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Summary

Type B coxsackievirus (CV-B) infections are involved frequently in the

triggering of several autoimmune diseases such as myocarditis, dilated

cardiomyopathy, pericarditis, pancreatitis, type 1 diabetes, encephalitis,

thyroiditis or Sj€ogren’s syndrome. Serological and virological evidence

suggests that maternal infections during pregnancy can play a role in the

appearance of these diseases in offspring. The current study aims to explore

the effect of an in-utero CV-B infection on the fetal thymus, the central site

for programming immunological self-tolerance. In this perspective, female

Swiss albino mice were inoculated intraperitoneally or orally with the

diabetogenic CV-B4 E2 strain at gestational days 10 or 17. Offspring were

killed at different post-inoculation times, and their thymuses were analysed

for evidence of infection and alterations in thymic T cell subsets. In-utero

CV-B infection of the thymus was demonstrated during the course of

vertical transmission, as attested by viral RNA and infectious virus detection

in most analysed samples. No histopathological changes were evident.

Thymic T cells were not depleted, despite being positive for viral RNA. As

evidenced by flow cytometry analysis, CV-B infection of the fetal thymus

induced significant changes of thymic T cell populations, particularly with

maternal inoculation at gestational day 10. Altogether, these findings

suggest that CV-B infection of the fetal thymus may play an important role

in the genesis of autoimmune diseases.

Keywords: fetal thymus, mouse model, T cell differentiation, type B Cox-

sackieviruses (CV-B), vertical transmission

Introduction

Type B Coxsackieviruses (CV-B) are small, non-enveloped,

positive sense single-stranded RNA viruses, belonging to the

species Enterovirus B, genus Enterovirus, family Picornaviri-

dae [1]. Infections with CV-B are involved in a variety of

acute and chronic diseases that have an autoimmune com-

ponent, including myocarditis, dilated cardiomyopathy, per-

icarditis [2–4], pancreatitis [5], type 1 diabetes (T1D) [6–8],

encephalitis [9], thyroiditis [10] or Sj€ogren’s syndrome [11].

Like all Enteroviruses, CV-B are essentially transmitted

through the faecal–oral route, and their vertical transmission

has also been described, especially through the transplacental

route [12–14]. This materno–fetal transfer of CV-B infection

seems to be widely involved in the most severe diseases

affecting fetuses, newborns and young infants [15–19].

Several mechanisms have been suspected to be involved

in triggering or accelerating the autoimmune process by

CV-B, essentially molecular mimicry between viral and

host antigens, bystander activation of autoreactive clones,

persistent infection of the target tissues and induced thy-

mus dysfunction (for a review see [7,20]). As the thymus is

the central site of self-tolerance establishment during fetal
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life [21–23], its infection with CV-B, especially at that time,

could disturb its tolerogenic functions and thus contribute

to the genesis of CV-B-associated autoimmune diseases

(for a review see [24,25]).

In this context, we know that the diabetogenic CV-B4 E2

strain is able to infect in-vitro-cultured total thymic cells

[26], thymic epithelial cells [27,28] and fetal thymic organ

cultures (FTOC) [29,30]. CV-B4 E2 reaches the thymus

during the course of a systemic infection of Swiss albino

mice inoculated through the oral route, with viral RNA

detection for at least 70 days post-inoculation (p.i.) [31].

CV-B4 infection of cultured fetal human thymic fragments,

as well as mouse FTOC, also disturbs thymocyte popula-

tions in both models [29,30]. Such abnormalities in thy-

mocyte populations have also been reported in vivo in a

mouse model of CV-B4 E2-induced T1D [32]. A drastic

repression of type 2 insulin-like growth factor (Igf2, a

major b cell autoantigen involved in negative selection of

thymocytes autoreactive towards antigens of the insulin

family) expression, following CV-B4 E2 infection of a

murine thymic epithelial cell line, has been documented

equally [28].

Altogether, these data argue for a role of thymic CV-B4

infection as a potential mechanism in the genesis of associ-

ated autoimmune diseases. However, an essential point

remains to be assessed. Indeed, despite that it is well estab-

lished that thymus is active mainly during fetal life, the

issue of thymus infection during the course of vertical

transmission has not been documented thoroughly [33,34].

Thus, the current study aims to investigate whether CV-

B4 E2 can reach the fetal thymus during the course of an

in-utero infection and whether such an infection could dis-

turb the major thymic function, namely, the T cell differen-

tiation process.

Materials and methods

Virus

The diabetogenic strain CV-B4 E2 (kindly provided by J.

