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Abstract

Aims/hypothesis. High frequencies of T-cell receptor
(TCR) VBT T cells were detected among the lym-
phocytes isolated from pancreatic islets of children
at the onset of Type I (insulin-dependent) diabetes
mellitus. We assessed whether a preferential expres-
sion of certain TCR Vf gene families could also be
detected among the peripheral blood mononuclear
cells from diabetic patients.

Methods. T-cell receptor repertoires were evaluated
by using a semi-quantitative RT-PCR-based tech-
nique and confirmed by FACS analysis in peripheral
blood mononuclear cells from diabetic patients be-
fore, at and after onset of the disease. These patients
were also tested for exposure to enteroviruses by
RT-PCR and by measuring titres of enterovirus-spe-
cific antibodies of the IgA, IgG, and IgM classes.
Results. T-cell receptor V37 gene family values were
higher in recently-diagnosed diabetic patients
(10.5% =+ 3.7) than in age-matched non-diabetic con-

trol subjects (5.1% =1.6) (p <0.001). In a time-
course analysis of people who developed diabetes
during clinical monitoring (i.e., converters), T-cell re-
ceptor VB7 gene expression showed values consis-
tently above 10% (p < 0.0005). Long-standing dia-
betic patients showed lower percentage of V7 ex-
pression compared to values measured at disease on-
set. In the longitudinal study of the converters, multi-
ple acute enterovirus infections were also detected.
These infections appeared to be temporally related
to increased percentage of V37 gene transcripts.
Conclusion/interpretation. The deviation in the T-cell
receptor V[ repertoire among circulating T cells
from diabetic patients seems to re-emphasize the im-
portance of enterovirus infections in accelerating the
progression of Type I diabetes. [Diabetologia (2000)
43: 1484-1497]
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Type I (insulin-dependent) diabetes mellitus is an au-
toimmune disease characterized by infiltrating lym-
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phocytes in the Langerhans’ islets and by destruction
of insulin-producing beta cells [1]. Despite many years
of intensive studies, the precise cause and mechanisms
triggering the beta-cell-specific attack still remain un-
determined. The less than 50 % concordance for the
disease between monozygotic twins suggests, howev-
er, that a complex interplay occurs between genetic
and non-genetic factors (i.e., environmental) [2, 3]. In
particular, epidemiological evidence supports a role
for infectious agents in the development and/or pro-
gression of Type I diabetes [4-10].

Although the possibility of a virus-mediated etio-
pathogenesis of Type I diabetes still remains a central
point of discussion, certain viral infections, especially
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those caused by enterovirus (EV), have long been
considered associated with beta-cell damage [11-13]
and with the clinical onset of diabetes [4-15], particu-
larly amongst very young children [15-19]. Genetical-
ly-susceptible subjects with autoimmune markers of
beta-cell damage (i.e., autoantibodies) develop T-
cell responses against EV antigens and EV-infected
cells [12, 20, 21]. The relation between antibodies de-
tected and the increased prevalence of Coxsackievi-
rus B (CVB) infection in recently-diagnosed diabetic
patients compared with healthy subjects is, however,
often inconsistent [6, 10, 14, 18, 19, 21], as we also
found in our previous studies [22-25]. Although, in
mice and primates, infection of CVB4 has been
shown to induce diabetes [26, 27], the direct associa-
tion of EV infections and the disease was document-
ed in humans, in only a few anecdotal cases where a
CVB4 strain was isolated from the pancreas of a dia-
betic child [28] and viral RNA sequences were de-
tected in blood samples from children and adults at
the onset of Type I diabetes [15, 16, 29].

Several studies proposed Coxsackievirus infection
as an environmental trigger for the development of a
T-cell autoreactivity by a mechanism of molecular
mimicry [30] or by inducing a bystander effect on au-
toreactive T cells [31]. It has been shown that the tim-
ing of a Coxsackievirus infection, rather than a simple
documentation of its presence or absence, has impor-
tant implications in the development of diabetes in
NOD mice. In this animal model, CVB4 infection
can accelerate the development of Type I diabetes
only after a critical amount of autoreactive T cells
have accumulated at the periphery of the islets [32].
Based on this finding, we suppose that in humans,
like in rodents, the timing of a Coxsackievirus infec-
tion is a critical factor in the development of diabetes
by activating autoreactive T cells already present in
the circulation and possibly in proximity to the islets.

It is generally believed that the destruction of the
beta-cells producing insulin occurs over a prolonged
period of time, eventually resulting in the delayed on-
set of the disease [1]. During this period, detection of
serum antibodies [33-35] and T-cell sensitization [36]
to a vast array of islet-cell antigens signifies the pres-
ence of autoimmunity even at early stages in the
course of the disease. The analysis of the T-cell recep-
tor (TCR) repertoire of the circulating T cells is im-
portant because it might represent a direct means to
ascertain the presence of T cells involved in the
pathogenesis of Type I diabetes eventually infiltrat-
ing the pancreatic islets of Langherans. In humans, it
is not possible to actually dissect the kinetics of beta-
cell destruction because specimens from diseased
pancreata at different time-points can not be easily
obtained. In a previous study, TCR V37 mRNA was,
however, expressed by the majority of the islet infil-
trating lymphocytes from two children at the onset
of Type I diabetes [37].

We assessed the possibility of showing the skewing
of the TCR Vg repertoire by testing the lymphocytes
in the peripheral blood from diabetic patients and of
founding whether there is a preferential expression
of certain TCR Vf gene families at different time-
points before, at and after the onset of the disease.
Accordingly, we evaluated the use of TCR V3 expres-
sion in a group of recently-diagnosed diabetic pati-
ents and in a longitudinal prospective study using a
group of high-risk first-degree relatives. Some of
these relatives eventually developed Type I diabetes
(i.e., converters to diabetes) while others did not
(i.e., high-risk subjects). The T-cell receptor V3 ex-
pression was also analysed in an additional group of
patients who were suffering from diabetes from 2 to
10 years (i.e., long-standing diabetic patients). More-
over, selective V37+ T-cell expansion in response to
CVB antigens was ascertained in PBMC of non-dia-
betic control subjects by flow cytometry analysis. Fi-
nally, we assessed if there was any evidence of acute
EV infections in the subjects by testing their sera for
the presence of EV-RNA and of IgA, IgG and IgM
class antibodies against EV.

