
In Type 1 Diabetes a Subset of Anti-Coxsackievirus B4
Antibodies Recognize Autoantigens and Induce
Apoptosis of Pancreatic Beta Cells
Caterina Bason1., Renata Lorini2., Claudio Lunardi1., Marzia Dolcino3, Alessandro Giannattasio2,

Giuseppe d’Annunzio2, Antonella Rigo4, Nicoletta Pedemonte5, Roberto Corrocher1, Antonio Puccetti3,6*

1 Department of Medicine, Section of Internal Medicine, University of Verona, Verona, Italy, 2 Department of Pediatrics, University of Genova and Giannina Gaslini Institute,

Genova, Italy, 3 Clinical and Experimental Immunology Unit, Giannina Gaslini Institute, Genova, Italy, 4 Department of Medicine, Section of Hematology, University of

Verona, Verona, Italy, 5 Laboratory of Molecular Genetics, Giannina Gaslini Institute, Genova, Italy, 6 Department of Experimental Medicine, Section of Hystology,

University of Genova, Genova, Italy

Abstract

Type 1 diabetes is characterized by autoimmune destruction of pancreatic beta cells. The role played by autoantibodies
directed against beta cells antigens in the pathogenesis of the disease is still unclear. Coxsackievirus B infection has been
linked to the onset of type 1 diabetes; however its precise role has not been elucidated yet. To clarify these issues, we
screened a random peptide library with sera obtained from 58 patients with recent onset type 1 diabetes, before insulin
therapy. We identified an immunodominant peptide recognized by the majority of individual patients’sera, that shares
homology with Coxsackievirus B4 VP1 protein and with beta-cell specific autoantigens such as phogrin, phosphofructo-
kinase and voltage-gated L-type calcium channels known to regulate beta cell apoptosis. Antibodies against the peptide
affinity-purified from patients’ sera, recognized the viral protein and autoantigens; moreover, such antibodies induced
apoptosis of the beta cells upon binding the L-type calcium channels expressed on the beta cell surface, suggesting a
calcium dependent mechanism. Our results provide evidence that in autoimmune diabetes a subset of anti-Coxsackievirus
antibodies are able to induce apoptosis of pancreatic beta cells which is considered the most critical and final step in the
development of autoimmune diabetes without which clinical manifestations do not occur.

Citation: Bason C, Lorini R, Lunardi C, Dolcino M, Giannattasio A, et al. (2013) In Type 1 Diabetes a Subset of Anti-Coxsackievirus B4 Antibodies Recognize
Autoantigens and Induce Apoptosis of Pancreatic Beta Cells. PLoS ONE 8(2): e57729. doi:10.1371/journal.pone.0057729

Editor: Matthias G. von Herrath, La Jolla Institute for Allergy and Immunology, United States of America

Received September 28, 2012; Accepted January 25, 2013; Published February 28, 2013

Copyright: � 2013 Bason et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The work was supported by a grant from Ministry of University, Research, Science and Technology (Murst), Italy. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: antonio.puccetti@unige.it

. These authors contributed equally.

Introduction

Type 1 diabetes is a chronic autoimmune disease characterized

by progressive and selective destruction of pancreatic beta cells in

genetically predisposed individuals during childhood or adoles-

cence [1,2].

As for other autoimmune diseases, it is triggered by the

interaction between genetic and environmental factors. Among

diabetogenic environmental factors, viruses seem to play a pivotal

role as suggested by epidemiological, experimental and clinical

data. Enteroviruses, particularly coxsackie B virus infection, have

been associated with autoimmunity/type I diabetes [3,4]. Recent

findings have shown that genetic polymorphism of IFIH1 is

associated to increased risk to develop type 1 diabetes. This gene

encodes for an innate immune system receptor for enteroviruses

suggesting one possible mechanism for the diabetogenic effect of

enteroviruses. This is further emphasized by the observation that

the innate immune system is activated in the pancreatic islets of

type 1 diabetic patients [5].

Moreover recent studies show a higher prevalence of entero-

virus RNA in serum, plasma or whole blood samples, and in

mononuclear cells of newly diagnosed patients with type 1 diabetes

than that found among healthy controls [3,6,7].

A recent report shows that a large proportion of type 1 diabetic

patients have prolonged/persistent enterovirus infection associated

with an inflammatory process in the gut mucosa, suggesting that

the gut mucosa is a reservoir for enterovirus persistence in patients

with type 1 diabetes [8,9]; however these findings have not been

confirmed in another study [10].

Furthermore, coxsackie B viruses have been detected in the

pancreatic islets of type I diabetic patients [2,11,12]. In some cases

infection of pancreatic cells by coxsackievirus B4 has been shown

to upregulate the cell surface expression of beta cell proteins,

including the autoantigen glutamic acid decarboxylase (GAD),

suggesting a role for coxsackievirus B4 in the induction and/or

potentiation of autoimmune responses against candidate islets

autoantigens [13].

Studies performed in animal models have increased our

knowledge on the role of coxsackievirus B4 in type 1 diabetes by

helping to clarify the pathogenic mechanisms of the infection that

can lead to beta cell destruction, including direct virus-induced
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beta cell lysis, molecular mimicry, ‘bystander activation’ and viral

persistence [14].

Indeed the pathogenic role of viruses in the destruction of beta

cells involves direct cell damage, local activation of the immune

system and production of proinflammatory mediators, such as

cytokines and chemokines that may be detrimental for immune

homeostasis in the islets of Langherans and be critical in the

pathogenesis of the disease [15]. Other potential pathogenic

mechanisms are the impairment of central self-tolerance due to

viral infections [16] and the induction of a subset of antibodies

able to favour a viral escape from the immune response, thus

participating to the spreading of viruses to beta cells [17].

