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Persistent Infection of Thymic Epithelial Cells with Coxsackievirus B4
Results in Decreased Expression of Type 2 Insulin-Like Growth Factor

Hela Jaïdane,a,b,c Delphine Caloone,a Pierre-Emmanuel Lobert,a Famara Sane,a Olivier Dardenne,d Philippe Naquet,e Jawhar Gharbi,b

Mahjoub Aouni,b Vincent Geenen,d and Didier Hobera

Université Lille 2, Faculté de Médecine, CHRU, Laboratoire de Virologie/EA3610, Loos-lez-Lille, Francea; Université de Monastir, Laboratoire des Maladies Transmissibles et
Substances Biologiquement Actives LR99ES27, Faculté de Pharmacie de Monastir, Monastir, Tunisiab; Université de Tunis el Manar, Faculté des Sciences de Tunis, Tunis,
Tunisiac; University of Liege, GIGA Research—Center of Immunology, CHU-B34, Liege-Sart Tilman, Belgiumd; and Centre d’Immunologie INSERM-CNRS de Marseille-
Luminy, Marseille, Francee

It has been hypothesized that a disturbance of central self-tolerance to islet � cells may play a role in the enteroviral pathogenesis
of type 1 diabetes. Whether enteroviruses can induce an impaired expression of �-cell self-antigens in thymic epithelial cells has
been investigated in a murine thymic epithelial (MTE) cell line. This cell line was permissive to the diabetogenic group B4 cox-
sackievirus (CV-B4) strain CV-B4 E2 and spontaneously expressed type 2 insulin-like growth factor (Igf2), the dominant self-
antigen of the insulin family. In this model, a persistent replication of CV-B4 E2 was obtained, as attested to by the prolonged
detection of intracellular positive- and negative-strand viral RNA by reverse transcription-PCR (RT-PCR) and capsid protein
VP1 by immunofluorescent staining and by the release of infectious particles in culture supernatants. The chronic stage of the
infection was characterized by a low proportion of VP1-positive cells (1 to 2%), whereas many cells harbored enteroviral RNA, as
displayed by RT-PCR without extraction applied directly to a few cells. Igf2 mRNA and IGF-2 protein were dramatically de-
creased in CV-B4 E2-infected MTE cell cultures compared with mock-infected cultures, whereas housekeeping and interleukin-6
(Il6) gene expression was maintained and Igf1 mRNA was decreased, but to a lower extent. Inoculation of CV-B3, CV-B4 JVB, or
echovirus 1 resulted in a low level of IGF-2 in culture supernatants as well, whereas herpes simplex virus 1 stimulated the pro-
duction of the protein. Thus, a persistent infection of a thymic epithelial cell line with enteroviruses like CV-B4 E2 can result in a
disturbed production of IGF-2, a protein involved in central self-tolerance toward islet � cells.

Members of the group B coxsackieviruses (CV-Bs), belong-
ing to the Enterovirus genus of the Picornaviridae family,

are small, nonenveloped, single-strand positive RNA viruses.
Numerous epidemiological studies associated CV-B infections
with the onset of type 1 diabetes (T1D), giving evidence of their
possible involvement as triggering agents of that disease in ge-
netically predisposed individuals (reviewed in references 24,
30, and 62). CV-B4 is one of the serotypes most frequently
encountered in diabetic patients (10, 15, 44, 46, 47, 63, 65;
reviewed in reference 28).

T1D results from the autoimmune destruction of pancreatic
insulin-producing islet � cells. Autoimmunity is the consequence
of self-tolerance failure at the central and/or the peripheral level
(56). Self-tolerance establishment is initiated within the thymus
network during T-cell ontogeny by deletion of autoreactive T lym-
phocytes (negative selection) and generation of regulatory T cells
(31, 51, 54). Elimination of potentially self-reactive T cells in the
thymus requires the intrathymic expression of ubiquitous and tis-
sue-specific antigens (38). This phenomenon has been termed
“promiscuous” gene expression and appeared to be a unique
property of medullar thymic epithelial cells (TECs) (38). Thus, the
majority of self-antigens are expressed within the thymic mi-
croenvironment (1). It is also the case for the whole insulin family,
since transcripts of insulin-like growth factor 2 (Igf2), Igf1, and
insulin (Ins) genes have been characterized in human, rat, and
mouse thymuses (21, 22, 33, 34, 61). At the peptide level, IGF-2
was shown to be the dominant polypeptide of the insulin family in
the thymus epithelial network from different species (17, 18, 34).

An association between a defect in Igf2 expression in the thy-
mus and the emergence of autoimmune diabetes in biobreeding

diabetes-prone (BBDP) rats was suggested. Indeed, this defect
could contribute both to the impaired T-cell development and to
the absence of central T-cell self-tolerance to the whole insulin
hormone family (32).

Besides, Igf2 could be employed both in the reprogramming of
immunological tolerance to islet � cells and in the regeneration of
a functional �-cell mass (20). On the basis of the close homology
and cross-tolerance between insulin and IGF-2, a novel type of
negative/tolerogenic self-vaccination is currently developed for
prevention and cure of T1D (23). Indeed, administration of IGF-
2-derived self-antigens (B11-25 sequence) to peripheral blood
mononuclear cells from DQ8� type 1 diabetic patients seems to be
an efficient approach in T1D prevention, since it elicits a tolero-
genic/regulatory cytokine profile (interleukin-10 [IL-10], IL-10/
gamma interferon [IFN-�], and IL-4) statistically different from
the one induced by Ins B9-23 (19). This issue is currently investi-
gated by vaccination of NOD mice with recombinant human
IGF-2 alone or in combination with adjuvants (20). The associa-
tion between CV-B4 infection and the loss of immune self-toler-
ance is still unclear. We hypothesized that CV-B4 infection of the
thymus could disturb the physiological function of that organ
(reviewed in reference 29). It has been shown that CV-B4 infec-
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tion of the thymus leads to abnormal T-lymphocyte maturation in
vivo during the course of systemic infection of mice (8), ex vivo in
murine fetal thymus organ cultures (7), and in vitro in cultured
human fetal thymus fragments (6). Besides, with the key role of
TECs in both T-cell development and the induction of central
self-tolerance being well established (2, 3), we previously investi-
gated the possible infection of those cells by CV-B4, and we dem-
onstrated that CV-B4 can persistently infect primary cultures of
human TECs and modulate the profile of cytokine secretion by
these cells (5).

Primary TECs are difficult to obtain and to maintain in culture
for long periods and, moreover, are heterogeneous (since TECs
are derived from both the thymic cortex and medulla). Since the
thymus fulfills its functions mainly during fetal and neonatal life,
we decided to perform studies with tissues or cells derived from
individuals at these stages of life. For this purpose, we took advan-
tage of the availability of a murine medullar thymic epithelial
(MTE) cell line derived from neonatal mice, MTE4-14 (42), to
investigate the infection of that cell type with the CV-B4 E2 dia-
betogenic strain and to address the issue of Igf2 expression in that
system.

MATERIALS AND METHODS
Cells. The murine thymic epithelial cell line MTE4-14 is derived from
C3H/J (H-2k) thymic neonatal lobes and is of medullar origin (42). MTE
cells were grown in Dulbecco’s modified Eagle medium (DMEM; Gibco
BRL) containing 4.5 g/liter glucose and sodium pyruvate and supple-
mented with 10% heat-inactivated fetal calf serum (FCS; Sigma), 1% L-
glutamine (Gibco BRL), 50 �g/ml streptomycin, 50 IU/ml penicillin (Bio-
Whittaker) and 0.2% epidermal growth factor (EGF; Sigma).