W. Yoon, Julia McFarlane Diabetes Research Centre, Cal-

gary, Alberta, Canada) was propagated in human epithelial

type 2 (HEp-2) cells (BioWhittaker, Walkersville, MD,

USA) in Eagle’s minimal essential medium (MEM; GIBCO

BRL, Invitrogen, Gaithersburg, MD, USA) supplemented

with 10% heat-inactivated fetal calf serum (FCS; GIBCO

BRL), 1% (2 mM) L-glutamine (BioWhittaker), 50 mg/ml

streptomycin, 50 IU/ml penicillin (GIBCO BRL), 1% non-

essential amino acids (GIBCO BRL) and 0�05% (2�5 mg/ml)

fungizone (Amphotericin B; Apothecon). Supernatants

were collected 3 days p.i., clarified by centrifugation at

2000 g for 10 min, divided into aliquots and stored at

2808C. Virus titres in stocks were determined on HEp-2

cells by the plaque assays method and expressed as plaque-

forming units (p.f.u.)/ml.

Mice

All experiments were conducted by following the standards

of general ethics guidelines and approved by the Faculty of

Pharmacy, University of Monastir, Tunisia. Animals used in

this investigation were maintained in specific pathogen-free

conditions with unlimited access to food and water. Adult

outbred Swiss albino mice (Pasteur Institute, Tunis, Tuni-

sia) were mated (three females per male were caged

together) until successful fertilization was noted. The day

the vaginal plug was observed was considered as the first

day of gestation (day 1G).

Mice inoculation

Pregnant mice were inoculated randomly, either at gesta-

tional days 10 (10G) or 17 (17G), intraperitoneally (i.p.) or

orally (by gavage) with, respectively, 1�4 3 105 p.f.u. or

1�4 3 106 p.f.u. of CV-B4 E2 contained in 200 ml culture

medium. Naive mice served as negative controls. Offspring

born to dams inoculated at day 10G were killed at day 17G,

as well as at days 0 and 5 from birth, using isoflurane.

Those born to dams inoculated at day 17G were killed at

days 0 and 5 from birth. Thymuses were collected, washed

with cold phosphate-buffered saline (PBS), weighed and

treated for viral RNA and infectious virus detection, histo-

logical examination and thymocyte analysis. The total body

weight of each mouse was recorded at day 5 from birth,

and the thymic index was calculated as: [thymus weight

(g)/body weight (g)] 3 100. More interest was given to the

effect of oral inoculation, mimicking the natural way of

contamination in humans, which is why some experiments

were performed only with samples of offspring born to

orally inoculated dams.

Viral genome detection

For each experimental condition (i.p. or oral inoculation at

days 10G or 17G, or in the absence of inoculation), the

presence of CV-B4 E2 RNA was checked at different p.i.

times (day 17G and days 0 and 5 from birth) in the thy-

muses of six mice (three offspring born to each of two

dams), according to the procedure described below.

RNA extraction. Total RNA was extracted from washed thy-

muses by the acid guanidium thiocyanate–phenol–chloro-

form extraction procedure using Tri-Reagent (Sigma, St

Louis, MO, USA), as described by Chomczynski and Sacchi

[35]. Sterile nuclease-free water and supernatant of CV-B4

E2-infected HEp-2 cells, submitted to the same extraction

procedure, served as negative and positive controls, respec-

tively. Extracted RNA was then dissolved in 50 ml of

nuclease-free water (Promega, Madison, WI, USA), quanti-

fied using the Nanodrop 2000 (UV-Vis Spectrophotometer;

ThermoScientific, Waltham, MA, USA) and stored at

2808C until use in reverse transcription (RT)–polymerase

chain reaction (PCR) assays.
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Two-step RT–PCR for CV-B4 E2 RNA detection. For CV-

B4 E2 RNA amplification, we used primer sense 008: 5’-

GAGTATCAATAAGCTGCTTG-3’ and anti-sense 007: 5’-

ATTGTCACCATAAGCAGCCA-3’ specific of the highly

conserved 5’ NC region of enterovirus genome and gener-

ating a 414 base pairs (bp) fragment [31]. cDNA synthesis

was first performed with approximately 100 ng of RNA in a

final volume of 20 ml containing 200 U of M-MLV reverse

transcriptase (Invitrogen, Carlsbad, CA, USA), 0�1 mM of

anti-sense 007 primer, 0�5 mM each deoxynucleoside tri-

phosphate (dNTP), 40 U of RNase inhibitor, 50 mM Tris-

HCl (pH 8�3), 75 mM KCl, 3 mM MgCl2 and 10 mM dithi-

othreitol (DTT). According to the manufacturer’s instruc-

tions, secondary structures were first denatured by heating

the samples for 5 min at 658C in the presence of dNTPs

and the corresponding primer. Tubes were then put on ice

immediately, supplemented with buffer, DTT and RNase

inhibitor and incubated for 2 min at 378C. The RT reaction

was finally performed at 378C for 50 min, after adding the

enzyme. The reaction was stopped by heating at 708C for

15 min.