The intervention of cells of the immune system on the

pathogenesis of pancreatic damage has been deeply investigated,

and the histopathology of type 1 diabetes has been clearly defined

by a decreased beta cell mass in association with insulitis, a

characteristic lymphocytic infiltration limited to the islets and

prominent in the early stage of the disease. A cytotoxic T cell

mediated destruction of insulin producing cells is thought to be

initiated by an unknown (auto)antigen leading to destruction of

beta mass at clinical diagnosis. The infiltrate consists predom-

inantly of T cells, in which CD8+ lymphocytes dominate, but also

contains CD4+ lymphocytes, B lymphocytes and a large number

of macrophages. On the contrary NK cells are detected rarely

even in heavily inflamed islets [18]. The cellular response is

accompanied by a humoral response that includes autoantibodies

directed against a large array of beta cell antigens. Autoantibodies

may precede the onset of type 1 diabetes by months or years and

they are mainly considered an epiphenomenon of the tissue

damage. In addition little is known on the functional effect of

autoantibodies directed against islet cell autoantigens. The aim of

this work was to try to clarify some of these issues by using a

peptide library approach which we have already successfully

applied to the identification of novel disease-specific autoantigen

targets in different autoimmune diseases [19–23].

The results obtained suggest that coxsackie B4 antibody

response may be linked to the pathogenesis of the disease by

cross-reacting with autoantigens expressed by pancreatic beta cells,

thus identifying a novel property of anti-virus antibodies that may

represent an additional mechanism of pancreatic beta cell damage

during the pathogenesis of type I diabetes.

Patients and Methods

Patients
We enrolled fifty-eight patients (35 males, 23 females) aged 0.8–

18.7 years (mean age 8.3 years) with recently diagnosed (1–29

days) type 1 diabetes attending the Department of Pediatrics,

Giannina Gaslini Institute, Genova. Diagnosis was based on the

American Diabetes Association criteria [24]. Patients were tested

for anti-glutamic acid decarboxylase (GADA), anti-insulin (IAA)

and anti-tyrosine phosphatase-like protein (IA2A) antibodies

(Table S1) within 30 days from the diagnosis and before starting

insulin therapy. Commercially available kits were used to detect

autoantibodies (Radioimmuno-assay CIS Bio International-Scher-

ing SA). One hundred age and sex-matched healthy individuals

served as controls. Eight subjects with evidence of Coxsackievirus

infection and presence of serum antibodies directed against the

Coxsackievirus B4 extract were tested for the presence of

antibodies against the T1DM and COXSA peptides (Fig. 1B).

A second group of twenthy-two subjects (13 males, and 9

females) aged 2–15 years (mean age 9.1 years) with recent onset

type I diabetes was also tested to validate the results.

Written informed consent was obtained from children’s parents

and from patients and controls who were older than 18 years. The

institutional review board of Giannina Gaslini Institute approved

the research. All clinical investigations have been conducted

according to the principles expressed in the Helsinky declaration.

Cell Lines
Since human and murine autoantigens shares high degree of

homology (Table S2), we used the pancreatic beta-cell line B-TC1

(a kind gift of F. Dotta, University of Siena, Italy) between passages

3–9 and the beta-cell line NIT-1 (ATCC nuCRL-2055; Rockville,

MD, USA) between passages 3–12. B-TC1 cells were cultured in

D-MEM with 15% horse serum and 2,5% heat-inactivated fetal

calf serum and 1% penicillin-Streptomycin purchased from

GIBCO (Invitrogen, Carlsbad, CA, US). NIT-1 cells were

cultured according to the recommendations of ATCC in F-12

Ham’s medium (FK12) containing 10 mmol/L d-glucose supple-

mented with sodium bicarbonate and 10% head-inactivated fetal

calf serum (GIBCO-Invitrogen, Carlsbad, CA, US).

Library
The FliTrx random dodecamer peptide library was purchased

from Invitrogen (Carlsbad, CA, USA) and screened with pooled

Igs affinity-purified from the sera of 58 patients with type 1

diabetes as described elsewhere [19–22].

Each ‘biopanning’ experiment was preceded by a ‘pre-panning’

step with pooled normal IgG obtained from 50 normal donors to

remove bacteria that nonspecifically bind immunoglobulins

outside the antigen-binding site. After five sequential rounds of

‘biopanning’ experiments, the enriched library was grown, and

single colonies were picked, expanded and induced with trypto-

phan to express the fusion peptides. Bacteria were then lysed in

sample buffer and tested by western blot analysis with the pooled

T1DM IgG fraction to find positive clones. DNA was extracted

from positive clones and sequenced. A set of 15 out of 31 peptides

obtained from the last biopanning experiment, was synthesized

and used to test sera from type 1 diabetes patients and controls in

ELISA.

Peptide Synthesis
All the synthetic peptides, including T1DM-peptide

(SNLQHIRRDVRP), COXSA-peptide (FVPKHVKAYVRP),

CA-peptide (GNLEHVS) and the irrelevant control peptide

(VTAPKDSDVELP), were manually synthesized [25].

ELISA
The direct and competitive ELISA method for antibody binding

to the synthetic peptides has been described elsewhere [19–22].

The synthetic peptides were used at the concentration of 20 mg/ml

in PBS to coat polystyrene plates (Immulon II, Dynax, Ashford,

UK).

As secondary antibodies, we used anti-human IgG antiserum

(Sigma, Saint Louis, MO, USA) or anti-human IgA antiserum

(Sigma, Saint Louis, MO, USA). Absorbance values higher than

the mean plus three standard deviation of each serum dilution of

the control group were considered positive. Anti-Coxsackievirus

antibodies (IgG and IgA) in type I diabetes patients and healthy

donors was assessed using a total Coxsackievirus B4 estract

(Virion, Ruschlikon, Switzerland) (25 mg/ml in PBS).