SK-N-AS is a human neuroblastoma epithelial cell line (57). The SK-
N-AS cell line (kindly provided by N. Von Roy, Ghent University, Ghent,
Belgium) was originally maintained in RPMI (Eurobio) supplemented
with 10% heat-inactivated FCS, 1% L-glutamine, 50 �g/ml streptomycin,
and 50 IU/ml penicillin. In order to produce IGF-2, SK-N-AS cells were
transferred in serum-free N2E medium (DMEM, Ham’s F-12 medium
[50:50, vol/vol; Sigma] with 1.2 mg/ml sodium bicarbonate and 15 mM
HEPES, 1 �g/ml transferrin, 30 nM selenium, 20 nM progesterone, 100
�M putrescine [Sigma], 50 U/ml penicillin, 50 �g/ml streptomycin, and 2
mM L-glutamine) supplemented with 1 �g/ml insulin. After several pas-
sages, insulin was omitted from the medium and the cells were continu-
ously propagated in mitogen-free N2E medium. Human fibronectin (5
�g/ml; Sigma) was added to the medium at the time of plating. Medium
used for feeding the cultures did not contain fibronectin.

Viruses. CV-B3 Nancy (American Type Culture Collection
[ATCC], Manassas, VA), the diabetogenic strain CV-B4 E2 (kindly
provided by J. W. Yoon, Julia McFarlane Diabetes Research Centre,
Calgary, Alberta, Canada), the prototype CV-B4 JVB (kindly provided
by J. Almond, Aventis Pasteur, Marcy l’Etoile, France), the echovirus 1
(E-1) Farouk strain (AFSSA, France), vesicular stomatitis virus (VSV;
kindly provided by P. Lebon, Paris), herpes simplex virus 1 (HSV-1)
HF strain (ATCC), and the encephalomyocarditis virus (EMCV) EMC
strain (ATCC) were propagated in Vero cells (BioWhittaker) in Eagle’s
minimal essential medium (MEM; Gibco BRL) supplemented with
10% FCS, 1% L-glutamine, 50 �g/ml streptomycin, and 50 IU/ml pen-
icillin. Supernatants were collected 3 days after inoculation, clarified
by centrifugation at 2,000 � g for 10 min, divided into aliquots, and
stored at �80°C. Virus titers in stocks were determined on Vero cells
by limiting dilution assay for 50% tissue culture infectious doses
(TCID50s) by the method of Reed and Muench (50). The simian rota-
virus SA-11 strain (ATCC) was propagated in MA-104 cells (European
Collection of Cell Cultures [ECACC]) in MEM supplemented with

10% FCS, 1% L-glutamine, 1% nonessential amino acids, 50 �g/ml
streptomycin, and 50 IU/ml penicillin.

Cell infection and follow-up. MTE cells were seeded at 250,000 cells
per well on 24-well culture plates (Falcon) and incubated overnight at
37°C in a humidified atmosphere with 5% CO2. The culture medium was
then removed and cells were inoculated with 250 �l per well of CV-B4 E2
in DMEM at 5 � 102 TCID50s/ml. In other experiments, MTE cell cultures
(500,000 cells per well on 6-well culture plates [Falcon]) were inoculated
with 3 ml per well of various virus suspensions (CV-B3, CV-B4 E2, CV-B4
JVB, E-1 Farouk, EMCV EMC, VSV, rotavirus SA-11, and HSV-1 HF) at
2.6 � 105 TCID50s/ml. Mock-infected cells served as a negative control
and were treated under the same conditions during all the experiments,
except that they were inoculated with DMEM alone. At 1.30 h postinfec-
tion (p.i.), cells were washed with cold DMEM and then incubated with
fresh culture medium. The medium was changed daily until day 8 p.i. and
was then changed every 2 days. Cultures were examined daily under a light
microscope, and at different time intervals p.i., one plate was stopped and
processed as follows. Culture supernatants were removed, clarified, and
stored at �80°C for CV-B4 E2 titration, performed on Vero cell mono-
layers by using the Reed-Muench method (50) (results are expressed as
TCID50s/ml), and for IGF-2 and IL-6 enzyme-linked immunosorbent
assays (ELISAs). Cells were washed three times with cold DMEM and then
prepared for RNA extraction, immunofluorescent (IF) staining, and via-
bility assays.

SK-N-AS cells were seeded at 500,000 cells per well on 24-well culture
plates (Falcon) and incubated overnight at 37°C in a humidified atmo-
sphere with 5% CO2. The culture medium was then removed and cells
were inoculated with 250 �l per well of CV-B4 E2 in RPMI at different
concentrations (2.1 � 102, 2.1 � 103, 2.1 � 104, 2.1 � 105, and 2.1 � 106

TCID50s/ml). Cultures were then processed as described for MTE cells to
study the effect of CV-B4 E2 infection on Igf2 expression.

Metabolic activity of cells. Metabolic activity of MTE cells was esti-
mated until day 43 p.i. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT; Sigma) viable cell counting reagent, which
identifies living cells through the formation of formazan complexes, was
added to the washed cells. After 4 h of incubation at 37°C in a humidified
atmosphere with 5% CO2, the reaction was stopped by adding isopropa-
nol– 0.04 N HCl. The absorbance of the resulting formazan dye was mea-
sured on a spectrophotometer at wavelengths of 570 nm to 630 nm. Re-
sults are expressed as the percent viability compared to that for cells from
mock-infected wells, for which viability was set to 100%.

The same protocol was used to follow and compare cellular multipli-
cation for 1 week in both mock- and CV-B4 E2-inoculated MTE cultures
during the chronic stage of the infection (in two separate experiments
started at days 210 and 239 p.i., respectively). Results were expressed as the
difference between the absorbance measured on a given day and that
measured on the day at which the experiment was started (day 210 or day
239 p.i.), by seeding similar quantities of cells in each well of the culture
plates to be processed.

IF staining. After careful washing, CV-B4 E2- and mock-infected
MTE cells were processed as follows for immunostaining. Adherent cells
were fixed and stained in culture plate wells to preserve their morphology,
and floating cells were cytocentrifuged, fixed, and stained onto clean glass
slides (105 cells per slide), following the same procedure. Briefly, cells were
air dried and fixed in a solution of formaldehyde (reagent B; CMV Brite
Turbo; IQ Products, Groningen, The Netherlands) for 5 min at room
temperature. Cells were then washed for 3 min in phosphate-buffered
saline (PBS) and permeabilized with Igepal Ca 630 detergent (reagent C;
CMV Brite Turbo) for 1 min at room temperature. After a final wash of 3
min in PBS, preparations were stored at �80°C or processed immediately.
Free aldehyde groups were reduced by incubating with a solution contain-
ing 50 mM NH4Cl (Merck) and 20 mM glycine (Sigma) for 30 min at
room temperature. After rinsing in Tris-buffered saline (TBS), prepara-
tions were processed to detect enterovirus VP1 peptide. Cells were stained
by using the monoclonal mouse anti-enterovirus clone 5-D8/1 primary
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antibody (Dako) for 2 h at 37°C. Following two washes in TBS, incubation
with a fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse
immunoglobulin G (IgG; Argene SA) secondary antibody was performed
for 1 h at 37°C. Evans blue (bioMérieux) incorporated with FITC, applied
for 5 min just before mounting, was used for counterstaining to enumer-
ate positive cells. After two washes in TBS, stained cells were reincubated
with NH4Cl-glycine solution for 10 min at room temperature. Prepara-
tions were then rinsed with TBS. For culture plates, 250 �l per well of TBS
was added, and positive cells were directly enumerated under an inverted
fluorescence microscope (Leitz Fluovert). Slides were mounted with Per-
mafluor mounting medium (Coulter Immunotech), and positive cells
were enumerated under a fluorescence microscope (Leitz Diaplan).