The PCR was carried out with 3 ml of cDNA samples

and 0�4 mM each primer in a total volume of 50 ml contain-

ing 2�5 U of Taq Paq5000 DNA polymerase (Agilent Tech-

nologies, Edinburgh, UK), 0�2 mM each dNTP and 2 mM

MgCl2. The PCR mixture was subjected to a first denatura-

tion step for 3 min at 948C, followed by 30 cycles of ampli-

fication, consisting of denaturation for 20 s at 948C,

annealing for 20 s at 558C and extension for 30 s at 728C,

followed by a final extension step for 5 min at 728C. All

reactions were performed using a preheated Eppendorf

thermal cycler.

RNA extracted from supernatant of CV-B4 E2-infected

HEp-2 cells was reverse-transcribed and amplified accord-

ing to the procedure described above, and served as a posi-

tive control. A negative control (no RNA) was also

included in each reaction. Samples showing negative results

were subjected to beta-actin mRNA amplification as an

internal control to ensure the integrity of extracted RNA

and the absence of RT–PCR inhibitors.

Detection and analysis of amplification products. The

amplified RT–PCR products were analysed by electropho-

resis on a 2% agarose gel containing 0�5 mg/ml ethidium

bromide (Sigma) and visualized using a Gel Doc 2000 sys-

tem (Bio-Rad, Hercules, CA, USA). A 100-bp DNA ladder

(Invitrogen) was used as a molecular mass marker.

Semi-nested (sn) PCR. RT–PCR products showing negative

results were subjected to a subsequent sn-PCR with inter-

nal primer sense 006: 5’-TCCTCCGGCCCCTGAATGCG-3’

and anti-sense primer 007, generating a 155 bp fragment

[36]. A similar reaction mix and the same cycling pro-

gramme were used, except that the hybridization tempera-

ture was 608C. A positive control (DNA amplified from the

RNA extract of supernatant of CV-B4 E2-infected HEp-2

cells) and a negative control (no DNA) were included in

each reaction.

Virus titration by plaque assays

The thymuses of six mice (three offspring born to each of

two dams) of each experimental condition (oral virus inoc-

ulation at days 10G or 17G, and in the absence of inocula-

tion) were subjected to virus titration at different p.i. times

(day 17G and days 0 and 5 from birth), according to the

procedure described below. Snap-frozen thymuses were

weighed and crushed in 1% penicillin/streptomycin PBS,

and then centrifuged at 12 000 g for 10 min at 48C. Super-

natants were diluted 10-fold in MEM with 2% FCS, inocu-

lated to confluent HEp-2 cells (106 cells/well) in 12-well

culture plates. After 4 h of incubation, medium containing

virus dilutions was removed, cells were washed with PBS

and 1 ml of medium (9 vol) supplemented with 4% agarose

solution (1 vol) were added to each well. Cultures were

incubated at 378C in a humidified atmosphere with 5%

CO2 and examined daily for CV-B4 cytopathic effect until

7 days p.i. Cells then were fixed with 1 ml of Carnoy’s fixa-

tive (three parts EtOH 1 one part acetic acid) per well and

stained with crystal violet for 30 min. Finally, wells were

rinsed with water and plaques were counted for the highest

dilution showing cytopathic effect. Results were expressed

as mean titres (p.f.u/mg of tissue) 6 standard deviation

(s.d.).

Histological analysis

The thymuses of six mice (three offspring born to each of

two dams) of each experimental condition (oral virus inoc-

ulation at days 10G or 17G and in the absence of inocula-

tion) were subjected to histological examination at

different p.i. times (day 17G and days 0 and 5 from birth),

according to the procedure described below. Formalin-

fixed, paraffin-embedded thymic lobes were cut into 4-mm-

thick sections. The slices were deparaffinized twice in

xylene for 10 min, then rehydrated through sequential con-

centrations of alcohol (100, 95, 70 and 508) and finally with

double-distilled water. Slices then were stained with haema-

toxylin for 15 min, washed in running water, differentiated

with 1% HCl/ethanol and incubated in water for 5 min.