Western Blot
The Coxsackievirus B4 extract was used to detect the VP-1

protein.

Anti-Coxsackievirus B4 Abs in Type 1 Diabetes
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The virion proteins were resolved by SDS-PAGE 10% and

transferred to nitrocellulose membrane (Amersham Bioscience,

Piscataway, New Jersey, USA). Blots were probed with primary

antibodies followed by either peroxidase-linked anti-human IgG

(Amersham Bioscience, Piscataway, NJ, USA) or anti-human IgA

(Sigma, Saint Louis, MO, USA). Positive controls sera (IgG/IgA

against Coxsackievirus) were supplied by Virion. The VP1 protein

was identified with commercially available antibodies (Acris

Antibodies, Inc, San Diego, CA, USA).

Immunoprecipitation
Beta cells (16107) were lysed in cold mild detergent conditions

(1% Nonidet P- 40, 10 mM Tris, pH 7.4, 0.15 M NaCl and

5 mM MgCl2) (Sigma, Saint Louis, MO, USA) and immunopre-

cipitated with affinity-purified antibodies coupled to sepharose–

protein A (Pharmacia Biotech, Piscataway, NJ). Eluted proteins

were separated by discontinuous SDS–PAGE (10% for IA-2b, 8%

for PFKP, 6% for CACNA1D) and transferred to nitrocellulose

membrane. For detection we used the following antibodies: 1) anti-

IA-2b chicken antibody (GenWay Biotech, San Diego, Ca, USA),

2) anti-PFKP rabbit antibody (Abgent, San Diego, CA, USA) and

3) anti-CACNA1D rabbit antibody (Sigma, Saint Louis, MO,

USA). The secondary antibodies used were goat Anti-IgY

Antibody HRP Conjugate (Gen Way-San Diego) and anti-rabbit

IgG HRP Conjugate (Amersham Bioscience, Piscataway, New

Jersey, USA) respectively. The ECL Plus Western Blot Detection

System kit (Amersham, Bioscience, Piscataway, New Jersey, USA)

was used for detection.

Figure 1. T1DM peptide shares sequence homology with genome poliprotein CXB4 and induces crossreactive antibodies. A,
Sequence homology between T1DM peptide and the genome poliprotein CXB4, analyzed by the basic local alignment search tool using the National
Center for Biotechnology Information (NCBI) network service. Vertical line = identical amino acids; asterisk = conservative substitutions B, Frequency
of the binding of patients’ sera to COXSA peptide and to total viral extract evaluated by ELISA test. C, Direct binding of affinity-purified antibodies
against T1DM (black rhombus), COXSA (black square) and irrelevant (black triangle) peptides, to COXSA synthetic peptide. Data represent absorbance
at 405 nm (vertical axis) and antibody concentration mg/ml (horizontal axis). D, Binding of affinity-purified antibodies against COXSA peptide is
inhibited by T1DM (black rhombus), COXSA (black square) peptides but not by an irrelevant (black triangle) peptide. Data represent inhibition
percentage (vertical axis) and the inhibitor concentration mg/ml (horizontal axis). E, Immunoblot analysis of total viral extract revealed with a
commercial positive control IgG (Lane 1) or with antibodies affinity purified against the T1DM peptide (Lane 3) or against the COXSA peptide (Lane 4)
or against the irrelevant peptide (Lane 2). F, Immunoblot analysis of total viral extract revealed with a commercial positive control IgG (Line 1) or with
IgG from a healthy donor’s serum (Lane 2), or with IgG from two different type I diabetes patients’ sera (Lanes 3 and 4). G, Immunoblot analysis of
total viral extract revealed with a commercial positive control IgA (Lane 1) or with IgA from a healthy donor’s serum (Lane 2), or with IgA from two
different type I diabetes patients’ sera (Lanes 3 and 4).
doi:10.1371/journal.pone.0057729.g001
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FACS Analysis
B-TC1 cells were surface stained with primary anti-IA-2b

chicken antibody followed by PE-tagged anti-chicken antibody

(Jackson Immunoresearch). For the competitive assay beta cells

were first preincubated with anti-T1DM or COXSA antibodies

(37uC for 30 min) then washed and incubated with anti-IA-2b
chicken antibody (4uC for 30 min) and washed and stained with

PE-tagged anti-chicken antibody (Jackson Immunoresearch).

B-TC1 cells, fixed and permeabilized, (Fix &Perm, Caltag, AT),

were incubated with primary anti-PFKP rabbit antibody (Abgent,

San Diego, CA, USA) followed by PE-labelled anti-rabbit

antibody (Jackson Immunoresearch).The competitive assay was

carried out as follows: B-TC1 cells were first incubated with

primary anti-PFKP rabbit antibody then washed and stained with

anti-T1DM or anti-COXSA peptide antibodies with followed by

anti-human PE-coniugated antibodies (Jackson Immunosearch).

Data were acquired on FACSCalibur and analyzed with Flow Jo

8.8.2 software. Results are expressed as mean fluorescence

intensity (MFI).

Measurement of Apoptosis
Internucleosomal DNA fragmentation was quantified using a

commercially available kit (Roche Biochemical, Indianapolis, I,

USA). Beta- cells (16105cells/ml) were cultured for 24 hours in the

presence or absence of anti- T1DM, anti-COXSA, anti-CA

peptides antibodies affinity-purified from patients’ sera. As positive

control cells were cultivated in presence of apoptotic stimuli

(50 ng/ml TNF-a or 10 mg/ml cycloheximide).