Materials and methods

Subjects. Twenty-three recently-diagnosed (i.e., within one
week of the first insulin injection) children with Type I diabe-
tes (mean age 9.4 years + 3.8; range 2-16 years; 11 male : 12 fe-
male) were consecutively selected from those treated in the
Diabetes Center at the Children’s Hospital of Pittsburgh
(CHP) in July 1996 to July 1998. As part of a prospective study
of risk factors of Type I diabetes, we collected peripheral blood
mononuclear cells (PBMC) at serial time points, before, at and
after the onset of the disease from four high-risk subjects who
eventually developed the disease (i.e., converters to diabetes)
(mean age at diagnosis 9.2 years +2.6; range 7-13 years;
2 male : 2 female) and in four others who have not yet devel-
oped the disease (i.e., high-risk subjects) (mean age at the first
blood sample taken 21.5years+ 10.4; range 11-35 years;
2 male : 2 female). In addition, fourteen patients (2 siblings in-
cluded) with long-standing Type I diabetes (mean:
7.2 years + 3.4; mean age at diagnosis 6.1 years + 3.1; range
1-11 years; 6 male : 8 female) were studied. Demographic and
clinical data of the subjects studied are summarized in Table 1.
These subjects were first-degree relatives of Type I diabetic
probands, carried HLA haplotypes conferring susceptibility
and had ICA (detected by immunohistochemistry) [33, 34],
anti-GAD or anti-ICA512 autoantibodies (detected by radio-
immunoassay) or both [35]. Two of the high-risk subjects had
borderline, one normal and one low insulin responses to intra-
venous glucose tolerance but all had normal glycated haemo-
globin and plasma glucose concentrations.

The control group consisted of sixteen subjects age-mat-
ched and sex-matched to the recently diagnosed diabetic pa-
tients (mean age 10.2 years + 4.7; range 3-16 years; 9 male : 7
female), recruited amongst patients undergoing orthopedic in-
terventions at CHP. An additional group of thirteen healthy
adults age-matched and sex-matched to the high-risk subjects
(mean age 39 years + 8.5; range 23-49 years; 5 male : 8 female)
was also included. None of the control subjects had a family
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Table 1. Demographic and clinical data of subjects studied

Subjects Number Time of onset Mean age Sex

at diagnosis (years) (Male : Female)
Recently-diagnosed 23 Within 1 week 94+38 11:12

(range 2-16)
Converters 4 From —40 months to + 7 years 92+2.6 2:2

(range 7-13)
High-Risks 4 Non-diabetics studied 21.5+104 2:2

at time points eight years apart (range 11-35)?

Long-Standings 14 Within 1 week and + 2-14 years 6.1+3.1 6:8

(range 1-11)

2 At the time of the first sample collection

history of diabetes and all were negative for ICA, anti-GAD or
anti-ICA512 autoantibodies or both. Specimens from these
subjects were also used for the in vitro stimulation studies
with CVB-infected HeLa cell lysates.

Molecular HLA typing was done in all subjects for whom
the cDNA was available (Table 2) [38, 39]. Informed consent
was obtained from each subject participating in this study, ap-
proved by the Institutional Review Board of the Children’s
Hospital of Pittsburgh.

Isolation and culture conditions of peripheral blood mononu-
clear cells (PBMC). Venous blood was drawn in heparinized
tubes and processed for PBMC isolation using a Ficoll-Hy-
paque gradient (1-Step Lymphoprep, Accurate Chemical &
Scientific Corporation, Westbury, N.Y., USA) within a few
hours from blood collection. Total RNA was extracted from
PBMC obtained from the recently-diagnosed diabetic patients
and control subjects, while PBMC from the other subjects
were frozen in freezing medium (Gibco BRL Life Technolo-
gies, Gaithersburg, Md., USA) and kept in liquid nitrogen until
used. To increase the production of functional TCR mRNA,
frozen PBMC were stimulated with anti-CD3 (Beckman Coul-
ter, Fullerton, Calif., USA) and recombinant interleukin-2
(rIL-2) (a kind gift from Dr. M. T. Lotze). Frozen PBMC were
briefly thawed in RPMI-1640 medium (Gibco BRL) and cen-
trifuged at 1200 rpm for 8 min. Cells were then resuspended
in RPMI-1640 medium (Gibco BRL) supplemented with 5%
human AB serum (Normolcera-Plus, Miami, Fla., USA) with
addition of 5 U/ml of rIL-2 and plated at a concentration of
1 - 10° cells a well into flat-bottom 24-well culture plates (Corn-
ing, New York, N.Y., USA). Viability of the cells was checked
by Trypan blue exclusion and was estimated to be approxi-
mately 80 to 90 % in all samples. Peripheral blood mononucle-
ar cells were cultured overnight at 37°Cin 5% CO, in an incu-
bator. The next day, anti-CD3-coated plates were prepared us-
ing 100 ng/ml anti-CD3 (Beckman Coulter) in each plate and
then incubated at 37°C for at least one hour. After removing
unbound antibody, PBMC were transferred to the anti-CD3
treated plates, centrifuged at 500 rpm for 5 min and returned
to the incubator for 2 days. On day 3, rIL-2 at a final concen-
tration of 20 U/ml was added to each well and the plates were
returned to the incubator for 1 day. On the 4th day of the in vit-
ro culture, cells were harvested, pelletted, counted and total
RNA was extracted.

Preparation of RNA and synthesis of cDNA. Total cytoplasmic
RNA was extracted from the PBMC from the various subjects
using TRIZOL Reagent according to the manufacturer’s in-
structions (Gibco BRL). All RNA samples were maintained
in 75% ethanol and stored at —80°C until cDNA synthesis

was carried out. For each preparation, at least 3 ug of total
RNA were reverse-transcribed (RT-PCR) into single-stranded
c¢DNA using SUPERSCRIPT II (Gibco BRL).

