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Growing evidence has implicated members of the genus Enterovirus of the family Picornaviridae in the
etiology of some cases of type 1 diabetes (T1D). To contribute to an understanding of the molecular determi-
nants underlying this association, we determined the complete nucleotide sequence of a strain of echovirus 3
(E3), Human enterovirus B (HEV-B) species, isolated from an individual who soon after virus isolation
developed autoantibodies characteristic of T1D. The individual has remained positive for over 6 years for
tyrosine phosphatase-related IA-2 protein autoantibodies and islet cell autoantibodies, indicating an ongoing
autoimmune process, although he has not yet developed clinical T1D. The sequence obtained adds weight to the
observation that recent enterovirus isolates differ significantly from prototype strains and provides further
evidence of a role for recombination in enterovirus evolution. In common with most HEV-B species members,
the isolate exhibits 2C and VP1 sequences suggested as triggers of autoimmunity through molecular mimicry.
However, comparisons with the E3 prototype strain and previously reported diabetogenic and nondiabetogenic
HEV-B strains do not reveal clear candidates for sequence features of PicoBank/DM1/E3 that could be
associated with autoantibody appearance. This is the first time a virus strain isolated at the time of com-
mencement of beta-cell damage has been analyzed and is an invaluable addition to enterovirus strains isolated
previously at the onset of T1D in the search for specific molecular features which could be associated with

diabetes induction.

Human enteroviruses (HEVs) are important pathogens and
include viruses which are capable of causing diverse diseases,
such as poliomyelitis, encephalitis, meningitis, conjunctivitis,
carditis, respiratory infections, and human hand-foot-and-
mouth disease (12). They include polioviruses, echoviruses
(E), coxsackieviruses A (CAV) and B (CBV), and the more
recently isolated serotypes designated enteroviruses 68 to 71
and 73 to 78. Taxonomically, they are assigned to the genus
Enterovirus, the most diverse genus of the family Picornaviri-
dae, and the genus includes five species causing human disease
(Poliovirus and Human enterovirus A, B, C, and D [46, 47]).
Enteroviruses have a single-stranded, positive-sense RNA ge-
nome around 7,400 nucleotides long, which has one open read-
ing frame. This is preceded by a 5’ untranslated region (UTR)
(about 750 nucleotides) and is followed by a short 3" UTR and
a poly(A) tract (45).

For more than 100 years, viruses have been suspected to be
a factor in the etiology of type 1 diabetes mellitus (T1D) (15),
and most reports have concerned the involvement of entero-
viruses, frequently the HEV-B species members and CBVs
(18). Viruses seem to be involved in the triggering of an auto-
immune reaction, which subsequently leads to the destruction
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of islet cells. Over the past few years, a number of studies have
reported an association between enteroviruses and diabetes on
the basis of reverse transcription (RT)-PCR amplification from
clinical material, using specific sequences from the well-con-
served 5" UTR (1, 8, 10). However, these studies have provided
limited information on the precise nature of the enterovirus
present, as frequent recombination means that 5'-UTR se-
quences do not correlate with other regions of the genome,
notably, the capsid-encoding region, which determines the se-
rotype and receptor binding properties of the virus (19, 25, 27,
39, 44). Virus propagation from diabetic subjects has been
another approach. CBV4 and E9 strains isolated in this way
have been studied, and attempts to identify diabetic determi-
nants have been made (21, 37, 48, 52). Other studies have
identified sequences in enteroviruses that could be involved in
autoimmunity through molecular mimicry (13, 14, 36, 53). Re-
cently, enterovirus RNA has been demonstrated in islet cells of
some diabetic patients, and these cells were shown to express
several receptors recognized by enteroviruses (55). In addition,
work on a strain of CBV4 indicated that changes close to the
canyon, the site of receptor binding in enteroviruses, corre-
lated with persistent infection in pancreatic islet cells, empha-
sizing a potential role for receptor interactions in T1D (54).
However, our understanding of the role of enteroviruses in
diabetes and potential molecular determinants is still very in-
complete.
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During a prospective study of T1D, the Finnish Type 1
Diabetes Prediction and Prevention (DIPP) study, an entero-
virus was isolated from an individual who soon after virus
isolation developed a range of typical autoantibodies seen in
diabetic and prediabetic subjects, although to date the patient
has not developed clinical T1D. This is the first description of
such an enterovirus strain being isolated at the time when the
beta-cell damage process starts, and thus, it can provide new
information about the role of enteroviruses in these early
stages of pathogenesis. The virus proved to be a strain of
echovirus 3 (E3), and as there were limited sequence data
available for this serotype, we obtained the complete nucleo-
tide sequence of the isolate. Here, we show that the virus
differs significantly from the E3 prototype, Morrisey, but is very
similar to other recently circulating strains.