For cytoplasm staining, slices were immersed in 0�5% eosin

solution for 3 min and washed in water for 10 min. Sec-

tions were dehydrated again through sequential concentra-

tions of alcohol (50, 70, 95 and 1008). Finally, slides were

mounted and observed under a light microscope.

Flow cytometry analysis of thymic T cell subsets

For each experimental condition (i.p. virus inoculation at

days 10G and 17G, oral inoculation at days 10G and 17G,

and in the absence of virus inoculation), whole thymuses

of 12 mice (three offspring born to each of four dams)

were tested at each of day 17G and days 0 and 5 after birth.

CV-B4 infection of the fetal thymus
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Thymuses of the three offspring born to the same dam

were pooled together.

Preparation of thymic T cell suspensions. Freshly harvested

thymuses were put on ice immediately into a small Petri

dish with fluorescence activated cell sorter (FACS) buffer

[PBS 31, 2% FCS, 2 mM ethylenediamine tetraacetic acid

(EDTA)]. Cells were dissociated by crushing on a 70-mm

cell strainer filter. The obtained cell suspension was filtered

and cells were washed twice by centrifugation. Pelleted cells

were resuspended in FACS buffer, enumerated by trypan

blue viability dye exclusion test and adjusted to a final con-

centration of 2–3 3 105 cells/100 ml for immunostaining

and FACS analysis. Aliquots from some suspensions were

submitted to extraction and RT–PCR analysis, as described

above, for CV-B4 RNA detection.

T cell staining and FACS analysis. Three-colour cell stain-

ing was performed with CD90/Thy-1 rat anti-mouse

monoclonal antibody (mAb) (clone G7) phycoerythrin

(PE) conjugate, CD4 rat anti-mouse mAb (clone GK1�5)

phycoerythrin-cyanin (PE-Cy)
VR

5 conjugate and CD8a rat

anti-mouse mAb (clone 53–6�7) fluorescein (FITC) conju-

gate (all from Life Technologies, Paisley, UK) antibody

mixture, and the preparation was incubated for 30 min at

48C in the dark. Cells were then washed twice by centrifu-

gation in FACS buffer, resuspended in 500 ml of FACS

buffer and analysed on an EPICS XL
VR

(Beckman-Coulter,

Brea, CA, USA) flow cytometer.

Statistical analysis

Data are summarized as means 6 s.d. Thymic index, total

count of viable thymic T cells and proportions of T cell

populations in infected animals were compared with those

in controls using the Welch two-sample t-test. Statistical

significance was defined by P-values less than 0�05.

Results

Viral RNA was detected in the thymus of offspring
born to CV-B4 E2-inoculated dams

Vertical transmission of CV-B4 E2 infection from dams to

their offspring’s thymuses was checked by searching for the

viral genome in that tissue, as described in the Materials

and methods section. As shown in Table 1, CV-B4 E2 RNA

was detected in all sampled thymuses of offspring born to

dams inoculated i.p. with CV-B4 E2 at either days 10G or

17G, and to dams inoculated orally at day 10G, and seven

of 12 analysed samples of offspring born to dams inocu-

lated orally at day 17G.

CV-B4 E2 RNA was easily detectable by RT–PCR in thy-

muses of offspring born to dams inoculated at day 10G

either by the i.p. or oral routes. However, thymuses of

offspring born to dams inoculated at day 17G required a

subsequent sn-PCR round to reveal a positive result

(Table 1).

Viral RNA was not detected in the thymuses of offspring

born to negative control dams.

Infectious virus was isolated from the thymus of
offspring born to CV-B4 E2-inoculated dams

Using the plaque assay method, infectious particles could

be evidenced and titrated in all infected (positive for viral

RNA) thymus samples, following oral inoculation at either

days 10G or 17G (Fig. 1). Viral titres were markedly (50–

2000-fold) higher in thymuses of offspring born to dams

inoculated at day 10G than in those born to dams inocu-

lated at day 17G. Viral load decreased from days 17G and 0

to day 5 from birth, following an inoculation at day 10G.

When inoculation was performed on day 17G, viral titres

increased between days 0 and 5 from birth. No infectious

virus could be evidenced, either in thymuses revealed nega-

tive for viral RNA or in those of offspring born to negative

control dams.