RNA extraction. Total RNA was extracted from a mixture of both
adherent and floating MTE cells by the acid guanidium thiocyanate-phe-
nol-chloroform extraction procedure by using Tri-Reagent (Sigma), as
described by Chomczynski and Sacchi (11a). Extracted RNA was then
dissolved in 50 �l of nuclease-free water (Promega), dosed with a
Quant-iT RiboGreen RNA assay kit (Molecular Probes, Invitrogen) ac-
cording to the manufacturer’s instructions, and prepared to be used in
reverse transcription (RT)-PCR assays. Purified water for injection
(C.O.M Lavoisier) was submitted to the same extraction procedure and
served as a negative control.

Removal of contaminating DNA from RNA extracts. The localiza-
tion of both GAPDH (glyceraldehyde phosphate dehydrogenase) primers
inside the same exon precludes the distinction between amplification

products resulting from reverse-transcribed GAPDH mRNA and those
arising from residual genomic DNA. For the expression of GAPDH
mRNA serving as a standard to semiquantify Igf2 mRNA expression, re-
moval of residual genomic DNA from RNA extracts was essential. Thus,
RNA samples were treated with RQ1 RNase-free DNase (Promega) for 30
min at 37°C, followed by inactivation at 65°C for 10 min, as recommended
by the manufacturer. Samples were then immediately denatured at 90°C
for 5 min and treated at 37°C for 30 min with recombinant exonuclease
VII (USB), following the manufacturer’s instructions, to ensure complete
removal of contaminating DNA. After 10 min of inactivation at 95°C,
samples were immediately put in ice and processed in RT-PCR assays. All
reactions were performed by using a preheated Perkin Elmer Applied
GeneAmp PCR system 2400.

Two-step RT-PCR for positive- and negative-strand CV-B4 E2 RNA
detection. Either the sense (EV1) or the antisense (EV2) primer (Table 1)
at 1 �M was used as the template in the synthesis of cDNA for negative- or
positive-strand CV-B4 E2 RNA, respectively. The reaction was performed
with about 60 to 70 ng of treated RNA in a total volume of 20 �l contain-
ing 20 U of Durascript reverse transcriptase, 0.5 mM each deoxynucleo-
side triphosphate (dNTP), 20 U of RNase inhibitor, 50 mM Tris-HCl (pH
8), 40 mM KCl, 8 mM MgCl2, and 1 mM dithiothreitol by using a
Durascript RT-PCR kit (Sigma) according to the manufacturer’s instruc-
tions. Secondary structures were first denatured by heating the samples
for 10 min at 80°C in the presence of dNTPs and the corresponding
primer. The RT reaction was then performed at 50°C for 50 min, after

TABLE 1 Oligonucleotide primers and probesa

Template
Prime type or
probe Nucleotide sequenceb

Product
size (bp) Final concn Reference

5= noncoding region of CV-B4 RNA Forward primer
EV1

5=-CAAGCACTTCTGTTTCCCCGG-3= 435 0.4 �M 41

Reverse primer
EV2

5=-ATTGTCACCATAAGCAGCCA-3= 362

Internal reverse
primer EV3

5=- CTTGCGCGTTACGAC-3=

Human and mouse Igf2 mRNAc Forward primer 5=-ATGGGGAAGTCGATGCTGGTG-3= 316 0.4 �M 53
Reverse primer 5=-ACGGGGTATCTGGGGAAGTTG-3=

Mouse GAPDH Forward primer 5=-AACGACCCCTTCATTGAC-3= 191 0.4 �M 55
Reverse primer 5=-TCCACGACATACTCAGCAC-3=

Human GAPDH Forward primer 5=-GTCTTCACCACCATGGAGA-3= 206 0.4 �M 11
Reverse primer 5=-CCAAAGTTGTCATGGATGACC-3=

Mouse Igf1 mRNA quantification Forward primer 5=-CAGGCTATGGCTCCAGCATT-3= 200 nM 36
Reverse primer 5=-ATAGAGCGGGCTGCTTTTG-3= 200 nM
Probe 5=-6-FAM-AGGGCACCTCAGACAGGCATTGTGG-BHQ-1-3= 200 nM

Mouse Igf2 mRNA quantification Forward primer 5=-GGGAGCTTGTTGACACGCTT-3= 100 nM 36
Reverse primer 5=-GCACTCTTCCACGATGCCA-3= 300 nM
Probe 5=-6-FAM-CAGGCCTTCAAGCCGTGCCAAC-BHQ-1-3= 200 nM

Mouse Ins2 mRNA quantification Forward primer 5=-CCGGGAGCAGGTGACCTT-3= 150 nM 36
Reverse primer 5=-GATCTACAATGCCACGCTTCTG-3= 150 nM
Probe 5=-6-FAM-AGACCTTGGCACTGGAGGTGGCC-BHQ-1-3= 100 nM

Mouse HPRT mRNA quantification Forward primer 5=-TTATCAGACTGAAGAGCTACTGTAATG-3= 300 nM 36
Reverse primer 5=-CTTCAACAATCAAGACATTCTTTCC-3= 300 nM
Probe 5=-6-FAM-TGAGAGATCATCTCCACCAATAAC

TTTTATGTCCC-BHQ-1-3=
100 nM

a All primers used in qualitative RT-PCR were purchased from Sigma-Proligo. Primers and probes used for qPCRs were purchased from Eurogentec (Liège).
b FAM, 6-carboxyfluorescein; BHQ-1, black hole quencher dye 1.
c We have demonstrated that these primers, originally described for human Igf2 mRNA (53), also recognize mouse Igf2 mRNA.

CV-B4 Infection and Igf2 Impairment in Thymic Cells
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adding the reaction buffer, the enzyme, and the RNase inhibitor. The PCR
was carried out with 5 �l of cDNA samples and 0.4 �M each primer in a
total volume of 50 �l containing 2.5 U of JumpStart Accu Taq LA DNA
polymerase, 0.2 mM each dNTP, 2.5 mM MgCl2, 5 mM Tris-HCl, and 15
mM ammonium sulfate (pH 9.3). The PCR mixture was subjected to a
first denaturation step for 2 min at 94°C, followed by 35 cycles of ampli-
fication, consisting of denaturation for 30 s at 94°C, annealing for 45 s at
55°C, and extension for 45 s at 68°C, followed by a final extension step for
7 min at 68°C. RNA extracted from CV-B4 E2-infected Vero cells was
reverse transcribed, was amplified according to the procedure described
above, and served as a positive control. A negative control (no RNA) was
also included in each reaction. For all samples, GAPDH mRNA was am-
plified as described below and used as a positive control to demonstrate
the absence of RT-PCR inhibitors. All reactions were performed by using
a preheated Perkin Elmer Applied GeneAmp PCR system 2400.