MATERIALS AND METHODS

DIPP study. The Finnish DIPP trial is a prospective study in which serum and
stool samples are collected from children at high genetic risk of developing T1D
(26). In this study, all newborn infants born at the university hospitals in Oulu,
Tampere, and Turku are first screened for HLA-DQBI risk alleles for type 1
diabetes. Children with increased genetic risk (HLA-DQB1x02/%0302), the
%0302/x genotype [x # %02, 0301, or *0602], and also boys with the genotype
DQOBI1x02/y-DQA1x05/z [y # %0301, %0302, 0602, *0603; z # %0201] are ob-
served from birth. The protocol was described in detail previously (24). Serum
samples are collected from birth at intervals of 3 to 6 months to test for the
possible appearance of diabetes-associated autoantibodies, including islet cell
autoantibodies (ICA) and insulin autoantibodies (IAA), as well as autoantibod-
ies (GADA) against the 65-kDa isoform of glutamic acid decarboxylase
(GADG65) and protein tyrosine phosphatase-related IA-2 molecule (IA-2A). The
clinical symptoms are recorded every visit using a questionnaire. Serum samples
are also used for virus analyses. In addition, stool samples are collected every
month from the age of 3 months for virus isolation.

Patient and virus isolation. The patient was born on 3 February 1998, and he
was recruited into the study. He had increased genetic risk of developing T1D,
as he carried the DR4/DQ8 haplotype. He had normal diet and weight/height
gain and had no chronic diseases, allergies, or first-degree relatives with T1D or
other autoimmune diseases. The isolation was done from a stool sample col-
lected at the age of 6.5 months (on 19 August 1998). The child is still in
follow-up, the latest examination being at the age of 7 years and 1 month (on 3
March 2005). He has remained consistently positive for diabetes-associated au-
toantibodies but has not yet developed T1D. Virus in the stool sample, termed
PicoBank/DM1/E3, was cultured in CaCo-2 (human colon carcinoma) cells using
methods previously described (43).

Measurement of neutralizing antibodies. Serotype-specific antibodies against
the isolated E3 strain (PicoBank/DM1/E3) were measured in the serial serum
samples of this child, using the standard plaque neutralization assay as previously
described (40). The green monkey kidney (GMK) cell line used was purchased
from the American Type Culture Collection. Serum was incubated in two dif-
ferent dilutions (1/16 and 1/64) with the virus (100 PFU) for 1 h at 36°C. Then,
the samples were applied to GMK cell monolayers grown in six-well plates
(Nunclon; NUNC, Denmark) and further incubated at 36°C for 48 h. The
amount of infectious virus was measured by counting the plaques; the reciprocal
of the last serum dilution able to block virus infectivity by 80% was taken as the
titer of neutralizing antibodies. A fourfold or greater increase in antibody titer
between two follow-up samples was considered significant, indicating acute in-
fection.