Evaluation of TCR* Vf repertoires. The study of the TCR-Vf3
gene segment expression required individual amplification of
at least 26 TCR-V families and subfamilies [40, 41] using a
panel of 5°-Vf primers together with a 6-carboxyfluorescein
(6-FAM, Applied Biosystems, Foster City, Calif., USA) 3’-Cj
oligonucleotide. The V3 and Cp oligonucleotide primers were
used at a final concentration of 0.5 umol/l each in the 50 ul fi-
nal reaction mixture. As an internal positive control for each
V5 family segment, a pair of constant region oligonucleotides
5’-Ca and 3’-Ca, also tagged with 4,7,2°,7’-Tetrachloro-6-car-
boxyfluorescein, (6-TET; Applied Biosystems), were used at a
final concentration of 0.2 umol/l [40, 41]. Twenty-eight cycles
of PCR were carried out to remain in the exponentially in-
creasing part of the reaction [42]. Polymerase chain reaction
(PCR) conditions were as follows: denaturation at 94°C for
30 s, primer annealing at 60°C for 30 s and primer extension
at 70°C for 45 s.

Two microliters of the PCR products, corresponding to the
TCR Vp gene families, were resolved by electrophoresis on a
16-cm, 5% polyacrylamide non-denaturing gel for 1 h on an
ABI 377 DNA Sequencer (Applied Biosystems). Each gel
was then automatically analysed by GeneScan software (Ap-
plied Biosystems) which allows for quantitation of fluorescent
peak heights and areas corresponding to each band. The rela-
tive abundance of T cells carrying each Vf chain transcript
was estimated by calculating a ratio of V3 fluorescent and Ca
fluorescent areas (the internal positive control) for each Vj3
gene family. The percentage of each V3 gene family expression
was computed in relation to the sum of all 26 ratios (i.e., per
cent of corrected ratios) according to the following formula:

fluorescence V3, /fluorescence Coy;y

100
> (fluorescence V3/fluorescence Ce) (1...26) *

% VB =

I73E])
1

where specifies an individual V3 family. To ensure repro-
ducibility, two PCRs were independently carried out for the
majority of the cDNA samples and the percentage of each V3
gene family expression calculated using the formula shown ab-
ove. Average values from the two analyses were then calcula-
ted.

The presence of a high frequency of TCR V7" circulating
T cells from recently-diagnosed diabetic patients was also
checked by flow cytometry analysis. Briefly, 100 ul of whole
blood from recently-diagnosed diabetic patients and control
subjects was incubated with 20 ul of FITC-conjugated mono-
clonal antibodies specific for various human Vj chains (Beck-
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Table 2. Analysis of HLA-DR and -DQ haplotypes in young and adult control subjects and recently diagnosed diabetic patients

Sex Age HLA HLA HLA
(M/F) (years) DRBI1 DQA1 DQB1
Young control subjects
1 M 10 - - -
2 F 14 - - -
3 M 15 02,11 01 0501, 0602
4 M 14 02,01 01 0501, 0502
5 M 8 11,12 01, 05 0301, 0501
6 M 13 01, 02 01 0501, 0602
7 F 16 04 0301 0301, 0601
8 F 13 02,13 01 0601, 0605
9 F 10 - - -
10 F 12 11,13 05 0301, 0401
11 M 15 03, 04 0301, 05 0201, 0302
12 F 10 11,13 01, 05 0301, 0603
13 M 3 09,13 01, 0301 0303, 0605
14 M 3 02,09 01, 0301 0303, 0601
15 F 4 03,11 05 0201, 0301
16 M 3 03,12 01, 05 0201, 0501
Adult control subjects
17 F 33 02,14 01, 05 0301, 0502
18 F 30 02,07 01, 0201 0201, 0602
19 M 27 07 0201 0201
20 M 25 04,02 01, 0301 0301, 0602
21 M 49 11,13 01, 05 0301, 0603
22 M 49 01, 07 01, 0301 0301, 0501
23 M 34 04,07 01,03 0302, 0602
24 F 40 04,13 01, 03 0302, 0603
25 F 23 03, 04 03,04 0201, 0302
26 F 37 03, 04 03,04 0201, 0302
27 F 42 03, 04 03,04 0301, 0302
28 F 35 03, 04 03,04 0201, 0302
29 F 45 03, 04 03, 04 0201, 0302
Recently diagnosed diabetic patients
1 M 8 03, 04 0301, 05 0201, 0302
2 M 13 03, 04 0301, 05 0201, 0302
3 F 16 04, 08 0301, 04 0302, 0402
4 F 7 03, 04 0301, 05 0201, 0302
5 F 10 04,08 0301, 0301 0302, 0302
6 F 11 04,11 0301, 05 0301, 0302
7 M 3 04,09 0301 0302, 0303
8 M 14 04 0301 0301, 0302
9 F 13 - - -
10 M 13 - - -
11 M 14 04,07 0201, 0301 0201
12 M 13 03 05 0201
13 M 2 - - -
14 M 8 04,13 01, 0301 0302, 0602
15 F 11 03,11 05 0201, 0301
16 M 10 04,07 0201, 0301 0201, 0302
17 M 7 01, 04 01,03 0501, 0302
18 F 5 - 0201, 0501 0201, 0301
19 F 10 03,07 0301, 0501 0201, 0302
20 M 3 — 0102, 0301 0302, 0502
21 M 9 02, 04 01, 0301 0301, 0501
22 F 9 - - -
23 F 7 - - -

Molecular typing for alleles at HLA-DRB1, DQA1 and DQBI loci carried out as described previously [38-39]

man Coulter), 20 ul of PE-conjugated monoclonal antibody to
pan-TCR of (Coulter, Miami, Fla., USA) and 20 ul of Cy-
Chrome-conjugated monoclonal antibody to the leucocyte
common antigen (CD45) (Dako Corporation, Carpinteria, Ca-
lif., USA) or appropriate negative isotype control. The sam-
ples were stained in the dark for 15 min and erythrocytes
were then lysed with PharMLyse (Pharmingen International,

Becton Dickinson, San Jose, Calif., USA). Samples were then
washed twice in FACS media (Hank’s balanced salt solution
with 0.1 % bovine serum albumin and 0.1 % sodium azide)
and stored in 1% paraformaldheyde (PFA) at 4°C until run
on a Becton Dickinson FACSCalikur Instrument. T-cell recep-
tor Vp repertoire analysis by flow cytometry was also done on
PBMC from normal healthy donors cultured with uninfected
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and CVB-infected HeLa cell lysates. Briefly, one milliliter of
the cell culture was removed, cells were pelletted, resuspended
in phosphate buffered saline (PBS) and aliquoted for flow cy-
tometry staining using the panel of monoclonal antibodies as
above. The samples were stained in the dark for 15 min, wa-
shed twice in FACS media and then stored in 1 % PFA at4°C
until run on a Becton Dickinson FACScan instrument.

