4 was found not
to reside in lipid rafts before incubation with CBV4 virions, but
surprisingly it was recruited there following CBV4 stimulation
(Fig. 7). Similarly, CAR was also recruited there upon CBV4
stimulation. Control experiments utilizing transferrin receptor
MADb (since transferrin receptor is a well-known non-raft
marker) as well as TLR2 (TL2.1) MAD revealed that neither
transferrin receptor (Fig. 7) nor TLR2 (data not shown) was
recruited in lipid rafts before or after CBV4 stimulation.

The concentration of CAR, the CBV4 receptor, as well as
that of TLR4 within lipid rafts before and after stimulation by
CBV4 virions was examined using FRET. We used cholera
toxin conjugated to Cy5 to probe for lipid rafts, whereas we
used Cy3-labeled antibodies against CAR and TLR4 as the
donor.

FRET was measured in terms of dequenching of donor
fluorescence after complete photobleaching of the acceptor
fluorophore. Increased donor fluorescence after complete de-
struction of the acceptor indicated association between the two
molecules of interest. Prior to our experiments, the energy
transfer efficiency in our system was measured using a positive
control as well as a negative control for the energy transfer
(Table 1). As expected, maximum energy transfer efficiency
(E) was 38% = 0.5%.

To examine whether TLR4 was localized in lipid rafts prior
to stimulation with CBV4, we measured FRET on pancreatic
(PANC-1) cells between TLR4 (by use of Cy3-conjugated
TLR4-specific MAb) and GM-1 ganglioside, a raft-associated
lipid (by use of Cy5-cholera toxin). The results showed that
there was no energy transfer efficiency (2% = 0.5%), thus
verifying that TLR4 does not reside in lipid rafts.

We similarly examined whether CAR protein localizes in
lipid rafts prior to CBV4 infection by using Cy3-C1079 specific
for CAR protein and Cy5-cholera toxin for the GM-1 gangli-
oside. Our results showed there was a small percentage of
CAR protein associated with lipid rafts, giving FRET values of
9% * 0.6% (Table 1).

We also examined whether TLR4 or CAR molecules were
recruited into the raft after infection with CBV4. We therefore
performed FRET experiments with TLR4 and GM-1 ganglio-
side as well as with CAR protein and GM-1 ganglioside in the
presence of CBV4. We found that there was an increased
association between CAR and GM-1 ganglioside (E = 33% *+
2.0%) in the presence of CBV4 particles as well as an increased
association of TLR4 with GM-1 ganglioside (E = 34% =
3.0%) (Fig. 5). Our data show that TLR4 and CAR molecules
are recruited in the rafts upon CBV4 infection.

To rule out the possibility that the FRET observed was due
to random distribution, we varied the ratio of donors and
acceptors used to label the proteins of interest. E was found to
be independent of acceptor density, to be sensitive to the
donor:acceptor ratio, and not to go to 0 at low surface density,
thus suggesting that the FRET values observed were due to
clustered molecules and not random associations.

The functional significance of TLR4 recruitment in lipid
rafts was investigated by disrupting lipid raft formation by the
use of lipid raft-disrupting drugs such as nystatin and by sub-
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FIG. 7. TLR4 recruitment within lipid rafts following CBV4 stimulation. Human pancreatic (PANC-1) cells were either treated with no
stimulus (A, B, D, and F) or incubated with CBV4 virions (C, E, and G) prior to solubilization with 1% Triton X-100 buffer for 1 h on ice and
then subjected to sucrose density gradient centrifugation. Fractions were collected from the top of the gradient, and equivalent portions of each
fraction were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting. The lipid raft marker was detected using
horseradish peroxidase-conjugated cholera toxin (A); the nitrocellulose membranes were also probed with TLR4-specific MAb (B and C),
CAR-specific MAb (D and E), and transferrin-specific MAb (F and G). The relative positions of the raft and nonraft (soluble) fractions are

Fractions

indicated.

sequently stimulating the cells with CBV4. The incubation with
nystatin led to the disruption of TLR4 and CAR recruitment in
lipid rafts (Table 1). We found that cytokine secretion was
inhibited when pancreatic (PANC-1) cells were treated with
nystatin prior to CBV4 stimulation, thus suggesting that raft
integrity is crucial for CBV4-induced inflammation.

TLR4 does not associate with CBV4 receptor molecules.
Since both TLR4 and CAR were found to be recruited in lipid
rafts following incubation with CBV4, we wanted to investigate
whether TLR4 and CAR also associated. FRET was utilized to
study CAR-TLR4 associations before and after CBV4 stimu-
lation of PANC-1 cells.

Experiments to investigate FRET between TLR4 and CAR
were performed prior to stimulation with CBV4 particles (Fig.
8A and B). It was found that after acceptor photobleaching,
there was no significant energy transfer between TLR4 and
CAR (E = 4% = 1.3%); thus, TLR4 and CAR did not asso-
ciate prior to CBV4 infection.

We also examined whether TLR4 and CAR molecules as-
sociated after stimulation with CBV4 particles (Fig. 8C and D).
Although we had found both molecules to be recruited to lipid
rafts after CBV4 stimulation, we found that, surprisingly, there
was no energy transfer between TLR4 and CAR following
CBV4 stimulation. Thus, CBV4 does not interact with TLR4
through a close proximity with CAR, its known receptor mol-
ecule.