Extraction of RNA from a cultured clinical sample and RT-PCR. RNA was
extracted from 100 pl of the tissue culture supernatant from infected CaCo-2
cells, using a Nucleospin RNA II extraction kit (Macherey Nagel) according to
the manufacturer’s instructions. The RNA was resuspended in 60 pl of nuclease-
free water, and 5 pl was then subjected to one-step RT-PCR by the use of a
SuperScript One-Step RT-PCR kit (Invitrogen) and primers designed specifi-
cally for the detection of members of the HEV-B species of enteroviruses
(Table 1).

Purification, cloning, and sequencing of PCR products. Amplicons were run
on 1 to 1.5% (depending on their size) agarose gels (Seakem GTG; Flowgen),
excised from the gel with sterile scalpel blades, and then purified by the use of a
GFX PCR DNA and Gel Band Purification kit (Amersham Pharmacia) accord-
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TABLE 1. Sequences of general primers for the amplification of
the genomes of HEV-B members

Position in

T;E? %EnAO{/nge Primer sequence (5’ — 3')
numbering) (6)

OL1073 1—-20 TTAAAACAGCCTGTGGGTTG
OL1074 1506 <~ 1526 ~ AGGGTTGATCCACTGRTGNGG
OL1075 1320 — 1339 GTAGTGTGCGTNCCNGARGC
OL1076 2375 <2398 CACTGAGAAATCATTRCANGCNGA
OL1077 2238 — 2260 CCATGGATCAGCCARACNCAYTA
OL1078 3774 < 3796 CCCTGTTCCATTGCRTCRTCYTC
OL998 3660 — 3679 GAGCCAGGGGAYTGTGGNGG
OL999 5235 <5255 TCTGACGTGCTTYTCNATYTG
OL1003 5019 —5038  ATGTTCAGGGAGTAYAAYCA
OL1000 6504 < 6525 GCCTCATCGCCACNGARTCRTT
OL1001 6384 — 6406 AAGGAATGCATGGAYAARTAYGG
OL1002 7426 < 7452 GAGAGAACGCGTTTTTTTTTTTTTTTT

ing to the manufacturer’s instructions. The DNA (0.25 to 0.35 pg) was ligated
into pPGEMT-Easy vector (Promega) and transformed into competent Esche-
richia coli XL1-Blue MRF' cells. White colonies were analyzed by restriction
enzyme digestions, and large-scale plasmid DNA isolations were carried out
using a HiSpeed Plasmid midi kit (QIAGEN). The resulting DNA preparation
was then sequenced commercially (MRCgeneservice) in both orientations, using
either universal primers or custom primers designed on the basis of the newly
generated sequences.

Determination and analysis of the complete genome sequence of PicoBank/
DMI1/E3. The primer sequences were removed, and the overlapping sequences
were assembled into a contiguous sequence. Sequence alignments were carried
out by the use of ClustalW (51; http://www.ebi.ac.uk/clustalw/index.html). For
phylogenetic analysis, sequences were aligned by using ClustalW and jalview to
introduce gaps where necessary. The neighbor-joining algorithm implemented in
the ClustalX software (50) was used to generate trees, which were bootstrapped
1,000 times. The trees were drawn using the NJPLOT software (38).