Infection of HelLa cells with Coxsackievirus B (CVB)

Coxsackievirus titres. Coxsackievirus B (CVB) was obtained
from the ATCC (catalogue No. VR-30) and quantitated by
the plaque assay method. Briefly, 95 % confluent HeLa cells
were obtained by seeding two 12-well plates for each isolate
with 1.5 ml of cells at 2.5 - 10%/ml. Cells became 95 % confluent
in one to four days. The media was aspirated and replaced with
0.1 ml/well of serial tenfold dilutions (107 to 107%) of the viral
stock in minimal essential medium (MEM) (Gibco BRL), in
triplicate. After viral adsorption at 37°C in 5% CO, for 45 to
60 min, 1.5 ml/well of 1 % methyl cellulose in MEM was added
and the plates incubated for 1-3 days until plaques were visi-
ble. The cell layers were stained with crystal violet and the pla-
ques counted.

Preparation of virus stocks and lysates. Confluent monolayers
of HeLa cells in T-175 cm? flasks were used three to four days
post passage. The media was aspirated and replaced with 5 ml
of Eagle’s minimal essential medium (EMEM) (Gibco BRL)
supplemented with 10% fetal calf serum (FCS) containing
3 - 10° plaque forming units of a viral stock to achieve a multi-
plicity of infection (MOI) of about 0.1. The virus was allowed
to absorb at 37°C, 5% CO, for 45 to 60 min and 25 ml of
EMEM (Gibco BRL), 10% FCS was added. The cultures
were incubated for three to four days while monitoring cyto-
pathic effect (CPE). At 90 to 100 % CPE, the cells and the me-
dia were collected by scraping and then centrifuged at 2000
rpm. The supernatant was aliquoted, stored at —70°C and as-
sayed by plaque titration. For cell lysate production, the medi-
um and cells were collected as described above. Glycine was
added to a final concentration of 100 mmol/l and pH 9.5. The
extract was then sonicated, UV treated, centrifuged as above,
aliquoted and stored at —70°C. Finally, the lysate was tested
by the plaque assay method described above to verify that
there was no residual CPE.

In vitro PBMC stimulation with CVB-infected HeLa cell ly-
sates. Peripheral blood mononuclear cells (3-10°) isolated
from thirteen non-diabetic donors were seeded in a volume of
3 ml of RPMI-1640 medium (Gibco BRL) supplemented with
10 % human AB serum (Normolcera Plus), into a 0.2 um venti-
lation-capped 25 cm? tissue polystyrene culture flasks and ex-
posed to lysates of CVB-infected HeL a cells (see above). Cul-
tures with lysates of uninfected HeLa cells were used as nega-
tive control cells. Peripheral blood mononuclear cells were cul-
tured at 37°Cin 5% CO, for 9 days and independently stimu-
lated with each of the different antigens on day 0 and every
3 days thereafter. Recombinant interleukin-2 (rIL-2) was add-
ed (10 U/ml) on day 4. Twelve hours before harvesting, rIL-2
(10 U/ml) was again added to allow regeneration of potentially
modulated TCR. At day 5 and 9, 1 ml of the in vitro culture
was used for TCR repertoire analysis by flow cytometry as de-
scribed above.

EV-RNA detection by reverse transcriptase (RT)-PCR and anti-
body analysis in the serum. Serum samples from the different

subjects have been analysed for the presence of EV RNA and
EV antibodies. Detection of EV-RNA was done by a RT-PCR
method which was carried out from coded samples as de-
scribed previously [43]. This RT-PCR method amplifies a ge-
nome sequence of the highly conserved 5’ non-coding region
of all EV serotypes and RT-PCR products are identified by a
lanthanide chelate labelled EV specific probe in a liquid phase
hybridization assay. The detection limit of this assay is 0.015 fg
of viral RNA. The IgG and IgA class antibodies to CVB4 anti-
gen and to a synthetic EV peptide were analysed using an en-
zyme immunoassay (EIA) method described previously [4,
20] and IgM class antibodies using a heavy chain capture EIA
using a panel of three EV antigens (CVB3, echovirus 11, and
CVA16) [20]. These antibody assays were designed to detect
antibodies in several EV serotypes. Virus antigens were also
heat-treated at + 56 °C for 15 min to expose antigenic determi-
nants which are cross-reactive between different EV sero-
types. The antibody results are expressed as enzyme immu-
noassay units (EIU) which show the relative antibody activity
of the sample compared to positive and negative control sera
included in each test and which are therefore comparable be-
tween different test runs. All serum samples were tested in du-
plicate. Samples were considered seropositive if EIU was
greater than 15. Diagnosis of acute infection during the fol-
low-up in the four converters was based on the presence of a
twofold or greater increase in the concentration of IgA and/or
IgG and/or detection of IgM in amounts exceeding cut-off lim-
its defined previously [4] and/or presence of EV-RNA in se-
rum. The IgM and RT-PCR data are shown as categorical vari-
ables and are expressed as + /—.

Statistical analysis. The percentage of expression of each Vf3
gene family is presented as means + SD for each study group.
For each Vf gene family, the 100th centile of the appropriate
control population was chosen as the upper limit of normal,
above which values were considered to be skewed. Differences
in the prevalence of skewed VJ families were assessed using
Fischer’s exact test. Mean values of V37 and V313.1 gene fam-
ilies were compared between study groups using the Mann-
Whitney U test. A p value of less than 0.05 was considered sta-
tistically significant. Concentrations of enteroviral antibodies
between the study groups were compared using the Mann-
Whitney U test.