Thymus integrity was preserved after in-utero CV-B4
E2 infection

In order to assess the effect of vertically transmitted CV-B4

E2 on thymus integrity, we first checked for eventual modi-

fications on thymus size by calculating the thymic index.

The latest, measured at day 5 from birth, was not decreased

significantly in offspring born to dams inoculated orally at

day 10G compared to those born to negative controls (0�47

versus 0�7%, respectively, P> 0�05) (Fig. 2). The thymic

index following oral inoculation at day 17G was similar to

that in negative controls (0�68%) (Fig. 2). The effect of the

virus on thymus architecture was then evaluated by

Table 1. Reverse transcription–polymerase chain reaction (RT–PCR)

results for viral RNA detection in the thymus of offspring born to

CV-B4 E2-inoculated dams

Time of sampling

Inoculation

route

Inoculation

time Litters

Day

17G

Day

0

Day

5

Intraperitoneal Day 10G Dam 1 3/3 3/3 3/3

Dam 2 3/3 3/3 3/3

Day 17G Dam 1 – 3/3* 3/3*

Dam 2 – 3/3* 3/3*

Oral Day 10G Dam 1 3/3 3/3 3/3

Dam 2 3/3 3/3 3/3

Day 17G Dam 1 – 0/3* 3/3*

Dam 2 – 2/3* 2/3*

*Results obtained by semi-nested RT–PCR. Thymuses from six

offspring (each three born to one different dam) were analysed at

each time-point for each experimental condition. Results are sum-

marized as number of positive results/number of tested thymuses.
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histological analysis of thymic lobes sections, as described

in the Materials and methods section. Virus-infected thy-

muses seemed similar to mock-infected ones, presenting a

normal architecture without obvious cell lysis, necrosis or

any histopathological change, even when examined at

higher magnification (Fig. 3).

Viral RNA was detected in thymic T cells from
infected offspring

As described in the Materials and methods section, RT–

PCR for viral RNA was used to explore T cell infection in

CV-B4 E2-infected thymuses. Thus, intracellular CV-B4 E2

RNA could be found by RT–PCR in all analysed samples of

thymic T cell suspensions generated from infected thy-

muses (Fig. 4). No trace of viral RNA was detectable in T

cells from uninfected negative control samples.

CV-B4 E2-infected thymuses displayed abnormalities
of T cell subsets

The effect of vertically transmitted CV-B4 E2 on thymic T

cells was assessed first by their enumeration by trypan blue

viability dye exclusion test. As shown in Table 2, no signs of

depletion were evident following CV-B4 E2 infection, as no

significant difference in total viable cell count was observed

between i.p. or orally inoculated and control thymuses, either

at days 0 or 5 from birth (P-values > 0�05 versus mock).

We then focused upon thymic T cell (CD901 cells, which

represent more than 95% of the cells in our suspensions)

maturation from the most immature stage double-negative

(DN) CD4–CD8– to double-positive (DP) CD41CD81,

then differentiation to mature single-positive either

CD41CD8– (SP4) or CD4–CD81 (SP8). For this purpose,

proportion of these four populations was determined by

flow cytometry analysis at each of day 17G and days 0 and

5 from birth in the different groups of infected offspring

and compared with those in negative controls (Fig. 5).

As illustrated in Fig. 5, several anomalies in thymic T cell

subsets could be observed following in-utero CV-B4 E2

infection.

Virus inoculation of dams through the intraperitoneal

route at day 10G disturbed the pattern of immature T cell

populations significantly compared with negative controls.

An increase in DN (46�4 6 4�4% versus 32�4 6 1�24%,

P 5 0�005) associated with a decrease in DP (50�8 6 4�25%

versus 63�03 6 0�45%, P 5 0�009) was evident at day 17G.

Conversely, starting from day 0, we observed a decrease in

DN (13�66 6 7�86% versus 28�97 6 2�16%, P 5 0�025)

together with an increase in DP (82�75 6 10�8% versus

63�83 6 1�04, P 5 0�038) subset. At day 5, the decrease in

DN (3�49 6 3�45% versus 29�97 6 1�67%, P 5 0�0009) and

increase in DP persisted (87�37 6 2�31% versus 59�37 6

1�79%, P 5 0�0001), and the decrease in SP8 also became

significant (0�37 6 0�23% versus 3�15 6 0�25%, P 5 0�0003).

No evident anomalies were observed in the SP4 population.

Inoculation through the oral route at day 10G induced a

significant increase in DN (44�68 6 1�93% versus 32�4 6

1�25%, P 5 0�0015) together with a significant decrease in DP

(53 6 2% versus 63�03 6 0�45%, P 5 0�009) and SP4 (0�44 6

0�03% versus 2�07 6 0�46%, P 5 0.038), evident at day 17G.