Seminested RT-PCR for CV-B4 E2 applied directly on a few cells. A
method for single PCR without extraction was described (43). That
method was modified to detect viral RNA in a few cells. Briefly, cultured
mock-infected and chronically CV-B4 E2-infected MTE cells, maintained
in 6-well plates, were washed 10 times with cold PBS. Five hundred mi-
croliters of trypsin-EDTA (Eurobio) was then added in each well. After 5
to 7 min of incubation at 37°C, 2 ml per well of culture medium was added
(to inhibit the trypsin), and the content of each well was recovered in
15-ml centrifugation tubes. After 5 min of centrifugation at 400 � g at
4°C, supernatants were removed and pellets were dissociated in 1 ml PBS.
Cell suspensions were then enumerated with trypan blue and diluted to
give approximately 105 cells/ml. Samples were then serially 2-fold diluted
in PBS on 96-well microtiter plates, to obtain approximately 1 to 10 cells
in the last wells. Plates were then centrifuged at 1,600 � g for 10 min,
incubated at 65°C for 20 min, and immediately frozen at �80°C. Ten units
of 10� Protector RNase inhibitor (Roche) per well was added immedi-
ately after thawing. cDNA synthesis and amplification were performed in
a single tube by using a SuperScript One-Step RT-PCR with Platinum Taq
kit (Invitrogen) according to the manufacturer’s instructions. The reac-
tion was performed in a total volume of 50 �l containing 10 �l of treated
sample, 0.4 �M each EV1 and EV2 primers, 0.2 mM each dNTP, 1.2 mM
MgSO4, and 1 �l of reverse transcriptase enzyme-Platinum Taq mix.
GAPDH primers (Table 1) were also included in the mix to ensure the
presence of cells in each sample. Samples were subjected to a first step of
reverse transcription for 30 min at 50°C, followed by 2 min of denatur-
ation at 94°C; 40 cycles consisting of denaturation for 30 s at 94°C, an-
nealing for 45 s at 55°C, and extension for 45 s at 72°C; and then a final
extension step for 10 min at 72°C. RT-PCR products were then directly
submitted to a seminested PCR by using the JumpStart AccuTaq LA DNA
polymerase mix (Sigma) according to the manufacturer’s instructions.
The reaction was carried out with 5 �l of amplified DNA samples and 0.4
�M (each) primers EV1 and EV3 (Table 1) in a total volume of 50 �l
containing 1 U of JumpStart Accu Taq LA DNA polymerase, 0.2 mM each
dNTP, 2.5 mM MgCl2, 5 mM Tris-HCl, 15 mM ammonium sulfate (pH
9.3), and 1% Tween 20. Samples were subjected to 3 min of denaturation
at 94°C, followed by 35 cycles consisting of denaturation for 30 s at 94°C,
annealing for 30 s at 52°C, and extension for 30 s at 72°C, followed by a
final extension step for 7 min at 72°C. All reactions were performed by
using a preheated Perkin Elmer Applied GeneAmp PCR system 2400.

One step RT-PCR for Igf2 mRNA detection. cDNA synthesis and
cDNA amplification were performed in a single tube by using the Super-
Script One-Step RT-PCR with Platinum Taq kit as described above.
Briefly, the reaction was performed with about 60 to 70 ng of treated RNA
in the presence of 10 U Protector RNase inhibitor (for primers, see Table
1). Samples were subjected to a first step of reverse transcription for 30
min at 50°C, followed by 2 min of denaturation at 94°C; 40 cycles consist-
ing of denaturation for 30 s at 94°C, annealing for 30 s at 55°C, and
extension for 1 min at 72°C; and then a final extension step for 10 min at
72°C. Pooled RNA containing Igf2 mRNA (QPCR human reference total
RNA; Stratagene), together with pooled RNA extracted from fetal mouse

thymus, was submitted to the same reaction and served as a positive con-
trol. For each RNA sample, GAPDH mRNA was amplified by the same
method and used as a positive control to demonstrate the absence of
RT-PCR inhibitors. A negative control (no RNA) was also included in
each PCR. The removal of all contaminating genomic DNA was checked
for each RNA sample by carrying out the GAPDH RT-PCR without the
reverse transcription step. Only samples without contaminating genomic
DNA have been considered. A negative control (no RNA) was included in
each reaction. All reactions were performed by using a preheated Perkin
Elmer Applied GeneAmp PCR system 2400.

Detection and analysis of amplification products. The amplified RT-
PCR products were analyzed by electrophoresis on a 2% agarose gel con-
taining 0.5 mg/ml ethidium bromide (Sigma) and visualized by using a
Gel Doc 2000 system (Bio-Rad). A 100-bp DNA ladder (Invitrogen) was
used as a molecular mass marker. Image processing and analysis opera-
tions of DNA bands were performed by using Quantity One software
(Bio-Rad) as described previously (11). The relative quantities of Igf2 and
GAPDH RT-PCR products were compared by serial endpoint dilution.
The results were expressed as the ratio of the absorbance of the Igf2 am-
plicon to that of the GAPDH amplicon.

Quantitative RT-PCRs for Igf1, Igf2, and Ins2. Reverse transcription
was performed using 250 ng of total RNA in a total volume of 20 �l by a
Transcriptor first-strand cDNA synthesis kit (Roche) according to the
manufacturer’s instructions using an oligo(dT) primer. Reverse tran-
scription products were used directly for quantitative PCRs (qPCRs) for
Igf1, Igf2, type 2 insulin (Ins2; the insulin gene predominantly transcribed
in the murine thymus), and the hypoxanthine-guanine phosphoribosyl-
transferase (HPRT) housekeeping gene, as previously described (36). One
microliter of cDNA was added as a PCR template to 24 �l of a master mix
containing iQ Supermix (Bio-Rad), the specific TaqMan probe, and
primers (Table 1). Samples were subjected to a first step of activation of
Taq polymerase for 2 min at 50°C, followed by 10 min of denaturation at
95°C and repeated cycles (40 for Igf1, Ins2, and HPRT and 45 for Igf2),
with each one consisting of denaturation for 15 s at 95°C and a primer
annealing/elongation step of 1 min at 60°C. Reactions were carried out on
an iQ Cycler instrument (Bio-Rad). Every analysis contained a control
tissue sample (the brain for Igf2 and the liver for Igf1).

Calibration curves for Igf1, Igf2, Ins2, and HPRT were generated from
serial dilutions of a specific cDNA plasmid (kindly provided by C. Ma-
thieu, Legendo KUL, Belgium) for each gene. The range of calibration
curves was from 107 to 10 molecules/�l. Results were calculated from the
linear regression of the appropriate curve after real-time amplification.

ELISAs. Conditioned supernatants from mock- and CV-B4 E2-in-
fected MTE cell cultures were collected at various times after inoculation
and analyzed for murine IGF-2 and IL-6 proteins. Results, initially mea-
sured in pg/ml of culture supernatant, are expressed in relative amounts
compared to those in mock-infected cultures, for which they were set to
100%.

To measure IGF-2, we used a mouse IGF-2 DuoSet ELISA develop-
ment kit (R&D Systems) according to the manufacturer’s instructions.

Murine IL-6 production in the culture supernatants was measured by
a mouse IL-6 ELISA development kit (DuoSet; R&D Systems) according
to the manufacturer’s instructions.

Statistical analysis. Data are summarized as means � standard devi-
ations (SDs). The levels of various parameters in virus- and mock-infected
cultures were compared using the Welch two-sample t test.