Results

TCR repertoire analysis. The estimated percentage of
T cells bearing different TCR, extrapolated as a func-
tion of the relative abundance of the mRNA from dif-
ferent V5 gene families, in the peripheral blood of pa-
tients recently diagnosed with Type I diabetes is
shown in Figure 1. The majority of the patients stud-
ied (Table 2) showed a higher abundance of the V37
gene family (mean value 10.5% =+ 3.7) compared
with the expression pattern observed in the PBMC
of age-matched non-diabetic control subjects
(5.1% = 1.6) (p<0.001). Fifteen (65%) of the re-
cently-diagnosed diabetic patients had values of V37
above the upper limit of the appropriate control
group (8.3%) and this prevalence of skewed V37
was statistically higher (p < 0.0005) compared with
the control subjects. In recently-diagnosed diabetic
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Fig.1. Analysis of TCR V repertoire in PBMC from recently-
diagnosed Type I diabetic patients ([, n = 23) and age-mat-
ched controls (B, n =16). The value of each TCR V§ is ex-
pressed as a mean percentage ( + SD) of corrected ratios. The
difference between mean values of V57 T cells from diabetic
patients and normal control subjects is statistically significant
(p < 0.001)

patients, other V3 mRNA gene families, like V1 and
VA7, tended to be higher than in the control group
but failed to reach statistical significance. Among
the age-matched control population, the V34 family
was the most represented although its percentage var-
ied extensively as shown by the large standard devia-
tion (Fig.1).

A high frequency of circulating VA7* T cells in re-
cently-diagnosed diabetic patients was also con-
firmed by flow cytometry analysis. Using the only
available V7-specific monoclonal antibody that rec-
ognizes the V7.1 subfamily, the frequency of pan-
TCRog* T cells carrying the V7.1 chain was higher
(2.1-5.8% of TCRap* T cells) than the frequency
for this V3 chain detected in non-diabetic subjects
(1.6-3.2% of TCRap" cells) (Fig.2). The difference
in raw values of the detected V37 percentages be-
tween the molecular (RT-PCR) and the flow cytome-
try method could depend on several factors, such as
detection of mRNA gene transcripts with one tech-
nique and expression of surface protein with the oth-

er, specificity of the anti-Vf antibody limited to the
7.1 subfamily and the different denominators each
method uses for percentage calculations.

In a time-course analysis of the four converters,
TCR Vp gene expression was assessed in blood sam-
ples collected from forty months before the onset of
the disease to seven years after. The analysis indicat-
ed a V37 value consistently above 10% at all time
points and in all patients (Table 3). The specificity of
this finding for Type I diabetic patients was evident
when compared with the range of V(7 values in
PBMC from age-matched control subjects that were
5.1% =+ 1.6 (highest 8.3 %) (Table 3). All the convert-
ers at each time point had values of V37 consistently
above the upper limit of the normal control group
and this prevalence of skewed V7 was significantly
higher (p < 0.0005) compared with control subjects.
The only exception was a sample collected seven
years after the onset from converter No. 3 that
showed a value of V37 of 6.3%.

The enrichment in V37" T cells did not seem to be
affected by the anti-CD3 and IL-2 stimulation of the
frozen PBMC because TCR analysis on freshly pro-
cessed PBMC from the same patients showed that
the detected percentage of V[ gene expression in
these two samples correlate very well (data not
shown), as reported previously [44].

To rule out the possibility that the skewing in the
patients’ V3 repertoire was directly related to HLA
alleles, we compared the TCR V3 repertoire pattern
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Fig.2. Flow cytometry analysis of PBMC from one representa-
tive, recently-diagnosed diabetic patient (total n = 23) and one
control subject (total n =13) stained with FITC-conjugated
monoclonal antibody against V7.1 chain (clone ZOE) and
PE-conjugated monoclonal antibody against pan-TCRa3, by
analysing live gated populations of lymphocytes. The propor-
tion of T cells bearing V7.1 chain is expressed as a percentage
of TCR af* cells within the analysis gates. Shown are the high-
est value and range of V7.1 T cells detected in patients and
control subjects. Frequency of V5* T cells is shown as an ex-
ample of TCR V§ chains that did not change substantially be-
tween diabetic patients and control subjects

of the recently-diagnosed diabetic patients (Table 2)
with that of their appropriate HLA-DR-matched
and DQ-matched control subjects. The HLA-mat-
ched subjects did not reveal any expansion of the
TCR Vp7 gene family (Fig.3). Again, values of
V7 mRNA expression were significantly higher in
the recently-diagnosed diabetic patients than in
HLA-matched control subjects (p =0.009). More-
over, amongst the randomly chosen control popula-
tion, nine subjects carried HLA-haplotypes confer-
ring with a high risk of Type I diabetes (controls No.
4; 11; 16; 19; 25-29) but did not show increased per-
centage of expression of V37 gene transcripts.
Among the converters, expression of another gene
family, V513.1, also tended to be higher than the
mean value calculated amongst the control group. All
four patients showed decreased expression of this
gene family after the onset of the disease (Table 3).
Three of the high-risk subjects (all adults) showed
values of V37 higher than those detected among the
age-matched control group at all time points (data
not shown). In these subjects, V37 values were above
the upper limit of the appropriate control group
(10.5%) and this prevalence of skewed V37 was sig-

Table 3. Time-course analysis of TCR V37 and 13.1 gene ex-
pression in four converters

VBT % VBI1%  VBI31%

CONVERTER No. 1: HLA-DRB1%*03, 04; DQA1%0301, 05;
DQB1*0201, 0302

—40 months 12 1.5 10.5
—28 months 13.3 14 8.3
—24 months 14.2 1.6 10

—14 months 16.1 1.3 9.9
—10 months 10.6 1.5 6.9
—7 months 14.4 1.1 8.7
-3 months 12.3 14 8.3
—2 months 14.1 14 7.5
+ 8 months 11.2 1.8 5.8

CONVERTER No. 2: HLA-DRB1%*03, 04; DQ1A*0301, 05;
DQB1*0201, 0302

—40 months 11.4 2.2 9.6
—13 months 10.9 2.8 7.4
—11 months 13.6 2.3 11
-5 months 13.6 1.8 10.4
+ 2 months 133 1.7 8.5
+ 24 months 13.6 14 5