Starting from day 0 the profile inverted, as described above in

mice inoculated i.p. at day 10G, showing a significant decrease

in DN (11�8 6 0�3% versus 28�97 6 2�16%, P 5 0�004) associ-

ated with an increase in DP (74�95 6 0�45% versus 63�83 6

1�04%, P 5 0�0008) and SP4 (12�7 6 0�7% versus

5�67 6 1�51%, P 5 0�007) populations. By day 5, the decrease

in DN (7�8 6 0�7% versus 29�97 6 1�67%, P 5 0�0004) and

Fig. 2. Effects of CV-B4 on thymus weight. The thymic index

[(thymus weight/whole body weight) 3 100] was calculated at day 5

from birth for six mice (three offspring born to each of two dams)

of each experimental condition [oral virus inoculation at days 10

gestation (G) or 17G, and in the absence of inoculation]. Data are

representative of two independent experiments with n 5 3 thymuses

per group in each. Results are expressed as mean

percentages 6 standard deviations.

Fig. 1. Viral progeny titration in CV-B4-infected thymuses. The

thymuses of six mice (three offspring born to each of two dams) of

each experimental condition (oral virus inoculation at days 10G or

17G, and in the absence of inoculation) were subjected to viral

progeny titration, by the plaque assay method, at different post-

inoculation (p.i.) times (day 17 gestation and days 0 and 5 from

birth). Data are representative of two independent experiments with

n 5 3 thymuses per group and per time-point, in each. Results are

plotted as mean titres plaque-forming units (p.f.u.)/mg of

tissue) 6 standard deviations.

CV-B4 infection of the fetal thymus
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increase in DP persisted (81�7 6 0�8% versus 59�37 6 1�79%,

P 5 0�0005), but the proportion of SP4 became comparable

to that in controls. No significant anomalies were observed in

the SP8 population.

Virus inoculation of dams through the intraperitoneal

route at day 17G did not induce any significant effect at

day 0, but a significant decrease in DN (6�49 6 0�28% ver-

sus 29�97 6 1�67%, P 5 0�001) as well as an increase in DP

(81�1 6 0�35% versus 59�37 6 1�79%, P 5 0�001) and SP4

(8�58 6 0�25% versus 7�41 6 0�21%, P 5 0�004) subsets

were evident at day 5. A non-significant increase was

observed in the SP8 population.

Finally, inoculation through the oral route at day 17G

equally did not induce any significant effect at day 0, but a

significant decrease in DN (23�7 6 0�28% versus 29�97 6

1�67%, P 5 0�023) as well as an increase in SP4 (9�86 6

0�2% versus 7�41 6 0�21%, P 5 0�0018) and SP8

(4�83 6 0�21% versus 3�15 6 0�25%, P 5 0�006) subsets

were evident at day 5, together with a non-significant

increase in DP population.

Discussion

Because the thymus plays a specific role in self-tolerance

programming [21–23], thymus dysfunction could be a basic

event in the pathogenesis of autoimmunity. This hypothesis

remains relevant in an infectious context, because thymus

infection is associated with thymus dysfunction (for a review

see [24,25]). This line of thought becomes even more plausi-

ble when the infection occurs in fetal life, the period during

which thymus ensures T cell differentiation and negative

selection (for a review see [37]).

Despite CV-B association with several autoimmune dis-

eases, the issue of CV-B infection of the thymus has not

been investigated extensively. Most of the available data

arise from in-vitro experiments [26–30]. The few studies

carried in vivo used adult or young mice, but never preg-

nant mice and fetuses [31,32]. Thymus infection by CV-B

has already been reported through antigen detection in

dead newborns [33,34] but, through our original experi-

mental approach, the current study provides direct evi-

dence for a thymus infection in the course of an in-utero

vertical transmission, thus strengthening the hypothesis of

a role of thymic CV-B infection in the pathogenesis of

autoimmune diseases.

Indeed, the use of outbred mice (which reflect more

accurately the natural variations inside a population)

Fig. 4. CV-B4 E2 infects thymic T cells. Representative agarose gel

electrophoresis of amplicons specific to CV-B4 E2 RNA in thymic T

cells of offspring, sampled the day of birth (day 0), from negative

control dams (lane NC) and dams inoculated intraperitoneally at

day 10G (lanes 1 and 2) or orally (lanes 3 and 4). L 5 100 base

pairs (bp) DNA ladder; PC 5 positive control.