RESULTS
CV-B4 E2 infection of MTE cells. (i) Effects of CV-B4 E2 on MTE
cell cultures. MTE cell cultures have been regularly observed by
using an inverted microscope (Fig. 1A). In cultures inoculated
with CV-B4 E2, small foci of rounded cells were observed as soon
as day 2 p.i. Afterwards, that cytopathic effect (CPE) spread all
over the culture, and a few cells detached from the cell layer by day
3 to day 5 p.i., until the majority became floating on day 5 to day 7
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p.i. Starting from day 8 to day 9 p.i., adherent as well as floating
cells could be observed, and the cells continued regenerating and
growing. There were rounded as well as intact cells, with wide
fluctuations in the number of cells up to the end of the experi-
ments. No evidence of a CPE was observed in mock-infected cul-
tures all along the culture period.

Each time that the wells were overloaded in CV-B4 E2- or in
mock-infected cultures, the cell layers disrupted, culture superna-

tants and floating cells were harvested, and then cells restarted
growing. This occurred until the end of the follow-up.

The cell viability in CV-B4 E2-infected cultures compared to
that in mock-infected cultures was assessed for 43 days p.i. by
measuring the metabolic activity of cultures by using the MTT
reagent. The metabolic activity was affected starting from day 6 in
CV-B4 E2-infected cultures (P � 0.001 versus mock-infected cul-
tures) (Fig. 1B). This was consistent with a significantly reduced

FIG 1 Effects of CV-B4 E2 on MTE cell cultures. (A) Effect of the virus on cell morphology and culture evolution. Microscopic observation of mock-infected (a)
and CV-B4 E2-infected MTE cultures at 2 (b), 6 (c), 13 (d), 28 (e), and 56 (f) days p.i. Magnification, �400. (B) Effect of the virus on cell viability by using the
MTT metabolic activity test. Results are expressed as mean percentages of viability � SDs in CV-B4 E2-infected cultures compared to mock-infected cultures, for
which viability was set to 100% (n 	 3). (C) Effect of the virus on cellular multiplication by using the MTT metabolic activity test in mock- and CV-B4 E2-infected
MTE cultures for 1 week during the chronic stage of the infection. The tests were started with cells that were taken on day 210 or day 239 p.i. Results are expressed
as means � SDs of the difference between the absorbance measured on a given day (day 1 through 8) and the one measured when the experiment was started
(optical density [OD] � optical density on day 1; n 	 2; P 	 0.047 versus mock-infected cultures).
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mean number of cells in CV-B4 E2-infected cultures compared to
mock-infected cultures (about 38,000 cells/well in CV-B4 E2-in-
fected cultures versus 282,000 cells/well in mock-infected cultures
on day 6 p.i., for example), which may explain the reduced meta-
bolic activity obtained in our experiments. Cell viability and num-
ber in CV-B4 E2-infected cultures increased after the acute phase
of the infection to become almost equivalent to those in mock-
infected cultures during the chronic stage (data not shown). A
similar pattern of results was observed in at least three indepen-
dent experiments.

As described in the Materials and Methods section, cellular
multiplication was also assessed with MTT reagent for 1 week
during the chronic stage of the infection (in two separate experi-
ments starting from day 210 and day 239 p.i., respectively). As
shown in Fig. 1C, it is clear that CV-B4 E2-infected cells continued
to grow and multiply to a lesser extent than cells in mock-infected
cultures (P 	 0.047 versus mock-infected cultures), but multipli-
cation did not stop and was relatively well preserved.

(ii) CV-B4 E2 infection of MTE cells is productive. Infectious
particles were released in culture supernatants of CV-B4 E2-in-
fected MTE cells, as evidenced by titration on Vero cells (Fig. 2A).
High titers of virus were found in the supernatants, peaking at
between days 3 and 8 p.i. Then, viral titers were slightly lower but
remained at relatively constant levels with moderate fluctuations
until day 198 p.i., when the decrease became more pronounced
(viral titers, between 10 and 100 TCID50s/ml). Viral progeny was
still detectable at 300 days p.i. (data not shown). Virus titration in

supernatants of mock-infected cells was also performed, and no
viral particles were detected in these samples (data not shown).

(iii) Viral protein VP1 can be detected by IF staining of
CV-B4 E2-infected MTE cells. The viral protein VP1 has been
detected by immunofluorescent staining (Fig. 2B and C), which
allowed us to evaluate the proportion of infected cells in our
experiments. Intracytoplasmic VP1 was detected as soon as day
2 p.i. through day 43 p.i. in CV-B4 E2-infected cultures (Fig.
2C) and was still detected at 200 days p.i. (data not shown). The
proportion of VP1-positive cells showed wide fluctuations. In-
deed, it peaked at 47%, 44%, and 43% at about days 6, 21, and
43 p.i., respectively, and decreased between these time points.
Thereafter, the number of VP1-positive cells was reduced and
remained at about 1 to 2% up to the end of the follow-up (data
not shown). No VP1 staining could be evidenced in mock-
infected cultures (Fig. 2Ba).

(iv) CV-B4 E2 RNA is detected in MTE cells. Intracellular pos-
itive- as well as negative-strand RNAs were detected starting from
day 1 p.i. up to the end of the follow-up (day 300 p.i.) and further
in CV-B4 E2-inoculated MTE cultures (Fig. 3A). CV-B4 positive-
or negative-strand RNA was not detected in mock-infected cells
(data not shown).

When cultures chronically infected with CV-B4 E2 were incu-
bated in the presence of polyclonal rabbit anti-CV-B4 neutralizing
antibody (100 neutralizing U/ml; kindly provided by J. J. Chomel,
Centre National de Recherche sur les Entérovirus, Bron, France),
viral RNA was not detectable in supernatants of cultures on day 14

FIG 2 CV-B4 E2 replicates in MTE cells. (A) Titration of viral progenies in supernatants of CV-B4 E2-infected MTE cultures. Results are expressed as means of
TCID50s/ml � SDs (n 	 7). (B) Indirect immunofluorescent staining for VP1 with FITC-conjugated antibodies and counterstaining with Evans blue of
mock-infected (a) and CV- B4 E2-infected (b) cultures. Arrows, VP1-positive cells. Magnification, �400. (C) Percentage of CV-B4 E2-infected MTE cells
determined by detection of viral protein VP1 up to 43 days p.i. in a representative experiment out of 2.
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posttreatment (on day 351 p.i). Intracellular viral RNA was not
detectable 29 days after that treatment (Fig. 3B). As expected, pos-
itive- and negative-strand CV-B4 E2 RNA remained unchanged
when cultures were incubated in the presence of normal rabbit
serum (Fig. 3B).

To investigate the extent of infection in MTE cell cultures in
our experiments, cells taken at day 210 p.i. were thoroughly
washed and serially diluted to obtain about 1 cell in the last tube.
Then, the presence of enteroviral RNA in these cells was studied by
RT-PCR without RNA extraction as described in the Material and
Methods section. Viral RNA was detected in all tubes containing
about 1 to 10 cells (Fig. 3C).

CV-B4 E2 infection and Igf2 expression. (i) CV-B4 E2 infec-
tion results in a low level of Igf2 mRNA in MTE cells. As shown in
Fig. 4A, Igf2 mRNA was detected in mock-infected MTE cell cul-
tures, demonstrating that the MTE4-14 cell line spontaneously
expresses Igf2, which enabled us to use this system for studying the
impact of CV-B4 E2 infection on Igf2 expression.