Mitochondrial Membrane Potential Evaluation
Beta cells were incubated either with anti-T1DM peptide

antibody or with medium alone for 6 hours at 37uC, washed and

exposed to potential-sensitive-dye 5,59,6,69-Tetrachloro-1,19,3,39-

tetra-ethylbenzimidazolocarbocyanine iodide (JC-1) (Molecular

Probes, Eugene, OR, USA) to detect changes in mithocondrial

transmembrane potential (DYm). Campothecin (CCCP) (Molec-

ular Probes) which causes quick mithocondrial membrane

depolaritazion, was used as positive control. Cells were recorded

on a FACSCalibur cytometer (Becton Dickinson, San Jose, CA,

USA). Emission of JC-1 monomers was detected in Fl-1 using a

530/30 nm bandpass filter, and JC-1 aggregates were detected in

Fl-2 using a 585/42 nm bandpass filter. FlowJo 8.8.2 software

(Tree Star, Ashland, OR) was used to analyze the data [26,27].

Beta cells were seeded onto a slide and incubated at 37uC for 6

hours. After staining with JC-1 they were recorded by an Axio

Observer inverted microscope (Zeiss, Gottingen, DE). Visualiza-

tion of JC-1 monomers (green fluorescence) and JC-1 aggregates

(red fluorescence) was carried out using filter sets for fluorescein

and rhodamine dyes (emission 488 and 550 nm respectively).

Image analysis was performed using Axiovision 3 software.

Intracellular Calcium Measurement
Beta cells (46104cells/well) were plated on 96-well black wall/

clear plate (Costar, Lowell, MA, USA). The following day, cells

were washed and incubated with a loading solution containing the

fluorescent probe FluoFORTETM (Enzo Life Sciences, Plymouth

Meeting, PA, USA) and sulfinpyrazone (200 mM). After 1 hour,

TNFa (50 ng/ml), the anti-T1DM antibody (20 mg/ml) or PBS

were added to cells. The plate was then transferred to the

microplate reader (excitation: 485 nM; emission: 520 nM). Each

assay consisted in a 2-sec fluorescence reading after which a high-

potassium solution was injected into the well (final K+ concentra-

tion 90 mM). The fluorescence was monitored for additional

48 sec. The increase of intracellular calcium concentration was

determined as the increase in FluoFORTE fluorescence [28].

Statistical Analysis
The frequencies of antibodies directed against the peptide and

the viral extract between type 1 diabetes patients and healthy

donors were performed using the x square Pearson’s test.

Differences in intracellular calcium concentration were evaluated

using the non-parametric Mann-Whitney test.

Results and Discussion

Detection of Anti-beta Cell Autoantibodies in the
Patients’sera

The sera of the patients used to screen the peptide library, were

also tested for the presence of autoantibodies typical of type 1

diabetes. Anti-Glutamic acid decarboxylase (GAD) antibodies

were positive in 44/58 of patients (75,9%), anti-transmembrane

protein tyrosine phosphatase (IA-2) antibodies were positive in 43/

58 (74,1%) and anti-proinsulin/insulin (IAA) antibodies in 12/58

(20,7%) (Table S1).

Screening of the Random Peptide Library and ELISA for
the Identification of Relevant Antigens

To define pathogenetically relevant autoantigens in type 1

diabetes, we screened a dodecamer random peptide library [19–

23], with pooled immunoglobulins derived from 58 patients with

recent onset type I diabetes before insulin therapy. A set of 15

peptides, out of the 31 peptides obtained from the last biopanning

round, was synthetized and used to test the individual patients’sera

in a direct enzyme-linked immunosorbent assay (ELISA) employ-

ing the solid phase peptide. By this approach, we identified a

peptide called T1DM peptide (SNLQHIRRDVRP) that was

recognized by serum IgG of 76% (44/58) individual patients, by

both direct ELISA (absorbance mean plus/minus s.d. : 0.245 plus/

minus 0.029 for a serum dilution of 1:200) and competitive

ELISA; such reactivity was not detected in the sera of 50 age- and

sex-matched healthy controls (absorbance mean plus/minus s.d.:

0.047 plus/minus 0.022). We also tested the sera for the presence

of IgA antibodies against the identified peptide and we observed

that these antibodies were detectable in 45% (26 of 58) patients,

but not in the control group. To validate these data, another group

of 22 patients with early onset type 1 diabetes, whose sera were not

used to screen the library, was analysed: 16/22 individuals (73%)

had serum IgG against the identified peptide, and 10/22 subjects

(45%) had serum IgA against the T1DM peptide.

Altogether IgG antibodies were present in 60/80 (74,5%)

patients’sera and IgA antibodies were detectable in 36/80 (45%)

sera.

These data indicate that this T1DM peptide sequence contains

an epitope recognized by the majority of the sera of patients with

type 1 diabetes.

Anti-T1DM Peptide Antibodies Recognize the Coxsackie
Derived VP1 Protein

Since enteroviruses, in particular type B coxsackieviruses, have

been associated with type 1 diabetes on the basis of epidemiolog-

ical, clinical and experimental observations [5,8,11,15,29–33], we

compared the amino-acid sequence of T1DM peptide with known

viral sequences in a protein data bank (Swiss-Prot database) using

the BLASTP via the NCBI BLAST network service. We found

that the peptide shared homology with different proteins including

coxsackievirus B4 (CVB4) genome poliprotein CXB4 of the

Anti-Coxsackievirus B4 Abs in Type 1 Diabetes
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diabetogenic strain E2. The homology resides in two different

areas of the molecule contained within the VP1 protein (aa 569–

849), a protein expressed on virus capside (Fig. 1A) [33]. Based on

the extent of homology (number of matched amino acids, both

identities and conservative substitutions) we synthetized the viral

peptide 808–819 of strain E2 and used it in an ELISA assay to test

patients’sera. Such peptide (called COXSA peptide:

FKPKHVKAYVRP) was recognized by the majority of individual

patients’sera. Indeed 57 out of 80 patients’ sera (71%) had IgG

antibodies against the peptide, while IgA antibodies were present

in 37 out of 80 patients’ sera (46%). None of the controls had IgG

or IgA antibodies against the peptide (p,0.001) (Fig. 1B).