DISCUSSION

The secretion of proinflammatory cytokines in response to
microbial pathogens is an ancient protective measure that our
innate immune system employs as part of its nonspecific host
defense mechanism. It has long been known that this protec-
tive mechanism is mounted in response to pathogens such as
conserved bacterial structures as well as viral products. Al-
though the role of these proinflammatory cytokines is meant to

TABLE 1. Energy transfer efficiency values for donor-acceptor pairs

Cell category Donor (Cy3) Acceptor (Cy5) E + AE (%)"
Unstimulated PANC-1 cells MHC-I? MHC-I 38 0.5
TLR4 GM-1 ganglioside 2+05
TLR4 (treated with nystatin) GM-1 ganglioside 3+08
CAR GM-1 ganglioside 9+0.6
CAR (treated with nystatin) GM-1 ganglioside 10+ 1.5
PANC cells stimulated with CBV4 MHC-I MHC-I 38 0.5
TLR4 GM-1 ganglioside 34 +3.0
TLR4 (treated with nystatin) GM-1 ganglioside 5+1.0
CAR GM-1 ganglioside 3320
CAR (treated with nystatin) GM-1 ganglioside 8§+04

¢ Energy transfer for different pairs was detected from the increase in donor fluorescence after acceptor photobleaching. Data represent means =+ standard deviations

from a number of independent experiments.
> MHC-1, major histocompatibility complex class I.
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A

FIG. 8. Energy transfer between TLR4 and CAR before and after
stimulation by CBV4. Energy transfer between TLR4 (Cy3-TLR4) and
CAR (Cy5-CAR) before (A and B) and after (C and D) stimulation by
CBV4 can be detected by the increase in donor fluorescence after
acceptor photobleaching. Donor (Cy3) images after acceptor photo-
bleaching (A and C) and E images (images resulting from the subtrac-
tion of the Cy3 image before photobleaching from the Cy3 image after
photobleaching) (B and D) are shown. Bar, 5 pm.

be protective in the case of bacterial products, it can in some
circumstances become harmful, resulting in often-fatal sepsis
or septic shock. The possibility that a dysregulated cytokine
secretion in response to some viruses might result in inflam-
matory and autoimmune diseases in humans has been sug-
gested. One such disease is IDDM, for which CBV4 has been
implicated as a cause.

The exact mechanism by which CBV4 destroys human pan-
creatic 3 islets and eventually leads to the development of
IDDM has not yet been elucidated. It has been suggested that
the virus might directly destroy pancreatic cells, but accumu-
lating evidence is suggesting that CBV4 might trigger a dys-
regulated inflammatory response that could eventually be
harmful for the host (5). By unraveling the mechanism by
which CBV4 is able to trigger the production of inflammatory
cytokines, we might be able to manipulate this cytokine re-
sponse and find ways to prevent the development of IDDM.

In this study we investigated the possibility that CBV4 trig-
gers the secretion of proinflammatory cytokines in human pan-
creatic cells. Our experiments suggest that CBV4 is capable of
inducing the secretion of inflammatory cytokines, which in-
clude TNF-a and, to a greater extent, IL-6, within the first hour
of its interaction with the host. This ability to induce an in-
flammatory response seems not to require the internalization
of CBV4 or the successful infection of human pancreatic cells,
since UV-inactivated CBV4 virions (which are incapable of
infecting cells) were able to trigger exactly the same response.
This leads us to believe that CBV4 must interact with some
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receptor of the innate immune system in the early attachment
stage of the viral infectious cycle.

TLRs have been emerging as pattern recognition receptors
that are part of the innate immune defense machinery that
recognizes viral products and triggers an inflammatory re-
sponse against them (4, 7, 18, 22). Thus, we investigated
whether TLRs are also involved in the inflammatory response
that is induced by CBV4 in human pancreatic cells. Our ex-
periments suggest that the CBV4-induced inflammatory re-
sponse is mediated through TLR4. The presence of TLR4 was
required for CBV4 to trigger the production of cytokines, but
when we investigated whether TLR4 was required for either
viral attachment or internalization, we found that the presence
of TLR4 was not sufficient for efficient viral binding and infec-
tion. Our findings suggest that TLR4 does not play an impor-
tant role in the CBV4 infectious cycle but must be part of the
innate immune system machinery and act as a trigger for a
protective immune response to be mounted.

Interestingly, we also found that TLR4 is recruited within
lipid rafts following stimulation by CBV4 particles. This re-
cruitment seems to be crucial for the CBV4-induced inflam-
matory response, since lipid-raft-disrupting drugs were able to
inhibit cytokine production. CAR protein, one of the known
CBV4 receptors, was also found to be recruited to lipid rafts
following stimulation by CBV4 particles. Surprisingly, TLR4
was found not to associate with CAR either before or after
CBV4 stimulation, ruling out the possibility that a TLR4-CAR
association is the mechanism by which CBV4 manages to trig-
ger an inflammatory response via TLR4.

In this study we present evidence that CBV4 is capable of
triggering the production of inflammatory cytokines in human
pancreatic cells. Such a response has been suggested to play a
role in the development in IDDM. Although our findings sug-
gest that TLR4 is the main pattern recognition receptor that
triggers this response, TLR4 seems not to be part of the CBV4
infectious cycle. It seems to simply act as sensing machinery for
the innate immune system. Even though we have revealed a big
piece of the puzzle of CBV4-induced inflammation, the ques-
tion still remains: how does TLR4 sense CBV4 particles? Our
findings suggest that TLR4 does not directly bind CBV4 par-
ticles, since its presence was not necessary for CBV4 binding.
One mechanism could be that TLR4 must associate with a
CBV4 receptor within lipid rafts and thus trigger an immune
response against it. The definition of all host proteins that
recognize CBV4 could prove to be very important, since un-
raveling the mechanism by which CBV4 induces this inflam-
matory response might help us find new therapeutic targets for
IDDM.
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