Igf2 transcripts were also detected in CV-B4 E2-infected MTE
cell cultures (Fig. 4A). Equivalent expression of GAPDH house-
keeping gene transcripts was observed in both mock- and CV-B4
E2-infected MTE cultures (Fig. 4A), which enabled us to use
GAPDH mRNA as a standard to semiquantify Igf2 mRNA. Figure
4B represents the percentages of Igf2 transcripts in CV-B4 E2-
infected cultures compared with mock-infected cultures, in which
the level of Igf2 transcripts was set to 100%. Igf2 transcripts were
first detected in CV-B4 E2-infected cells at levels comparable to
those observed in mock-infected cultures until day 3, at which

time they decreased slightly (between 84 and 90%) until day 14 p.i.
and decreased markedly thereafter (between 52 and 60%). Then,
after day 42 p.i., the levels of Igf2 transcripts slightly increased but
remained at levels significantly lower (between 61 and 74%) than
those in mock-infected cultures until the end of the follow-up on
day 300 p.i. and further (P � 0.01 versus mock-infected cultures).

To further investigate the effect of CV-B4 E2 infection on the
expression of Igf2, we looked for another cell line that is able to
produce Igf2 and that can be infected with CV-B4 E2. We observed
that CV-B4 E2 persistently infected neuroblastoma SK-N-AS
cells, as attested to by the prolonged detection of positive- and
negative-strand viral RNA (data not shown), but there was no
effect on Igf2 transcription in that system (Fig. 4C).

Real-time quantitative RT-PCR for Igf2 confirmed the results
of semiquantification (Fig. 4D). Indeed, experiments carried out
on samples taken during the chronic stage of the infection (at 4
and 5 months p.i.) showed that the relative amounts of Igf2 tran-
scripts were drastically reduced in CV-B4 E2-infected MTE cells
compared with mock-infected MTE cells (0.00026 versus 0.90986,
respectively; P � 0.01). Igf1 transcript levels were also decreased in
CV-B4 E2-infected MTE cultures compared with mock-infected
cultures (0.088 versus 4.699, respectively; P � 0.05), but to a lesser
extent than Igf2 transcripts (Fig. 4D). Ins2 transcripts were absent
or below the standard of the etalon curve of our quantitative real-
time RT-PCR; they were not detected in either mock- or CV-B4
E2-infected MTE cultures (data not shown). The levels of the
HPRT housekeeping gene were comparable in both mock- and
CV-B4 E2-infected MTE cultures (data not shown).

(ii) CV-B4 E2 infection results in a low level of IGF-2 protein
in MTE cell cultures. Figure 5A represents the relative amounts
(percent) of IGF-2 protein measured by ELISA in supernatants of
CV-B4 E2-infected MTE cell cultures compared with superna-
tants of mock-infected cultures, in which, due to wide fluctuations
over time, the level of IGF-2 protein was set to 100%. IGF-2 pro-
tein was first detectable in CV-B4 E2-infected culture superna-
tants at levels comparable to those observed in mock-infected cul-
tures and then at markedly decreased levels (below 20%) starting
on day 6 p.i. (Fig. 5A). IGF-2 levels were significantly lower in
CV-B4 E2-infected cell cultures than in mock-infected cultures
(P � 0.001) up to the end of the follow-up on day 487 p.i.

The infection of MTE cells with UV-irradiated supernatants of
MTE cultures chronically infected with CV-B4 E2 (taken on day
217 p.i.) had no significant effect on the concentration of IGF-2
protein compared with those in mock-infected cultures (P 	
0.087; Fig. 5B).

In addition, the infection of MTE cells with UV-irradiated
CV-B4 E2, concentrated beforehand by polyethylene glycol
(PEG), had no effect on the IGF-2 concentration compared with
that in mock-infected cultures (P 	 0.182; Fig. 5C).

In order to investigate the effect of CV-B4 E2 infection on the
expression of other proteins by MTE cells, we measured IL-6 ex-
pression by ELISA in the supernatants of mock- and CV-B4 E2-
infected MTE cultures. As shown in Fig. 5D, in contrast to the level
of IGF-2, the level of IL-6 in CV-B4 E2-infected cultures was sig-
nificantly increased (mean, 429 pg/ml versus 111 pg/ml in mock-
infected cultures; P 	 0.025).

(iii) Effects of various viruses on IGF-2 protein expression by
MTE cell cultures. Viruses had distinct effects on IGF-2 protein
expression by MTE cells (Fig. 5E).

As observed in CV-B4 E2-infected MTE cell cultures, the IGF-2

FIG 3 CV-B4 E2 RNA is detected in MTE cells. (A) Representative agarose gel
electrophoresis of amplicons specific to the positive and negative strands of the
CV-B4 E2 genome. Strand-specific RT-PCR was carried out on total RNA
extracted from CV-B4 E2-infected MTE culture samples taken at different
days p.i. Lanes L, 100-bp DNA molecular size ladder; lanes NC and PC, nega-
tive control (no RNA) and positive control (RNA extracted from CV-B4 E2-
infected Vero cells), respectively. (B) Pattern of CV-BA E2 RNA in MTE cell
cultures treated with rabbit serum. Strand-specific RT-PCR for CV-B4 E2 in
mock-infected (lanes M) and CV-B4 E2-infected (lanes E) MTE culture sam-
ples taken before (at day 341 p.i.) and after (at day 400 p.i.) treatment (which
started on day 351 p.i.) with either normal rabbit serum or rabbit anti-CV-B4
serum. (C) RT-PCR applied directly to a few cells. Representative agarose gel
electrophoresis of amplicons specific to GAPDH (top) and CV-B4 E2 (bot-
tom) mRNAs from a limited number of cells. Amplification was carried out on
total lysates from 20 to 30 (lanes 1 and 4), 10 to 20 (lanes 2 and 5), and 1 to 10
(lanes 3 and 6) mock-infected (lanes M) and chronically CV-B4 E2-infected
(lanes E) (210 days p.i.) MTE cells.
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concentration was markedly decreased in CV-B4 E2-, CV-B3-,
CV-B4 JVB-, and echovirus 1 (E-1)-infected MTE cultures: means
of 23 pg/ml (20%), 25 pg/ml (20%), 50 pg/ml (34%), and 47 pg/ml
(36%) versus 140 pg/ml in mock-infected cultures (100%), re-
spectively. These viruses persistently infected MTE cells, but with-
out a CPE in the case of CV-B4 JVB and E-1 (data not shown). In
contrast, the IGF-2 concentration markedly increased in HSV-1-
infected MTE cultures (mean, 1,002 pg/ml; 842% versus mock-
infected cultures), whereas rotavirus did not significantly disturb
the expression of IGF-2 in that system (Fig. 5E). Rotavirus has no
receptor on murine cells and, thus, could not infect MTE cells
(data not shown). IGF-2 production could not be studied follow-
ing EMCV or VSV infection, since both viruses induced the com-
plete and rapid destruction of MTE cells (data not shown).

DISCUSSION

Thymic epithelial cells (TECs) play a critical role in the differen-
tiation of T-cell precursors, providing a microenvironment with a

unique capacity to generate functional and self-tolerant T cells (2,
3). Several viruses have been reported to infect human TECs (4,
48, 60). In this context, we have previously described the per-
sistent infection of primary cultures of human TECs by CV-B4,
and as a direct consequence, we have noted, interestingly, a
modulation of cytokine production by those cells (5). How-
ever, with access to the human thymus being limited and main-
tenance of primary cultures being difficult, we chose to con-
tinue our investigations by using a cell line.