Fig. 3. Effects of CV-B4 on thymus integrity. The thymuses of six mice (three offspring born to each of two dams) of each experimental condition

[oral virus inoculation at day 10 gestation (G) or 17G, and in the absence of inoculation] were subjected to histological examination at different post-

inoculation (p.i.) times (day 17G and days 0 and 5 from birth). No histopathological change was observed in all examined sections. Representative

sections from a negative control thymus (a) and a thymus stemming from an intraperitoneal inoculation of CV-B4 E2 at day 10G. (b) Both sampled

at day 5 from birth, and examined after haematoxylin and eosin staining. Gr 3 400. [Colour figure can be viewed at wileyonlinelibrary.com]

Table 2. Viable thymocyte T cell counts in mock- and CV-B4

E2-infected thymuses

Time of sampling

Inoculation Day 0 Day 5

Mock 12 3 106 6 2�12 3 106 12 3 106 6 4�24 3 106

CV-B4 E2 (i.p.) 10�2 3 06 6 3�12 3 106 9�15 3 106 6 0�21 3 106

CV-B4 E2 (oral) 13 3 06 6 0�71 3 106 9 3 106 6 0�71 3 106

Data were generated from three independent experiments, repre-

sentative of different experimental conditions [intraperitoneal (i.p.)

inoculation at day 10G and oral inoculation at day 10G], with

n 5 3 thymuses per group and per time-point in each. Results are

expressed as means of 106 living T cell/thymus 6 standard deviation.
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and their inoculation in the second or the third weeks of

gestation (as the inoculation period during pregnancy

may influence the outcome of the infection [38,39]) with

CV-B4 E2 (a strain known for its diabetogenicity), as

performed in a previous investigation by Bopegamage

et al. [39] are, together, likely to constitute an ideal sys-

tem for addressing this issue. With regard to virus inocu-

lation, we first began by the intraperitoneal route to

‘favour’ virus spreading to the thymus and observe the

eventual occurrence of anomalies, such as described pre-

viously in vitro. We then tested and focused upon the

oral route to verify if the offspring’s thymus could be

reached following inoculation through the natural route

of contamination in humans, and especially if similar

effects could be obtained. However, a 10-fold higher

virus dose (the same dose used by Bopegamage et al.

[39]) was used for oral inoculation, as intestinal defences

are susceptible to attenuate the infection [40]. In addi-

tion, offspring sampling from day 17G allowed us to evi-

dence prenatal transmission through the transplacental

route, even though perinatal transmission cannot be

excluded.

Viral genome detection in sampled thymuses demon-

strates clearly that CV-B4 E2 can reach the offspring’s thy-

mus in the course of vertical transmission, regardless of the

route and time of inoculation. The need for a subsequent

sn-PCR to detect the viral genome in thymuses of offspring

born to dams inoculated at day 17G may be due to the fact

that the virus did not replicate enough in that tissue to

reach a threshold detectable by our RT–PCR. Indeed, infec-

tious virus titration showed lower viral levels following

inoculation at day 17G than at day 10G. These results are

extremely unlikely to be due to contamination with blood,

as viral RNA is detectable only transiently in blood during

the course of systemic infection [31], as well as in the pla-

centa and other sampled tissues in the current study (data

not shown), and as the virus is replicating (as proved by

progeny detection).

Virus infections of the thymus are associated frequently

with structural and/or functional alterations of that gland

(for a review see [24,25]). Such alterations would be more

pronounced when infection occurs during fetal develop-

ment. Indeed, Lozovskaia et al. [34] described preterm thy-

mic involution, hypotrophy and immaturity in the

majority of perinatal and neonatal death cases associated

with CV-A and CV-B infections.

Intriguingly, fetal thymus infection in our model did not

result in any evident atrophy (as attested by thymic index

calculation), histopathological change or developmental

delay. This is reminiscent of previous findings in CV-B4

E2-infected murine FTOC [30]. Similarly to the situation

in the murine FTOC model, no significant T cell depletion

could be seen (which is in agreement with thymic index

data), despite viral RNA being detectable in those cells in

the current investigation. As discussed previously, CV-B4

can infect the thymus without obvious cell lysis [30]. Our

observations do not accord with what has been described

in other models of fetal thymus infection. Indeed, feline

immunodeficiency virus inoculated in kittens during fetal

development induces severe neonatal thymus atrophy [41].