Moreover 6 of the 80 patients’sera had only IgA antibodies

directed against the COXSA peptide, while 17/80 had neither

Figure 2. Antibodies against the T1DM and COXSA peptides bind autoantigens. A, B, C, T1DM peptide shares homology with IA-2b, 6-
PFKP, CACNA1D autoantigens respectively; vertical line = identical amino acids; asterisk = conservative substitutions. D, Immunoblot analysis of beta
cells lysates immunoprecipitated with affinity purified antibodies against T1DM peptide (Lane 1) or against COXSA peptide (Lane 2) or against the
irrelevant peptide (Lane 3) revealed with specific anti-phogrin antibody, or E, with specific anti-PFKP antibody, or F, with specific anti-L-type calcium
channel antibody: the two bands represent different isoforms of the CACNA1D molecule.
doi:10.1371/journal.pone.0057729.g002
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IgG or IgA antibodies against the peptide. Interestingly the same

17 patients did not have either IgG or IgA antibodies against the

T1DM peptide.

We next evaluated whether the patients’sera recognized also the

whole viral extract and found that the frequency of antibodies

directed against the COXSA peptide is similar to the frequency of

serum IgG and IgA antibodies directed against a commercially

available CVB4 extract. Sixty-one out of 80 patients (76%) had

IgG antibodies against CVB4 extract in ELISA, while 42 out 80

(53%) patients had IgA antibodies against the viral extract

(Fig. 1B). One patient had only IgA antibodies against the

CVB4 extract. The remaining 17 patients, whose serum Igs did

not bind the viral extract, are the same who did not recognized the

T1DM and COXSA peptides.

We next purified antibodies directed against T1DM and

COXSA peptides from individual sera of ten patients by affinity

chromatography using peptide-Sepharose columns. These affinity

purified antibodies bound the COXSA peptide in ELISA (Fig. 1C).

Moreover, the binding of the purified antibodies to the COXSA

peptide was competed by both peptides, but not by an irrelevant

control peptide (Fig. 1D).

The affinity-purified antibodies revealed a band of about

35 kDa in western blot, using the total CVB4 extract (Fig. 1E).

This molecular weight is compatible with the VP1 coxsackievirus

capsid protein. IgG and IgA antibodies directed against the

identified protein were detected in western blot also in individual

patients’sera at a frequency similar to the one observed in ELISA

(80% and 55% respectively). Noteworthy patients’sera reacted

almost exclusively with the 35 kDa protein (Fig. 1F and G) and

this reactivity was never detected in controls’ sera. It is interesting

to note that the capsid protein VP1 has been recently shown to be

present in beta cells of more than 60% of patients with recent-

onset diabetes and in very few age-matched controls. VP1

expression correlates with other markers of viral infection,

consistent with the presence of active virus in the islets cells of

patients with type 1 diabetes [13].

These data indicate that the presence of anti-Coxsackievirus B4

serum antibodies is a feature of type I diabetes and that in

particular the COXSA peptide contains a crucial epitope of the

anti-Coxsackievirus antibody response in patients with type 1

diabetes suggesting another possible link between coxsackie B4

virus infection and type 1 diabetes.

Anti-T1DM and Anti-COXSA Peptides Antibodies
Recognize Beta Cell Antigens

As type 1 diabetes is characterized by autoimmune injury of the

pancreatic beta insulae, we next compared the T1DM peptide

sequence with human proteins in a protein data bank and found

that the peptide shares homology with 3 different beta-cell specific

self-antigens: 1) IA-2b, also called phogrin (PTPRN2) (Fig. 2A), 2)

the enzyme 6-phosphofructo-1-kinase (PFKP) (Fig. 2B), 3) voltage-

dependent L-type calcium channel alpha-1D subunit (CACNA1D)

(Fig. 2C).

IA-2b, also called phogrin (PTPRN2) [34–38] is an integral

membrane glycoprotein localized to dense-core secretory granules

in various neuroendocrine cells including pancreatic beta cells.

The molecule colocalizes with insulin on secretory granules and

translocates to the plasma membrane whenever insulin exocytosis

is induced by glucose. Phogrin is an important target of

autoantibodies in 50% of newly diagnosed type I diabetes patients

and antibodies to such molecule can be present years before

clinical onset of diabetes. Phogrin expression in pancreatic beta

cells is induced by glucose, insulin and cAMP-generating agents,

whereas proinflammatory cytokines such IL1b, TNFa and IFNc

cause a down regulation of phogrin levels. Phogrin expression

appears to be concomitant with the development of cellular

secretory responses [36].

Recent studies show that phogrin contributes to pancreatic beta

cell growth by interacting with insulin receptor and by regulating

stability of IRS2 protein (insulin receptor substrate 2). The authors

propose that phogrin functions as an essential regulator on insulin

action in beta cells [39].

The enzyme 6-phosphofructo-1-kinase (PFKP) is a cytoplasmic

enzyme with complicated allosteric kinetics that catalyzes a major

rate-limiting step of glycolisis, and allows the conversion of fructose

6-phosphate to fructose 1,6-diphosphate. It is tightly regulated by a

large variety of metabolites, drugs and intracellular proteins. Also

hormones such as insulin, serotonin and epinephrine control

PFKP activity through regulatory phosphorylation at critical

amino acid residues [40,41]. One of the most potent activators of

PFKP is fructose 2,6 bisphosphate (F2-6BP) and its cellular levels

are correlated with glycolytic flux [42]. Noteworthy the protein-

coding sequence of human PFK-c has been cloned from

pancreatic islet and its deficiency causes impaired insulin secretion

and insulin resistance typical of Type 2 diabetes [43,44].