Selinka et al. (52) showed that 50-, 100-, and 120-kDa CV-B-
binding proteins were present in mouse thymus, suggesting its
permissiveness to CV-B infections. Indeed, CV-B4 infection of
mouse thymus has already been reported in vivo (8, 27), as well as
in vitro (6, 26). In the present work, it has been demonstrated that
CV-B4 E2 can infect a murine TEC line of medullar origin, called
MTE4-14 (42). The prolonged detection of both positive- and
negative-strand viral RNA as well as VP1 protein in CV-B4 E2-
inoculated cells clearly demonstrates that the MTE4-14 cell line

FIG 4 Igf2 mRNA expression in MTE cultures. (A) Agarose gel electrophoresis of amplicons specific to the GAPDH (top) and Igf2 (bottom) transcripts. RT-PCR
was carried out on total RNA taken from mock-infected (lanes M) and CV-B4 E2-infected (lanes E) MTE cultures from 1 through 43 days p.i. Lanes L, 100-bp
DNA molecular size ladder. Equivalent expression of GAPDH mRNA was detected in all samples. (B) Pattern of Igf2 transcripts in MTE cultures. Semiquanti-
fication of Igf2 mRNA expression in mock- and CV-B4 E2-infected MTE cells was performed by reference to the standard expression of GAPDH in those cells.
The relative quantities of Igf2 and GAPDH RT-PCR products were evaluated by serial endpoint dilution through the measurement of band absorbance. The
means � SDs of the ratio of the absorbance of the Igf2 amplicon to that of the GAPDH amplicon were calculated, and the results were expressed as the percentage
of the ratio value for the CV-B4 E2-infected culture relative to that for the mock-infected culture, for which the ratio value was set to 100% (n 	 4, P � 0.001
versus mock-infected cells). (C) Effect of CV-B4 E2 on Igf2 mRNA expression by SK-N-AS cells. Agarose gel electrophoresis of amplicons specific to the GAPDH
(top) and Igf2 (bottom) transcripts. RT-PCR was carried out on total RNA taken on day 63 p.i. from mock- and CV-B4 E2-infected SK-N-AS cultures. Lane M,
mock-infected cultures; lanes 1 to 5, cultures infected with CV-B4 E2 at 2 � 108, 2 � 107, 2 � 106, 2 � 105, and 2� 104 TCID50s/ml, respectively. (D) Real-time
quantification of Igf1 and Igf2 transcripts in mock- and CV-B4 E2-infected MTE cells was performed by reference to the expression of HPRT mRNA in those cells.
Cells were harvested at 127 and 155 days p.i. Results are expressed as the mean � SD of the Igf1 or Igf2 copy number after normalization with HPRT mRNA (n 	
4; P 	 0.034 versus mock-infected culture for Igf1 and P 	 0.002 versus mock-infected culture for Igf2).
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can sustain a persistent infection by this viral strain. This is con-
sistent with previous reports on CV-B4 persistence in human pan-
creatic � cells (9, 63, 64), rhabdomyosarcoma (RD) cells (14), and
human TECs (5). The results of PCR applied directly to a few cells
suggest that an important proportion of TECs harbors enteroviral

RNA during the chronic stage of the infection. The detection of
viral progeny in culture supernatants indicates that the infection
was productive, with virus replication and release occurring all
along the follow-up. This is reminiscent of previous work in other
systems, in which it has been observed that persistent infections

FIG 5 IGF-2 protein expression in MTE cell cultures. (A) Concentration of IGF-2 protein in supernatant of CV-B4 E2-infected MTE cell cultures measured by
ELISA. The results are expressed as percentages compared with mock-infected cultures, in which the level of IGF-2 protein was set to 100% (n 	 2; P � 0.001
versus mock-infected culture). (B) IGF-2 concentration in MTE cell cultures inoculated with UV-irradiated supernatants from mock-infected and chronically
CV-B4 E2-infected MTE cultures (270 days p.i.). The levels of IGF-2 in supernatants were determined by ELISA and expressed as the mean percentages � SDs
in MTE cell cultures inoculated with UV-irradiated supernatant from CVB4 E2-infected MTE cell cultures (CV-B4 E2) compared to those inoculated with
UV-irradiated supernatant from mock-infected MTE cell cultures (Mock), in which the level of IGF-2 protein was set to 100% (P 	 0.087 versus mock-infected
cultures; n 	 2). (C) Pattern of IGF-2 concentration in supernatants of MTE cell cultures inoculated with PEG-concentrated CV-B4 E2. The IGF-2 concentration
in supernatants of MTE cell cultures was determined by ELISA at different times p.i. Results from a representative experiment (out of two) are expressed as
percentages compared to mock-infected cultures, in which the level of IGF-2 protein was set to 100%. (D) Effect of CV-B4 on the expression of IL-6 by MTE cells.
IL-6 levels in supernatants of mock- and CV-B4 E2-infected MTE cells taken at days 127 and 156 p.i. were determined by ELISA. Results are expressed as mean
percentages � SDs compared to mock-infected cultures, in which the level of IL-6 protein was set to 100% (n 	 2; P 	 0.025 versus mock-infected cultures). (E)
Profiles of IGF-2 concentration in supernatant of MTE cell cultures inoculated with various viruses. The levels of IGF-2 in supernatants taken at days 59 and 64
p.i. from mock-, CV-B3 Nancy-, CV-B4 E2-, CV-B4 JVB-, E-1 Farouk-, rotavirus SA-11-, and HSV-1 HF-infected MTE cells were determined by ELISA. Results
are expressed as mean percentages � SDs compared to mock-infected cultures, in which the level of IGF-2 protein was set to 100% (n 	 2).
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can be productive, with infectious virus continuously or intermit-
tently detectable (5, 9, 45).

Previous reports clearly identified Igf2 transcripts and immu-
noreactive IGF-2 protein within TECs of the subcapsular cortex
and the medulla of human and rat thymus (17, 21, 34). In another
investigation conducted on Igf2-transgenic mice, Igf2 expression
was shown to be restricted to the nonlymphocytic cells of the
thymus (59). The basal expression of Igf2 within the MTE4-14 cell
line, as evidenced by the detection of its mRNA and protein in
mock-infected cultures, gives an additional argument suggesting
that Igf2 is transcribed by medullary TECs. In addition, the
MTE4-14 cell line that was derived from a neonatal thymus rep-
resents a suitable system to study Igf2 expression, since it has pre-
viously been demonstrated that Igf2 transcripts in mouse thymus
decline a few days after birth (33).

IGF-2 is a single-chain polypeptide that shares amino acid se-
quence homology of about 47% with insulin and belongs to the
insulin family of polypeptide growth factors. IGF-2 was shown to
be the dominant polypeptide of the insulin family, being ex-
pressed in the thymus from different species. Thymic IGF-2 plays
a dual role both in T-cell development and in T-cell negative se-
lection (reviewed in reference 18). The intrathymic IGF-2-medi-
ated cryptocrine signaling plays an active role in the early steps of
T-cell differentiation during fetal development (33). Indeed, thy-
mic IGF-2 exerts a role both in the early differentiation step from
CD4� CD8� to CD4� CD8� cells and in determination of differ-
entiation into the CD4 or CD8 lineage, since anti-IGF-2 antibody
treatment induced a significant increase in the frequency of CD4�

CD8� and CD4� CD8� cells, together with a decrease in CD4�

CD8� cells in murine fetal thymic organ cultures. On the other
hand, IGF-2 or IGF-2-derived self-antigen presentation in the
thymic microenvironment might play a role in the induction of
central tolerance toward the insulin family and islet � cells (re-
viewed in references 18 and 20). Moreover, it has been demon-
strated that Igf2�/� mice are significantly less tolerant to insulin
than wild-type mice (23).