The following complete enterovirus sequences (accession numbers are in pa-
rentheses) were used in the construction of phylogenetic trees: CBV1 Japan
(M16560), CBV2 Ohio (AF085363), CBV3 Nancy (M88483), CBV4 JVB
(X05690), CBV4-D (E2 variant—AF311939) CBVS5 Faulkner (AF114383),
CBV6 Schmitt (AF105342), swine vesicular disease virus UKG/27/72 (X54521),
CAV9 Griggs (D00627), E1 Farouk (AF029859), E2 Cornelis (AY302545), E3
Morrisey (AY302553), E4 Pesacek (AY302557), E5 Noyce (AF083069), E6
Charles (U16283), E6 D’Amori (AY302558), E7 Wallace (AY302559), E9-Hill
(X84981), E9-BartyINF (AF524866), E9-DM (AF524867), E11 Gregory
(X80059), E11-Kar/87 (AY167104), E12 Travis (X79047), E13 Del Carmen
(AY302539), E14 Tow (AY302540), E15 Ch 96-51 (AY302541), E16 Harrington
(AY302542), E17 CHHE-29 (AY302543), E18 Metcalf (AF317694), E19 Burke
(AY302544), E20 JV-1 (AY302546), E21 Farina (AY302547), E24 DeCamp
(AY302548), E25 JV-4 (AY302549), E26 Coronel (AY302550), E27 Bacon
(AY302551), E29 JV-10 (AY302552), E30 Bastianni (AF311938), E31 Caldwell
(AY302554), E32 PR-10 (AY302555), E33 Toluca-3 (AY302556), EV69
Toluca-1 (AY302560), EV73 CA55-1988 (AF241359), and EV77 CF496-99
(AJ493062). Partial sequences from the following E3 isolates, whose countries of
isolation and accession numbers are given in parentheses, were also used: W178-
128/99 (France; AY208114), 94CF858 (France; AJ241446), mo/Roma98 (Italy;
AJ309243), si/Roma97 (Italy; AJ309242), 810/85 (Sweden; AF295490), 2392-82
(Sweden; AF295453), 1446-81 (Sweden; AF295439), Morrisey (United States;
AF081316), and MD86-6393 (United States; AF152264).

Nucleotide sequence accession data. The complete nucleotide sequence of
PicoBank/DM1/E3 reported in this paper has been deposited in the GenBank
database under the accession number AJ849942.

RESULTS

Virus isolate. The subject turned positive for IAA for the
first time on 2 November 1998 at the age of 9 months (Fig. 1).
In the next follow-up sample, at the age of 1 year, he also
turned positive for ICA (11 February 1999), and later (12 May
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FIG. 1. Autoantibody levels, neutralizing antibody titer against the
isolated PicoBank/DM1/E3 strain (top), and viral RNA detected using
enterovirus-specific RT-PCR in stool samples during the follow-up of
the child participating in the DIPP study. The subject turned autoan-
tibody positive (IAA) at the age of 9 months (marked by a vertical
arrow). He had two enterovirus RNA-positive stool samples during the
follow-up. The virus isolation was done from a stool sample collected
at the age of 6.5 months. E3, PicoBank/DM1/E3 strain. The units of
autoantibody levels were as follows: ICA (A), JDF-U; GADA (@),
RU; IAA (£), RU; and TA-2A (O), RU.

1999) for antibodies against GAD65 and IA-2. Thereafter, he
remained constantly positive for both ICA and IA-2A (the last
measurements, at the age of 7 years 1 month, were 44 Juvenile
Diabetes Foundation units [JDF-U] and 141 relative units
[RU], and the peak values observed during follow up were 872
JDF-U and 183 RU, respectively). In contrast, the IAA and
GADA levels are currently negative. The clearly elevated lev-
els of IA-2A, the most specific surrogate marker for T1D,
suggest that he has an ongoing autoimmune process, even
though he has not yet developed clinical T1D. The child’s
medical management and diet have not changed since he
turned positive for autoantibodies. Analysis of stool samples
taken at the ages of 6.5 and 7.5 months indicated the presence
of enterovirus RNA. Virus isolation was done from the stool
sample collected at the age of 6.5 months. The parents did not
report any clinical symptoms for the child at the time of virus
isolation, even though they reported rhinitis 2 months earlier
and 3 months after virus isolation.

Neutralizing antibodies against PicoBank/DM1/E3. The iso-
lated virus strain was used in a plaque neutralization assay to
determine antibodies against the strain in the serum of the
child from whom it was isolated. A rise in antibody titer (0 to
>64) was seen in the serum sample taken on 12 August 1998,
the same day that the virus was isolated from stools.