Voltage-dependent L-type calcium channel alpha-1D subunit

(CACNA1D) is involved in a variety of calcium-dependent

processes. In pancreatic beta cells the L-type voltage-gated calcium

channels (VGCC) mediate the entry of calcium ions leading to

secretion of insulin [45,46].

Hyperactivated VGCC-mediated Ca++ overload can induce

beta cell apoptosis through various calcium-sensitive enzymes e.g.

calcineurine, calpains, endonucleases etc as reported in different

papers [47,48].

Noteworthy the three identified human autoantigens share an

high degree of homology with the murine counterparts (respec-

tively 79% for phogrin, 95% for 6PKFP and 97% for CACNA1D)

(Table S2A). In particular the regions of homology identified by

the T1DM peptide in the human molecules are nearly identical to

the murine ones (Table S2B). For this reason we could use murine

pancreatic beta cells in our experiments.

We then investigated whether the purified antibodies against the

T1DM and COXSA peptides were able to recognize the IA-2b, 6-

PFKP and CACNA1D molecules. We observed that such

antibodies, but not the anti-irrelevant peptide antibodies, were

able to immunoprecipitate the three molecules in beta cells lysates.

Indeed, we identified a band of approximately 66 KDa corre-

sponding to phogrin (Fig. 2D); a band of 85 KDa corresponding to

6-PFKP (Fig. 2E); and two bands of 170 and 190 KDa

corresponding to L-type Ca2+ channels alfa-1D subunit (Fig. 2F).

These two bands represent two different size isoforms of the

CACNA1D molecule as already reported by other investigators

[49].

Specific binding of the anti-peptide antibodies to the three

identified autoantigens was confirmed by mass spectrometry.

We also found that the antibodies against the peptides were able

to bind IA-2b expressed on the surface of beta cells (Fig. 3A and B)

and the intracellular PFKP (Fig. 3C and D) by FACS analysis.

Interestingly we observed that exposure of beta cells to anti-

peptide antibodies resulted in upregulation of cell surface phogrin.

The specific mechanisms which regulate this phenomenon are

beyond the scope of this study. Torii S. [39] has recently shown

that antibodies directed against phogrin induce translocation of

the molecule from the storage granules to the cell membrane

therefore inducing an increased expression of phogrin during

exocytosis.

Based on this report we can speculate that our antibodies may

act similarly.
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Taken together, these data show that the anti-T1DM and anti-

COXSA peptides antibodies specifically recognize autoantigens

expressed by pancreatic beta cells.

Purified Anti-peptide Antibodies and Patients’ Serum
Recognize a Specific Epitope of CACNA1D

L-type voltage-gated calcium channels (VGCC) play a key role

in pancreatic beta-cell pathophysiology [45,46]. In particular the

identified beta cell antigen CACNA1D belongs to the calcium

channel alpha-1 subunit family. In most cases, activation of this

subunit is sufficient to generate voltage-sensitive calcium channel

activity.

To better characterize the interaction between our antibodies

and CACNA1D we synthetised a seven aa peptide (GNLEHVS,

called CA peptide) derived from CACNA1D and sharing

homology with the T1DM peptide. We firstly verified that the

peptide was recognized by antibodies purified against the T1DM

peptide, the COXSA and the CA peptides in ELISA (Fig. 4A).

Secondly we tested whether the peptide was recognized by the sera

of patients with type I diabetes. Sixty-one out of 80 (76%)

patients’sera had IgG antibodies against the CA peptide in ELISA,

whereas none of the 50 controls’sera bound the peptide (Fig. 4B).

These results indicate that anti-peptide antibodies react with

particular type of VGCC, CACNA1D and suggest that CAC-

NA1D may represent an important and yet unidentified autoan-

tigen target in type I diabetes.

Anti-peptides Antibodies Induce Beta Cells Apoptosis
Beta-cell apoptosis leading to progressive loss of pancreatic beta

cells is a crucial step in the development of type I diabetes [1].

In the early stages of the disease infiltrating macrophages and T

cells release proinflammatory cytokines (IL1-b, TNFa, and IFN-c)

which together with cell-to-cell death factors (granzyme B, FasL

etc) contribute to the induction of beta-cell apoptosis and the

buildup of insulitis [50–52].

Figure 3. Anti-peptides antibodies bind cell surface phogrin and intracellular PFKP. Preincubation of beta cells with anti T1DM peptide
antibodies (A), and with anti COXSA peptide antibodies (B) resulted in an increase of the binding of anti-phogrin antibodies a = anti-IA-2b chicken
antibody and secondary PE-tagged anti-chicken antibody; MFI = 111 b = anti-T1DM peptide antibodies followed by anti-IA-2b chicken antibody and
by secondary PE-tagged anti-chicken antibody; MFI = 162 d = anti-COXSA peptide antibodies followed by anti-IA-2b chicken antibody and by
secondary PE-tagged anti chicken antibody; MFI = 130 c = control; MFI = 6. Preincubation with anti-PFKP rabbit antibody reduced the binding of anti-
T1DM peptide antibodies (C) and anti-COXSA peptide antibodies (D) to intracellular PFKP. e = anti-T1DM peptide antibodies and secondary anti-
human PE-coniugated antibody, MFI = 16.6 f = anti-PFKP rabbit antibodies followed by anti-T1DM antibodies and secondary anti-human PE-
coniugated antibody; MFI = 10.4 g = anti-COXSA peptide antibodies and secondary anti-human PE-coniugated antibody; MFI = 9 h = anti-PFKP rabbit
antibodies followed by anti-COXSA peptide antibodies and secondary anti-human PE-coniugated antibody; MFI = 4,6 c = control; MFI = 4.1Repre-
sentative example of three independently performed experiments that generated similar FACS profiles. x-axis: MFI = Mean Fluorescence Intensity; y-
axis: cell counts.
doi:10.1371/journal.pone.0057729.g003

Anti-Coxsackievirus B4 Abs in Type 1 Diabetes

PLOS ONE | www.plosone.org 7 February 2013 | Volume 8 | Issue 2 | e57729



Some reports suggest a role for Ca2+ in cytokine-mediated

pancreatic beta-cell death [53]. Interestingly, sera from patients

with type 1 diabetes have been shown to promote calcium-induced

apoptosis of beta cells upon activation of VGCC.