We took advantage of Igf2 expression by MTE cells to study the
possible impact of CV-B4 E2 infection on the synthesis of that
important protein potentially involved in the immune tolerance
toward the whole insulin hormone family. In the current study, we
showed that CV-B4 E2 infection of MTE cells was followed by
significantly reduced amounts of Igf2 transcripts and IGF-2 pro-
tein.

The decrease in the relative amounts of Igf2 transcripts and
IGF-2 protein in MTE cell cultures was not an exclusive effect of
CV-B4 E2 since a similar effect was obtained in MTE cell cultures
infected with the prototype strains CV-B4 JVB, CV-B3 Nancy, and
E-1 Farouk, all belonging to the type B human enterovirus
(HEV-B) species. The impairment in Igf2 transcription and IGF-2
production was observed a few days after the infection and per-
sisted up to the end of the follow-up. That effect was not a result of
cell lysis, since CV-B4 E2-infected MTE cells were growing and
living, as evidenced by viability test results, and since it was ob-
served in CV-B4 JVB- and E-1 Farouk-infected cultures, in which
there was no evident CPE. Altogether, these data suggest that Igf2
(and, to a lesser extent, Igf1) transcription is selectively impaired
within the remaining viable cells.

The inoculation of MTE cells with UV-irradiated supernatants
from CV-B4 E2-infected Vero cultures (data not shown) or from
chronically infected MTE cultures had no consequence on Igf2

expression, which excludes the possibility of a role for soluble
factors contained in these supernatants and strengthens the hy-
pothesis of the direct role of the virus. Viral proteins were not
implicated, since the incubation of MTE cell cultures in the pres-
ence of UV-irradiated CV-B4, concentrated beforehand by PEG,
did not impair Igf2 expression.

During the chronic stage of the infection, the proportion of
VP1-positive cells was only 1 to 2% in MTE cell cultures, whereas
the IGF-2 concentration was maintained at a significantly lower
level compared to that in mock-infected cultures. Altogether,
these data suggest that the impairment of Igf2 transcription may
be linked to the presence of CV-B4 E2 RNA in cells. This hypoth-
esis is supported by the prolonged detection of viral RNA (at 210
days p.i. and further) even when focusing on a very few cells,
suggesting that a large proportion of cells was infected during the
chronic stage of the infection and better explaining the prolonged
drastic effect on Igf2 expression. This effect does not depend on
type 3 Toll-like receptor (TLR3), which recognizes double-
stranded viral RNA replication intermediates, since poly(I · C) did
not decrease Igf2 expression in MTE cultures (data not shown).
The last observation rather suggests the involvement of single-
stranded RNA or of other viral RNA sensors in the impairment of
Igf2 expression in CV-B4 E2-infected MTE cell cultures.

The current results show that the MTE4-14 cell line is a suitable
system to study the effect of viruses on Igf2 expression and are
reminiscent of those obtained by other authors in various models.
Indeed, it has been reported that viruses that establish persistent
infections may have selective effects on the host’s transcriptional
machinery (37). It has been shown that in a rat pituitary cell line
infected with lymphocytic choriomeningitis virus (LCMV), the
virus markedly interfered with growth hormone (GH) but only
minimally interfered with the expression of other genes (13). Al-
together, our data and those reported by other teams show that a
virus can disrupt the synthesis of a cell product without perturb-
ing the vital cellular functions.

This is the first investigation of the effect of viruses on Igf2
expression in thymic cells. Indeed, in previous studies, it was
shown that the Igf2 pathway can be affected by virus infections in
other systems, such as chronic hepatitis B virus (HBV) or hepatitis
C virus (HCV) infection in human liver cells (25, 39, 40) and
alphaherpesviruses in primary rat embryonic fibroblasts (49). In
those reports, virus infections were followed by activation of Igf2
expression, which was observed in HSV-1-infected MTE cell cul-
tures in our experiments. Together the present results and those of
other groups suggest that Igf2 can be the target of virus-induced
activation or impairment.

A defect in thymic Igf2 expression has been discovered in
BBDP rats and correlated with the emergence of autoimmune
diabetes in these animals. It has been suggested that the defect in
thymic IGF-2 in those rats contributes to the absence of central
T-cell self-tolerance toward members of the insulin family (by
defective negative selection of self-reactive T cells), which resulted
in the onset of the disease (32). Previous studies showed that a
defect in thymic Igf2 expression can be induced by genetic muta-
tions, such as in the BBDP rat model. The present study shows that
an impairment of Igf2 expression in TECs can be induced by vi-
ruses such as HEV-Bs (CV-B3, CV-B4 E2 and JVB, and E-1
Farouk). CV-B4 E2 infection of the neuroblastoma cell-line SK-
N-AS had no effect on Igf2 expression, contrasting with data ob-
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tained in the thymic cell line, which indicates that the viral effect
on Igf2 depends on the host cell.

Insofar as all ubiquitous and tissue-specific genes are expressed
within the thymic medulla, the medullar MTE4-14 cell line opens
the possibility of studying the effect of viruses on the expression of
various genes potentially involved in establishment of self-toler-
ance toward islet � cells. Ins2 was not expressed by MTE cells or
was expressed at a very low level below the detection threshold of
our RT-qPCR. The latter observation is not so surprising, since a
very low degree of insulin gene transcription in healthy murine
and human thymus had already been described and correlated to
the poor tolerogenicity of insulin protein evidenced in many stud-
ies (20). In contrast, Igf1 transcripts were detectable, and a de-
creased level of these transcripts was observed in CV-B4 E2-in-
fected MTE cultures as well, but to a lesser extent than Igf2
transcripts. IGF-1 acts as a positive thymic regulator by stimulat-
ing thymus growth and thymopoiesis (12, 33). Indeed, it has been
observed that age-related declines in thymic function paralleled
declines in plasma concentrations of IGF-1 (35). In murine fetal
thymic organ cultures, inhibition of IGF-1 by antibody blockade
resulted in significant changes in total thymocyte numbers and
subset composition (33). Administration of exogenous IGF-1 to
genetically altered mice demonstrated that the predominant effect
of IGF-1 on thymic function is through its effects on TEC num-
bers and function, which in turn supports enhanced T-cell devel-
opment (12). With regard to tolerogenicity, IGF-1 is less tolero-
genic than IGF-2, which can be explained by a hierarchically
higher thymic expression of Igf2 (16).

Clearly, the low IGF-2 concentration in CV-B4 E2-infected
MTE cell cultures was not the consequence of global cell impair-
ment, since high levels of IL-6 were measured. While many
changes in the biology of infected cells may result directly from the
inhibition of cellular translation, it is also true that several preex-
isting proteins in the infected cell are specifically targeted during
viral infection. Indeed, in a previous investigation, two-dimen-
sional gel electrophoresis of [35S]methionine-labeled HeLa cell
proteins revealed that although most proteins were unaffected
during the course of poliovirus infection, 10 to 14 different cellu-
lar proteins were missing in the infected samples (58).

In conclusion, the current investigation provides for the first
time a description of the infection of a thymic epithelial cell line by
enteroviruses. A persistent infection of that cell line with CV-B4
E2 was obtained and was accompanied by a reduced level of Igf2
(and, to a lesser extent, of Igf1) transcription. Together these data
suggest that CV-B4 E2 infection of the thymus may affect the
expression of genes that can play a role in the tolerance toward
islet � cells. Other studies are needed to investigate further the
mechanism of the disturbed Igf2 expression in this system.
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