By the same method, thymus atrophy with cortical involu-

tion and severe cortical depletion of thymic T cells were

Fig. 5. Effects of CV-B4 E2 in-utero infection on T cell differentiation. Thymic T cell suspensions were prepared from thymuses, collected at

different post-inoculation (p.i.) times, on offspring from negative control and CV-B4 E2-inoculated [either at day 10 gestation (G) or 17G, by

the intraperitoneal or the oral route] dams, stained with anti-CD90, anti-CD4 and anti-CD8 antibodies and analysed by fluorescence activated

cell sorter (FACS). Histograms represent the DN, DP, SP4 and SP8 populations among total thymocytes (CD901 cells). Data are representative of

four independent experiments with n 5 3 thymuses per group and per time-point in each. Results are expressed as mean

percentages 6 standard deviations; *P< 0�05 versus mock. DN 5 double-negative CD4–CD8–; DP 5 double-positive CD41CD81; SP4 5 single-

positive CD41CD8–; SP8: single-positive CD4–CD81.
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observed following in-utero infection of piglets with por-

cine reproductive and respiratory syndrome virus [42].

Those discrepancies may be explained by a relatively lower

lytic potential of CV-B4 E2 compared to other viruses,

especially in tissues such as thymus, a potential site of per-

sistence for that virus, as documented previously

[28,29,31]. Of note, CV-B4 E2 RNA was still detectable at

day 21 postpartum in this study (data not shown), and the

reduction of the cytocidal potential is a strategy used com-

monly by viruses to establish persistence [43].

In contrast, in-utero CV-B4 E2 infection of the mouse

thymus seems to disturb the T cell differentiation process,

as revealed by analysis of the proportion of T cell subsets.

This effect would depend upon the inoculation time, as

inoculation at day 10G induced significant disturbances on

immature T cells as soon as day 17G, whereas such anoma-

lies following inoculation at day 17G manifested only at

day 5 from birth. This gap would follow that of the infec-

tion, and is evocative of what we deduced from the results

of viral genome detection by sn-RT–PCR versus RT–PCR

and from those of viral progeny titration. In other words,

infection at day 10G would, at first, block DN to DP transi-

tion, then DP to SP differentiation, in particular to SP8.

Infection at day 17G, arising at a later stage of gestation,

would reach the thymus at a still insufficient threshold (a

mean of 2�5 p.f.u./mg) to rapidly disturb T cell populations

and/or at an advanced stage of T cell differentiation.

Indeed, no significant evolution in the total number of via-

ble T cells and in the proportions of the four T cell subpo-

pulations could be seen during the time–course of our

study, suggesting that T cell differentiation was already

almost completed by day 17G.

With regard to the inoculation route, quite similar pat-

terns of thymic T cell populations were observed following

either i.p. or oral inoculation, with some differences among

mature SP populations (that were less affected anyway).

These current results do not accord fully with those we

observed previously in murine FTOC infected at day 14G

that, at 7 days p.i. (corresponding to day 0 in the current

study), showed a significant increase in DN, SP4 and SP8,

together with a significant decrease in DP [30]. There is

only a parallel in the proportions of immature T cells,

which is evocative of that actually found at day 17G follow-

ing inoculation at day 10G. A correct comparison between

the results obtained with both systems cannot be made, as

virus inoculation to pregnant dams was not performed at

day 14G and because we do not know if the amount of

virus that reaches offspring thymuses is comparable to the

infectious dose used in the FTOC model. Even in compara-

ble conditions, eventual discrepancies only remind us that,

even though murine FTOC is a very useful experimental

tool, this ex-vivo model does not mimic perfectly the real

situation in vivo.

Another key point of the current study is the follow-up

of thymic T cell subsets through sampling and

measurement at different p.i. times until 5 days after birth,

which allowed us to observe some dynamics in these popu-

lations following virus infection, and an effect of inocula-

tion at day 17G that would not be detected if analysis was

restricted to the day of delivery.

In conclusion, the current paper shows for the first time,

to our knowledge, that CV-B4 E2 can reach the murine

fetal thymus during the course of an in-utero transmission,

thus opening the possibility to explore several ways by

which the virus may disturb thymic functions. The infec-

tion promoted significant anomalies in thymic T cell sub-

sets, regardless of the inoculation route and period.

Although such anomalies have been reported already in

T1D models [32,44], their direct involvement in the devel-

opment of autoimmunity is still unclear. The understand-

ing of how CV-B4 can lead to such disturbances also

deserves to be investigated. Several studies are being con-

ducted along this line in our laboratory.
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