Similarly, elevated serum levels of apolipoprotein III are

involved in hyperactivated VGCC-mediated beta cell apoptosis

[47].

Based on these observations we decided to verify whether

affinity-purified antibodies against the peptides had any functional

effect on beta cells. To this aim we incubated beta cells for 24

hours with antibodies against the T1DM, COXSA, CA peptides

and evaluated the ability of these antibodies to induce apoptosis.

Indeed antibodies directed against the three peptides were able to

induce internucleosomal DNA fragmentation in beta cells in a

dose-dependent fashion reaching the maximum at an antibody

concentration of 40 mg/ml (Fig. 5A and Fig. S1). Apoptosis was

inhibited by a 1 hour preincubation of peptide-specific antibodies

with each of the three peptides (Fig. 5B), further confirming the

specificity of antibodies-beta-cell interaction. Moreover, patient-

s’sera, incubated with beta cells for 24 hours, were able to induce

beta-cell apoptosis (Fig. 5C).

We next investigated the possible mechanism of beta-cell

apoptosis induced by purified anti-peptide antibodies, by measur-

ing both mitochondrial membrane permeabilization and intracel-

lular calcium concentration.

The participation of Ca2+ in beta-cell death appears to have a

close relevance to the mitochondrial events or endoplasmic

reticulum (ER) stress that represent an important step of the cell

death machinery recently identified [54].

Ca2+ is also a prototypic agent inducing mitochondrial

permeability transition [55], which has been considered as the

‘point of no return’ in several cell death models.

To detect changes in mitochondrial transmembrane potential

(DYm), we analysed the red/green (aggregates/monomers) ratio of

fluorochrome JC-1 on beta-cell by microscopy and flow cytometry

[26,56]. We observed that anti-T1DM antibodies cause mitho-

condrial membrane depolarization, characterized by loss of JC-1

aggregates and increased formation of monomers with replace-

ment of punctate red by diffuse green fluorescence, already after 6

hours of incubation (Fig. 5D and E), showing that such antibodies

are able to induce a mithocondrial membrane permeabilization,

hallmark of apoptosis [27]. Interestingly, exposure of beta cells to

ds-RNA derived from Coxsackieviruses has been shown to

promote beta cells apoptosis by activating the mithocondrial

pathway [57].

To assess the effect of the same antibodies on Ca2+ channels, we

measured intracellular calcium in beta cells using the Ca2+-

sensitive probe FluoFORTE. A rapid addition of a high-K+

solution triggers membrane potential depolarization and Ca2+

channel activation. The results obtained show that in the presence

of the anti-T1DM antibody, the Ca2+ increase triggered by K+

addition, was significantly higher (p,0.01) when compared to

untreated cells (Fig. 5F). On the contrary, the response triggered

by ionomycin, a Ca2+ ionophore, was unaltered in treated and

untreated cells (Fig. 5G), indicating that the antibody does not

modify the cell calcium stores. These data show that anti-T1DM

peptide antibodies activate VGCC, resulting in increased intra-

cellular calcium, suggesting that the mechanism at the basis of

antibody-induced beta cells apoptosis may be Ca++ dependent.

Autoantibodies directed against VGCC have been already

described in type 1 diabetes and have been shown to mediate

autonomic dysfunction of the gastrointestinal tract and bladder.

Passive transfer experiments have shown that anti-VGCC

antibodies from patients with diabetes exert an agonistic effect

on L-type VGCC of smooth muscle, resulting in altered

contraction during parasympathetic activity. In another study

Jackson M.J. et al. [58] showed that such antibodies were able to

modify cell functions of rat insulinoma beta cells Rin A12 upon

engagement of VGCC. Indeed they showed that these antibodies

reversibly decrease impedance of Rin A12 cells upon binding

VGCC and that this effect is likely to represent a lack of cell

adhesion, derived from changes in cell attachment or spread. The

authors conclude that in the absence of additional signals the

aberrant calcium channel activity induced by their functional anti-

VGCC antibodies may be insufficient for the induction of the

apoptotic cascade. On the contrary our anti-peptide antibodies are

able to induce beta cell apoptosis upon engagment of a particular

subtype of VGCC i.e CACNA1D. While dissecting the fine

Figure 4. Specific bindi g to CA synthetic peptide. A, direct binding of affinity purified antibodies to T1DM ((black rhombus), COXSA (black
square), CA (black circle) or irrelevant (black triangle) peptides to CA synthetic peptide. Data represent absorbance at 405 nm (vertical axis); antibody
concentration mg/ml (horizontal axis). B, Graphical representation of type I diabetes patients’ or controls’ sera binding to CA synthetic peptide.
doi:10.1371/journal.pone.0057729.g004

Anti-Coxsackievirus B4 Abs in Type 1 Diabetes

PLOS ONE | www.plosone.org 8 February 2013 | Volume 8 | Issue 2 | e57729

n



mechanisms by which our anti-peptide antibodies induce beta cell

apoptosis is beyond the scope of the current study, we can

hypothesyze two different scenarios.