Sequence. Partial sequence analysis of the virus (PicoBank/
DM1/E3) propagated from the stool sample suggested that it is
a HEV-B species member. By comparing enterovirus se-
quences, we have developed primers with the potential to
amplify the whole genome from all HEV-B members in six
overlapping fragments, using RT-PCR (Table 1). Each of these
fragments was generated from the isolate, and the fragments
were sequenced in both orientations. The derived sequence is
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7,427 nucleotides long, including nucleotides 1 to 20, which
were used as the priming site for the 5'-UTR PCR primer (and
thus not determined), plus the poly(A) tract.

Relationship of PicoBank/DM1/E3 to other enteroviruses. A
dendrogram representing the relationship between the amino
acid sequences of the P1 regions of all HEV-B members (35)
indicates that PicoBank/DM1/E3 clusters with the E3 proto-
type strain Morrisey (Fig. 2a). It has 95% amino acid identity
to E3-Morrisey in VP1 (data not shown), well within the iden-
tity range seen in an enterovirus serotype, suggesting strongly
that it is a member of the E3 serotype (33, 34). In contrast, the
2C-plus-3CD region, also used regularly for the analysis of
picornavirus phylogeny, showed no clear linkage to E3-Morri-
sey (Fig. 2b). We used the nucleotide sequence for this anal-
ysis, as HEV-B amino acid sequences are very similar. In this
region, the closest relative of PicoBank/DM1/E3 is Kar/87, an
El11 isolate, but it is only marginally more similar to this isolate
than to a range of other sequenced enteroviruses. To study this
disparity between the P1 and 2C-plus-3CD regions further,
graphs of nucleotide sequence identity across the genome,
compared with a selection of other enteroviruses, were plotted
(Fig. 3). These confirmed that PicoBank/DM1/E3 and E3-
Morrisey are closely related throughout the capsid region.
However, downstream of the P1/P2 junction, E3-Motrisey is
highly similar to the E6 prototype, Charles, while PicoBank/
DM1/E3 is much less closely related, providing evidence that at
least one of the two E3 strains has undergone a recombination
event during divergence. There are also significant differences
between the E3 strains in the 5" UTR (data not shown).

Relationships with other E3 isolates. A few E3 clinical iso-
lates (28, 30, 31, 32, 34) have been partially sequenced, and
these were compared with PicoBank/DM1/E3. A 302-nucleo-
tide region of VP1 (nucleotides 2573 to 2874 in PicoBank/
DMI1/E3) was chosen, as it lies within most of the available
sequences. The results show that PicoBank/DM1/E3 is closely
related to other strains circulating in Europe in the 1990s and
less so to the E3 prototype, Morrisey (Fig. 4). Indeed, it is 98%
identical in this region to W178-128/99, a French isolate (31).
The European isolates (W178-128/99, 810/85, 2392-82, 1446—
81, mo/Roma98, si/Roma97, and 94CF858) differ significantly
from the U.S. isolate MD86-6393.

Previously reported correlates of diabetogenicity. PicoBank/
DMI1/E3 has the highly conserved amino acid sequence PE
VKEK (amino acids 1147 to 1152 in the polyprotein) found in
the 2C protein of HEV-B species members and in GAD65 and
proposed to be involved in autoimmunity related to diabetes
(4, 22, 53). The VP4/VP2 and VP1 sequences reported to have
homology to heat shock protein 60 (HSP60) are very conserved
among HEV-B species members, and PicoBank/DM1/E3 and
E3-Morrisey are identical to one another at these points (data
not shown). They are also very similar to the sequences in
CAVY9 and CBV4, where reciprocal cross-reactivity with
HSP60 and tyrosine phosphatase was demonstrated (13, 14).