CONVERTER No. 3: HLA-DRB1%*04, 08; DQA1%0301, 04;
DQB1*0302, 0402

—19 months 18.4 1.1 11.7
—Onset 12.8 1.6 10.3
+ 32 months 19.2 0.8 7.4
+ 84 months 6.3 1.2 5.5

CONVERTER No. 4: HLA-DRB1%*03, 04; DQA1%0301, 05;
DQB1*0201, 0302

—12 months 16 1.5 9.6
-1 month 16 2 10.7
—Onset 12.2 1.9 9
+ 3 months 10.4 1.4 7

CONTROLS (n = 16) 51+16 19=x12 6.4+1.1

Analysis of TCR VA7 and 13.1 gene families in PBMC from
four converters. The relative abundance of T cells carrying
each V3 gene transcript is expressed as a percentage of correct-
ed ratios. For each of these subjects, four to nine blood samples
were available at several time points, before (-) and after ( + )
the onset of Type I diabetes. TCR V11 values are shown as
an example of V3 family whose expression did not consider-
ably change throughout the entire period. The mean ( + SD)
values of TCR Vf7, 11, and 13.1 gene families of normal age-
matched control subjects are also shown

nificantly higher compared with the control subjects
(p <0.05). The fourth subject showed a decreased
value of V37 in a blood specimen drawn 8 years after
the first sample (from 15.5% to 6.3 % ). This patient,
who was GAD autoantibody positive and ICA-512
autoantibody negative on both occasions, showed de-
creased ICA values at the second time-point (from 40
to 10 JDF units) which contrasted with the stability of
these titres in the other three subjects. The percent-
age of the V13.1 gene family expression measured
in these high-risk subjects tended to be higher than
those measured in the control group.

The TCR Vp repertoire was also analysed in
PBMC from patients who were suffering from diabe-
tes from 2 to 14 years. In this analysis, long-standing
diabetic patients showed mean values of Vj7
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Fig.3. Analysis of TCR V[ repertoire in PBMC from recently-
diagnosed diabetic patients ([, n = 23) and their HLA-mat-
ched control subjects (Jll, 7 = 6). The value of each TCR Vf is
expressed as a mean percentage (+ SD) of corrected ratios.
In HLA-matched control subjects, TCR Vf expression by T
cells in the peripheral blood was heterogeneous and, in con-
trast to diabetic patients, no V37 gene family expansion was
observed (p = 0.009)

(9.7% +2.4) that were statistically different from
those detected in the control group (5.1% +1.6)
(p <0.005) (Fig.4). In 79% of these patients (11 of
14), the percentage of TCR V7 was above the upper
limit of the control subjects (8.3 % ) and this prevalence
of skewed V37 was significantly higher than in the con-
trol group (p < 0.005). For seven of these patients,
blood samples were also available at the onset of dia-
betes showing mean values of V37 of 12.3% + 3.1
(p < 0.005 compared with the control subjects) (Fig. 4).

In vitro PBMC stimulation with CV B-infected Hel.a
cell lysates. Flow cytometry analysis of the TCR rep-
ertoire of PBMC from 13 normal donors cultured for
9 days with CVB-infected HeLa cell lysates showed
variable degrees of expansion of pan-TCR a5* T cells
carrying the Vf 7.1 chain in the majority of the sub-

jects tested (8 of 13) when compared with their
PBMC cultured with uninfected-HeLa cell lysates.
Whereas expression of this V3 family increased up
to 4 times in the PBMC of different donors, the test-
ing of other Vf families (e.g., V/5) did not show any
changes in percentage of positives. The value for the
frequency of pan-TCR of" T cells carrying the Vj
7.1 and the Vp5 chains in 3 representative donors is
shown in Figure 5. Moreover, we found that PBMC
from four donors cultured with CVB-infected Hel.a
cells showed higher frequency of pan-TCR aof* T
cells carrying the Vf13.1 chain (data not shown).
Only one donor’s PBMC did not show increase of ei-
ther VB 7.1% or V13.1* Tcells.

EV antibodies and presence of EV-RNA in the sera of
the subjects studied. Serological analysis for the pres-
ence of IgA and IgG class antibodies against a
CVB4-antigen and a synthetic EV-peptide antigen in
the patients recently diagnosed with Type I diabetes
did not show statistical differences in terms of fre-
quency of subjects that were seropositive and in the
concentrations of IgG and IgA class antibodies as
compared with the appropriate control group. Acute
EV infections, with presence of IgM or EV-RNA, or
both, in the serum, were detected with the same fre-
quency in recently-diagnosed diabetic patients and
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Fig.4. Analysis of TCR VJ repertoire in PBMC from Type I
diabetic patients at onset ([J) and after 2 to 14 years (H, after
7.2 years + 3.4). The value of each TCR Vf is expressed as a
mean ( + SD) percentage of corrected ratios described in Ma-
terials and methods. The mean ( + SD) values of TCR Vj
gene families from normal control subjects (H, 7 = 16). Long-
standing diabetic patients showed mean values of V37 that
were significantly different from those detected in the control
subjects (p < 0.005). Samples from these patients analysed at
the onset of the disease showed significantly higher values of
V7 (p < 0.005 to the control subjects)

control subjects (data not shown). This result was ex-
pected because the majority of kindergarten and
school children are equally exposed to such an ubiq-
uitous virus.