First, our antibodies may be different from the ones described

by Jackson et al. i.e. they react with CACNA1D, a particular

subtype of VGCC, that we have identified; on the contrary the

antibodies described by Jackson et al, react with a non better

specified VGCC. It is possible that antibody activation of

CACNA1D may by itself be sufficient to promote the entire

apoptotic cascade. Second, the binding of our antibodies to the

other identified beta cell antigens i.e. phogrin and PFKP, may

provide the additional signals required to complete the entire

Figure 5. Antibodies against T1DM, COXSA, CA peptides induce apoptosis in beta-cell line through disruption of mitochondrial
membrane potential and increase of intracellular calcium. A, NIT cells were incubated for 24 hours with antibodies against: T1DM peptide
(bar 3,4,5), COXSA peptide (bar 6,7,8), CA peptide (bar 9,10,11), irrelevant peptide (bar 12,13,14), at three different concentrations (40, 20, 10 mg/ml) or
incubated with cycloheximide (bar 1)(10 mg/ml) or TNF-a (bar 2)(50 ng/ml). The apoptotic index, reported in the vertical axis as mean 6 s.d. of
triplicates, shows the enrichment of nucleosomes released in the cytoplasm (value in control untreated cells = 1). An increase in the enrichment factor
of 1.0 corresponds approximately to 10–12% of apoptotis. B, Apoptosis in NIT cells induced by affinity purified antibodies against T1DM peptide
10 mg/ml (bar 1) is inhibited by preincubation of these antibodies with T1DM peptide (bar 3,4), COXSA peptide (bar 5,6) or CA peptide (bar 7,8) at two
different concentrations (100, 200 mg/ml) but not by the preincubation with the irrelevant control peptide (bar 2) at the maximum concentration
(200 mg/ml). C, Induction of apoptosis of NIT cells by serum of five type I diabetes patients (bar 4,6,8,10,12) or by five controls sera (bar 3,5,7,9,11) at
two different dilutions (1:100, 1:200) or by cycloheximide (bar 1)(10 mg/ml) or TNFa (bar 2) (50 ng/ml). Sera were heat-inactivated (56uC for 30 min).
Data represent the mean 6 s.d. of triplicate samples of three independent experiments. D, E, Anti-T1DM antibody alter the mitochondrial membrane
potential (DYm) of beta cells: D, Microscopy (magnification x40): Untreated beta cells (negative control) with well-polarized mitochondria are
characterized by punctated red fluorescence (left slide); cells treated with anti-T1DM antibody show a population with intermediate mitochondrial
transmembrane potential with a partial or complete loss of red fluorescence that is replaced by diffuse green fluorescence (center slide). Cells treated
with CCCP (positive control), that causes fast mitochondrial membrane depolarization, show a diffuse green fluorescence (right slide). E, Flow
cytometry. Untreated cells with well-polarized mithocondria are localized in the upper region of the plot (H = high DYm, FL2 bright). Cells exposed to
anti-T1DM antibody for 6 hours shift downward (I = intermediate DYm and L = low DYm, FL2 dim). This shift represents the progressive loss of
mitochondrial JC-1 aggregates and an increase in the formation of green fluorescent cytoplasmic monomers, which indicates the disruption of the
mitochondrial DYm. Cells treated with CCCP completely shift downward (L = low DYm, FL2 dim). F, G, Anti-T1DM antibody induce intracellular calcium
mobilization: F, representative fluorescent traces showing the response to K+ addition in beta cells. Prior to assay, beta cells were stimulated with PBS
alone (control; black), TNFa (50 ng/ml; gray), or the anti-T1DM antibody (20 mg/ml; red). The curves show the response of cells acutely treated with
KCl alone (top panel) or in combination with ionomycin (1 mM; bottom panel). G, Bar graphs summarizing the results of experiments shown in panel
F. The intracellular calcium increase was determined as the fluorescence mean triggered by KCl alone (top panel) or in combination with ionomycin
(1 mM; bottom panel) in beta cells treated with PBS alone (control; black), TNFa (gray), or the anti-T1DM antibody (red); (mean 6 S.E.M., n = 6). **,
P,0.01 versus control.
doi:10.1371/journal.pone.0057729.g005
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apoptotic program. Binding of antibodies to phogrin might

contribute to induce cellular stress by inducing a continuous

insulin release even in absence of a natural stimulus such as

glucose. Moreover the antibody binding to intracellular PKFP

may lead to increased intracellular concentration of the activator

enzyme F2-6BP and decresed production of ATP which may

contribute to determine beta cell apoptosis. In this regard it is

interesting to note that increased intracellular levels of F2-6BP

have been found patients with diabetes [59].

Conclusions
Type 1 diabetes is a chronic autoimmune disease characterized

by progressive and selective destruction of pancreatic beta cells in

genetically predisposed individuals. Beta cell apoptosis leading to

progressive loss of pancreatic beta cells is a crucial step in the

development of the disease without which clinical symptoms do

not occurr. While the role of effector cells in beta-cell death is

rather clearly defined, little is known on the role played by

autoantibodies directed against beta-cell antigens. Among envi-

ronmental factors, enteroviruses, in particular coxsackievirus B4,

have been involved in the pathogenesis of type 1 diabetes. A direct

link between autoantibodies, coxsackievirus B4 infection and beta-

cell apoptosis in autoimmune diabetes has never been described.

Our data indicate that in genetically predisposed individuals

infection with coxsackievirus B4 is able to generate an anti-viral

response able to be self-reactive towards beta-cell antigens through

a molecular mimicry mechanism. Such (auto)antibodies induce

beta-cell apoptosis through interaction with a particular type of

voltage-gated calcium channel named CACNA1D. Our findings

provide a previously unknown pathogenic mechanism by which

coxsackievirus B4 infection is responsible for beta cells destruction

in type 1 diabetes. To our knowledge our report represents the first

description of a functional role of autoantibodies directed against

beta cell antigens in type 1 diabetes. These findings beside

providing important insights in disease pathogenesis may also

represent important tools to generate alternative immuno-based

therapheutical strategies for the treatment of early onset type 1

diabetes.
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