Previous analyses of enterovirus sequences (partial 5" UTR)
found in the blood of patients presenting with T1D indicated
that they were related to CBV3 and CBV4 (1, 10). Compari-
sons of PicoBank/DM1/E3 with these sequences (10) indicate
no clear grouping (Fig. 5), in common with comparisons with
sequences (1) from adult patients (data not shown). Addition-
ally, the PicoBank/DM1/E3 sequence does not add weight to
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FIG. 2. Phylogenetic trees expressing the relationship between HEV-B members in different regions of the genome. The trees were derived
using the N-J method in the ClustalX software and were bootstrapped 1,000 times before being plotted using the NJPLOT software. Bootstrap
values (%) are shown on the branches. (a) Amino acid sequence of P1. (b) Nucleotide sequence of 2C plus 3CD.
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FIG. 3. Nucleotide sequence identities across the genome between E3-Morrisey and a range of enteroviruses, including PicoBank/DM1/E3,
together with a schematic representation of the enterovirus genome. The enteroviruses selected are the closest relatives of the two E3 strains. E6,
E9, and E12 are prototype strains, and E11-Kar/87 is a recent E11 isolate. SVDV, swine vesicular disease virus. A window of 300 nucleotides and

steps of 60 nucleotides were used.

the importance of 5'-UTR residues highlighted by these pre-
vious studies on the basis of differences between the prototypes
and clinical isolates. Positions 229, 234, and 303, identified in
these studies, are identical in E3-Morrisey and PicoBank/
DMI1/E3. The diabetogenic E9 isolate DM (E9-DM) also does
not differ from the E9 prototype, Barty (E9-Barty INF), at
these positions (37).
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FIG. 4. Phylogenetic tree expressing the relationship between Pi-
coBank/DM1/E3 and other E3 isolates (W178-128/99, 94CF858, mo/
Roma98, si/Roma97, 810/85, 2392-82, 1446-81, Morrisey, and MD86-
6393) based on nucleotide identity in part of VP1 (nucleotides 2573 to
2874). Bootstrap values (%) are shown on the branches.

Comparison with E3-Morrisey. E3-Morrisey is the only
other completely sequenced E3 isolate and was useful for de-
tailed comparisons with PicoBank/DM1/E3. The 5" UTRs of
these viruses share around 83.8% nucleotide sequence identity.
Both conform to the predicted structure, seen in both HEV-A
and HEV-B members, and there are no clear structural differ-
ences (data not shown). The capsid region P1 of PicoBank/
DMI1/E3 shows 27 amino acid differences from that of E3-
Morrisey (Table 2). However, at several of the VP1 positions
where PicoBank/DM1/E3 and E3-Morrisey differ, recent Eu-
ropean isolates have the same sequence as PicoBank/DM1/E3,

0.01
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E3-Morrisey

100 CBV4-D
77.1 CBV4

W
98.5

ES-DM

FIG. 5. Molecular relationships in part of the 5" UTR (nucleotides
150 to 448 in CBV3-Nancy) between previously reported enterovirus
sequences from juvenile diabetic patients (10) and potentially diabe-
togenic E3, E9, and CBV4 isolates, together with corresponding ref-
erence strains. The trees were plotted as for Fig. 2. Bootstrap values
(%) are shown on the branches.
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TABLE 2. Amino acid differences between PicoBank/DM1/E3 and
E3-Morrisey in capsid region

Location of difference Difference and its position®

... V6231
... S643G
... E663D
.. H793R
... 11683V
... V19031
... P2063S
.. V2143A
.. E81D

.. L181M
... [1441L
... S1931T
... N2281S
.. L2361V
... $2561C
... V2591T
.. T2731D
... M2811V*
... M2871T"
.. G2881E
S2911N?

“The PicoBank/DM1/E3 amino acid is given first and the corresponding
E3-Morrisey residue is given after the amino acid position. Amino acid positions
are numbered according to the CAV9 sequence, and the final digit refers to the
protein, e.g., D81E is position 8 in VP1. At all the VP1 positions, recent E3
isolates have the same amino acid as PicoBank/DM1/E3.