Analysis of the sera of the four converters in the
time-course study showed, however, the presence of
multiple acute EV-infections, defined by at least a
twofold increase in IgA or IgG, or both, class antibod-
ies to CVB4 and/or by IgM positivity or presence of
viremia (Table 4). In the first converter, evidence of
three acute infections was observed approximately at
14, 7 and 2 months before the onset of clinical diabe-
tes, with the presence of EV-RNA in the serum from
the first infection. The second converter had one acute
infection approximately 5 months before overt diabe-
tes indicated by both IgG and IgM responses. Evi-
dence of an acute infection was also observed in con-

verter No. 3, though the increase in antibody titres
did not quite reach the twofold increase, as indicated
in the criteria used to define the presence of acute
EV-infections in the follow-up study (Table 4). Of
note, converter No. 1, for example, for whom we could
analyse more time-points before onset, the occurrence
of acute infections is temporally related with an in-
crease in circulating TCR V7" T cells (Fig.6). We de-
tected that in this converter EV-RNA coincided with
the highest expression of TCR VA7 (at < 14 months
before the onset of diabetes) (Table 4, Fig.6). In con-
verter No. 2 two acute EV infections (detected by
IgM antibodies) in a period of two years was associat-
ed with persistently high expression of V37 almost
without detectable oscillation. In converter No. 3 oc-
currence of acute EV infection was also associated
with V37 increase (Tables 3, 4). Because the speci-
mens tested were collected at 3 to 6 months intervals
and sometimes at even longer intervals, it was not pos-
sible to unequivocally show how close the TCR reper-
toire and CVB infection coincided. Converter No. 4
did not show evidence of acute infections. In this pa-
tient the IgG titre constantly remained, however, very
high during the entire observation period (Table 4).

The IgA or IgG, or both, class antibodies were also
detected in the sera from high-risk subjects and long-
standing diabetic patients showing previous EV in-
fections (data not shown).



P.Luppi et al.: TCR repertoire and CVB infections in Type I diabetes 1493

Uninfected- CVB - infected
Hela cells Hela cells
« A &
= =%
0.7% 3.3%
o o3
=5 =
ND_' ND_ _ :
T4 I
_F_"'; -_9_-.
QD ] Qﬁ ]
= aRRb) FLAR b | T .| — T o VT T
0% 10! w? w0 ow? Twe® w0’ 0?0 10f
« B -
= 21
Qo 3.5% o ] 12.4%
g = 27
=~ 3
o % 3 = o4
| ped L 3 5 4. =
= _ -
8 o1 =3
= ]
2 —r TR —

Y = —
w0 g0t 10?10 w0 % 10! 102 108 10f

104

1.6%

103

A D
- o

102

L=

o 10!
45 amal

Ty

o ey = =) e
00 1! 10?10 10t T 0! 1?2 108 10d

VB7.1

Fig.5. Flow cytometry analysis of PBMC from three represen-
tative normal donors (A, B, C) cultured with CVB-uninfected
and CVB-infected Hela cell lysates for 9 days. The proportion
of T cells bearing Vf37.1 chain is expressed as a percentage of
TCR ap* T cells within the live gated population of lympho-
cytes. Shown are the values of V7.1 T cells detected in
PBMC cultured with CBV-uninfected and CVB-infected
HeLa cell lysates. Frequency of V35" T cells is also shown as
an example of TCR VJ chain that did not show any change be-
tween the two culture conditions

Discussion

Numerous studies have indicated the role of infec-
tious agents in the pathogenesis of Type I diabetes in-
ducing, accelerating, or enhancing newly formed or
already present autoimmune responses. One of the
hypotheses is that microbial infections might break
self-tolerance and trigger activation of autoreactive
T cells. Activated T cells, in turn, destroy the target
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cells harboring the self-antigen, causing organ dam-
age and loss of function [45].

Another hypothesis is based on the evidence that
the increase in total T cell numbers associated with
viral infections, is caused by the virally-mediated
production of cytokines that activate bystander T
cells, rather than to a specific antigen (or autoanti-
gen) or the MHC molecule complex recognition
[31].

We observed a preferential usage of the TCR V37
gene family in the peripheral blood of patients re-
cently diagnosed with Type I diabetes by RT-PCR.
Analysis of cell surface protein expression by flow
cytometry also showed a higher percentage of circu-
lating VB7.1 T cells in recently-diagnosed diabetic
patients compared with control subjects. Such quan-
titative bias in the VJ repertoire was also detected
years before the clinical onset of the disease in four
subjects who had been prospectively followed for
months or years before the development of Type I
diabetes. A blood sample available seven years after
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Table 4. IgA, IgG and IgM class antibody titres against enterovirus (EV) antigens and presence of EV-RNA in converters to Type

I diabetes
EV-IgG EV-IgA CVB4-IgG CVB4-IgA IgM RNA
(synthetic peptide) (synthetic peptide)

Converter No. 1

—40 months 12 14 27 34

—28 months 12 8 26 16

—24 months 9 5 25 15

—14 months 4 21 12 +

—10 months 7 3 24 15

—~7 months 7 41 20 45

-3 months 3 3 12 14

-2 months 3 3 14 12

+ 8 months 16 5 32 21

Converter No. 2

—40 months 64 33 92 62

—13 months 40 21 78 39

—11 months 47 22 87 48

-5 months 105 28 313 79 ++ +

+ 24 months 94 38 161 88 +

Converter No. 3

—19 months 85 4 67 23

Onset 65 3 50 16

+ 32 months 62 4 67 28

+ 84 months 76 3 81 36

Converter No. 4

—12 months 61 8 172 16

—1 months 96 10 176 17

Onset 85 11 168 19

+ 3 months 103 10 162 17

The value for each IgA and IgG class antibody is expressed in
enzyme immunoassay units (EIU). IgM and RT-PCR data are
shown as categorical variables and are expressed as + /—. In
bold, is shown the presence of acute EV infections in sequential
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Fig.6. Association of acute enterovirus infections with increase in
V7 gene transcript in converter No. 1 for whom a large number
of samples before onset of diabetes was available. Blood speci-
mens collected sequentially during the prediabetic phase were test-
ed for TCR V3 gene expression and the corresponding sera for the
presence of antibodies against several different EV serotypes and
EV-RNA. The Y axis indicates the percent of TCR V37 gene fam-
ily. The X axis indicates the time-points (in months) when blood
was collected before (-) and consequent to appearance of overt di-
abetes. Arrows represent evidence of acute infections and shaded
traits show increase of V37 gene expression occurring at the time
of infection (see Table 4)

samples shown as a twofold or greater increase in antibody val-
ue. Converter No. 3 had a marginal increase in CVB4-IgA
which was highly suggestive for acute enterovirus infection