® Amino acid differs from that in PicoBank/DM1/E3.

and in this protein, only three differences seem to be specific
for PicoBank/DM1/E3 (Table 2). There are 53 amino acid
differences between PicoBank/DM1/E3 and E3-Morrisey in
the nonstructural region, but no significant patterns emerge.
PicoBank/DM1/E3 has the typical predicted 3'-UTR second-
ary structure (data not show) seen in other HEV-B members,
with three domains, X, Y, and Z, and a tertiary interaction
between domains X and Y (29). The structure is identical to
that of E3-Morrisey, as there are only two nucleotide differ-
ences, which are covariant, in the domain Y stem and two in
the presumably unpaired domain Y loop. Similarly, there is no
significant difference in the structure of the cis-acting replica-
tion element (cre), the RNA element necessary for initiation of
virus RNA replication through VPg uridylylation (11), be-
tween the E3 strains.

DISCUSSION

Enteroviruses are important causes of acute clinical disease,
and there is growing evidence that they may be involved in
chronic conditions, including T1D (18). T1D is characterized
by autoimmunity leading to destruction of the islet cells (20,
23). The mechanism of enterovirus involvement is not cur-
rently understood, although both molecular mimicry and direct
beta-cell damage leading to sequestration of proteins and pre-
sentation to autoreactive T cells have been suggested (17, 36).
If there is an association, it is important to determine if an
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individual enterovirus serotype or groups of serotypes are in-
volved or whether enteroviruses capable of triggering autoim-
munity share specific molecular or biological features. This has
important implications for future vaccines and other control
strategies. To address this issue, a number of viruses putatively
associated with diabetes need to be studied, but few such
studies have been reported (21, 37, 48). Here, we present the
complete nucleotide sequence of an E3 strain isolated from a
fecal sample taken 2.5 months before a patient developed a
range of diabetes-associated autoantibodies, which reflect the
initiation of the beta-cell-damaging autoimmune process. This
is the first time a virus has been isolated from a patient close to
the time of appearance of autoantibodies; thus, the strain rep-
resents an invaluable resource for studying potential molecular
determinants associated with autoantibody induction and T1D.

E3 has been comparatively little studied, and in addition to
the reference strain, there are very limited sequence data avail-
able for only 11 isolates. Thus, the present study greatly ex-
tends the molecular information available on this serotype. It is
clear that E3 is a typical HEV-B member in terms of sequence
(Fig. 2). It also conforms to the pattern seen in several recent
reports of uncoupling of capsid region evolution from that of
the 5" UTR and nonstructural region through frequent recom-
bination (9, 25, 27, 44). E3-Morrisey is closely related to the E6
prototype, Charles, in the nonstructural region and much less
so to PicoBank/DMI/E3 in this region (Fig. 3), suggesting
recombination since the divergence of the lineages giving rise
to E3-Morrisey and PicoBank/DM1/E3. The recombination
point between the two E3 lineages seems to be close to the
P1/P2 boundary, as seen in a number of other enteroviruses
(27), as the lines representing the identity between E3-Morri-
sey and E6-Charles, and between E3-Morrisey and PicoBank/
DMI1/E3, cross over around position 3600 (Fig. 3). In nucleo-
tide sequence identity terms (Fig. 3), the closest sequenced
relative of PicoBank/DM1/E3 in the nonstructural region is a
recent (1988) Russian isolate of E11 (Kar/87), supporting the
suggestion that recombination may allow rapid exchange of
nonstructural lineages between serotypes (27). In this case, it is
likely that a recombination event has occurred in the 3CD
region, as the PicoBank/DM1/E3/E11-Kar/87 identity in-
creases sharply there (data not shown).

Previous molecular and serology studies have tended to im-
plicate CBVs in diabetes, and the identification of PicoBank/
DMI/E3 as an E3 isolate extends the range of enterovirus
serotypes that may be involved in diabetes. A recent report
describes the molecular and biological characterization of an
E9 strain, E9-DM, shown to be diabetogenic, while patients
infected during an E16 outbreak in Cuba were shown to de-
velop autoantibodies characteristic of T1D (5, 37). Thus, there
is growing evidence that echoviruses could be an environmen-
tal factor in T1D. As yet, no other echoviruses have been
identified in the DIPP study, but this may be a reflection of the
fact that few viruses have been successfully isolated at the time
of autoantibody seroconversion.