the onset of the disease subsequently showed that
the expression of V7 decreased dramatically. In
these patients, another family, V513.1, tended to be
higher at the onset of the disease than in the control
group and decreased more rapidly than Vj7 after
the onset of the disease. We concluded that the acti-
vation of autoreactive T-cell clones is mediated by a
mechanism which is not very specific (because more
than one Vf chain is involved, i.e., VA7 and
V13.1) yet certainly not totally aspecific (the two
chains involved are always Vf37 or V§13.1 or both).
A possible immunologic mechanism involving a su-
perantigen was suggested previously [37, 40] but oth-
er slightly different explanations can also be consid-
ered [31, 32]. Apart from the true mechanism in-
volved, it seems evident that in the majority of the
cases studied, the expression of the Vf7 gene was
skewed more pronouncedly than Vf13.1, so that
quantitative variations of V37 were more easily de-
tectable than those of Vp13.1. This difference in
quantity also explains why variations of V$13.1 in
the converters (for whom we test the TCR reper-
toire at different time-points) could actually be de-
tected, whereas in new-onset patients (for whom we
frequently can only test one sample) the increase in
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V13.1 gene expression, although present, did not
reach statistical significance. Thus, because the
skewing of V313.1 was, in all cases studied, quantita-
tively lower than the skewing of V37, the V313.1 in-
crease became more rapidly undetectable over time
than the rise in V7. Because the evaluation of the
various V[ families is a relative ascertainment of
TCR S chain gene usage expressed as a percentage
of the total, smaller increases (e.g., V313) are more
difficult to define than larger increases (e.g., V7).
In long-standing Type I diabetic patients, values of
V7 were slightly lower as compared with those at
the onset of the disease but were still statistically
higher than in normal subjects. The TCR repertoire
analysis on our young control subjects showed an ex-
pansion of the V4 gene family. This gene family
showed the highest variability among different sub-
jects, possibly representing a population of T cells
easily activated in young children, whose activation,
however, quickly disappears over time.

The observation of a preferential V37 gene ex-
pression in peripheral blood of diabetic patients is
in contrast to previous reports where the TCR Vf3
repertoire was found to be heterogeneous and
where there was no consistent pattern of V3 expres-
sion that differentiated diabetic patients from sub-
jects that were not affected [46, 47]. The reason for
this probably depends on many factors, including
the number of subjects analysed, patient heteroge-
neity and technical differences. Larger studies are
needed to assess whether a bias in the TCR Vf ex-
pression truly characterizes pre-diabetic and diabet-
ic patients.

The skewing of the TCR V3 repertoire is not only
related to the presence of certain HLA alleles be-
cause nine of the control subjects carrying HLA-hap-
lotypes conferring high risk to diabetes did not show
the same TCR repertoire. Moreover, the analysis
done on healthy subjects HLA-DR-matched and
DQ-matched to the diabetic patients did not show ex-
pansion of either V37 or 13.1 gene families.

We previously reported the presence of a T-cell
repertoire bias with overexpression of V37 gene fam-
ily among the T cells infiltrating the islets of Langer-
hans of patients suffering from Type I diabetes [37].
Our results indicate that a preferential usage of the
same V3 gene families can also be detected amongst
the circulating T cells of diabetic patients. This sug-
gests that the selective use of TCR genes in the pe-
riphery reflect an on-going infiltration within the af-
fected tissue possibly mediated by T cells sharing the
same autoreactive TCRs.

The CVB infections have been linked to Type I di-
abetes once a CVB4 strain was isolated from the pan-
creas of a diabetic child [28]. So far, reports have asso-
ciated several different EV with pre-diabetic autoim-
mune episodes and with the onset of overt diabetes
[4, 5, 10, 12-19], although the pathway by which EV

could actually induce diabetes in humans is not un-
derstood very well.

The analysis of the sera from our recently-diag-
nosed Type I diabetic patients, showed that the num-
bers of subjects who were positive for EV-antibodies
and EV-RNA was not statistically different than in
the control groups. We anticipated these data be-
cause EV are agents of the common cold causing in-
fections in kindergarten and school children, as re-
ported previously [23-25]. In the longitudinal study
of the four converters, however, where serum sam-
ples were available for testing every 3—6 months, mul-
tiple, sequential acute infections and viremia were
detected. In particular, acute infections were ob-
served in samples collected months before the clinical
onset of diabetes. Other evidence of sequential acute
EV infections before onset of Type I diabetes was de-
scribed recently [4, 48]. These data further emphasize
the concept that longitudinal prospective studies on
sera from diabetic patients taken at short intervals
are necessary when looking for evidence of acute
EV infections. Our results confirmed that the timing
of EV infections play a critical part in the develop-
ment of diabetes, as shown in the NOD mouse [32]
and, more recently, in humans [13].

Although more Type I diabetic patients need to
be analysed in prospective studies, we speculate
that a history of environmental factors (i.e., Cox-
sackievirus infections) cause an activation of autore-
active T cells bearing certain V3 gene families al-
ready present in pre-diabetic subjects. In vitro, expo-
sure of PBMC from certain healthy donors to lysates
of HeLa-cells infected with CVB, was capable of se-
lectively activating V7* and V13.1* T cells. These
results agree with previously published data showing
that variable degrees of expansion of Vf7* and
Vp13.1" are found among proliferating and recently
activated (CD69* and/or CD71%) T cells from both
healthy control subjects and diabetic patients cul-
tured with CVB-infected cell lysates [40, 49, 50].
The presence of increased percentage of TCR V7
gene expression at the moment of acute EV-infec-
tions was observed in at least two of the diabetic pa-
tients. Results obtained in the mouse also support
this general hypothesis [31].

In short, we presented data showing an expansion
of T cells bearing preferential TCR V3 gene families
in the peripheral blood of Type I diabetic patients.
This T-cell expansion was not solely HLA-related, it
was already somewhat higher than in healthy control
subjects months before overt diabetes, it was evident
at the time of clinical onset and persisted for years.
Also, enteroviral analysis on the sera of these sub-
jects showed signs of acute infections months before
overt diabetes. These results, with the evidence that
CVB can induce preferential TCR V3 activation, sup-
port the hypothesis that EV is aetiologically impor-
tant in the development of Type I diabetes by acceler-
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ating, if not initiating the process of autoimmune
beta-cell destruction.
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