The PicoBank/DM1/E3 sequence was examined for previ-
ously suggested correlates of diabetogenicity. In common with
most other HEV-B members, it has the 2C and VP1 sequences
previously implicated in autoimmunity and so could have a
similar effect (4, 13, 14, 22, 53). More specific determinants of
strains associated with diabetes have also been reported. A
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study of partial enterovirus 5’-UTR sequences detected in the
blood of children presenting with T1D indicated that they were
related to CBV3 and CBV4 and clustered together (10). How-
ever, neither PicoBank/DM1/E3 nor the diabetogenic E9 iso-
late E9-DM clusters with these sequences (Fig. 5), and the
same is also true when comparisons are made between se-
quences (1) from adult patients (data not shown). In addition,
specific nucleotide differences between the sequences from
blood and the CBV3 and CBV4 prototype strains are not seen
in either PicoBank/DM1/E3 and E3-Morrisey comparisons or
comparisons between E9-DM and the E9 prototype, Barty. It
should be noted that the blood samples were geographically
and temporally close in origin and that a limited region of the
genome was analyzed. It may well be that the clustering seen is
due to these factors rather than being a common feature of
viruses linked to T1D. The whole-genome sequencing ap-
proach adopted here and in the E9 study (37) promises to be
more useful in determining such common features.

Comparisons with E3-Morrisey do not reveal any clear can-
didates for sequence features of PicoBank/DM1/E3 that could
be associated with autoantibody appearance. There is also no
obvious link with work done on encephalomyocarditis virus, a
member of the genus Cardiovirus of the family Picornaviridae,
where the critical difference between diabetogenic and nondia-
betogenic strains was mapped precisely to VP1 position 167
(3), as PicoBank/DM1/E3 shows no significant differences
from E3-Morrisey and the recent European isolates in the
corresponding region of VP1. However, when the capsid dif-
ferences are positioned on a three-dimensional structure pre-
dicted using CAV9, another HEV-B member, as a model (16),
several differences cluster around the threefold axis (data not
shown). These include a difference immediately at the three-
fold axis, in a location analogous to one that brings about
altered cell tropism in CAV9 (C. H. Williams and G. Stanway,
unpublished data), and a difference at this position could in-
fluence the tropism of PicoBank/DM1/E3.

The patient from whom PicoBank/DM1/E3 was isolated has
remained positive for IA-2A and ICA for 6 years, indicating an
ongoing autoimmune process, although he has not yet devel-
oped clinical T1D. This virus strain, isolated immediately prior
to the appearance of autoantibodies, is particularly interesting,
as it may be involved in the initiation of the beta-cell-damaging
process. This is the first time that such a strain has been
isolated, and further biological studies should give important
information. Mouse models and human islets have been widely
used in previous studies and are logical approaches for future
work, although both have limitations. It is not clear how well
animal models reflect the diabetogenicity of enteroviruses in
humans, as there are significant differences in pathology (2). In
addition, there is no established mouse model for echovirus 3.
The use of human islet cells is complicated by the observation
that all enteroviruses seem to infect these cells, causing a wide
range of alterations (apoptosis, necrosis, or changes in insulin
secretion without clear damage), and which of these correlate
with diabetogenicity is not clear (7, 41, 42, 49, 54). Thus, a
range of models and additional enterovirus strains isolated
during prospective studies and at the time of onset are re-
quired to further address the role of enteroviruses in T1D. The
identification of consistent molecular features in such strains
would be additional strong evidence of a role for enteroviruses
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in T1D and would provide a basis for strategies, such as vac-
cination, aimed at preventing the disease.
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