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Abstract: The thymus gland is a primary lymphoid organ for T-cell development. Various viral
infections can result in disturbance of thymic functions. Medullary thymic epithelial cells (mTECs)
are important for the negative selection of self-reactive T-cells to ensure central tolerance. Insulin-like
growth factor 2 (IGF2) is the dominant self-peptide of the insulin family expressed in mTECs and
plays a crucial role in the intra-thymic programing of central tolerance to insulin-secreting islet β-cells.
Coxsackievirus B4 (CVB4) can infect and persist in the thymus of humans and mice, thus hampering
the T-cell maturation and differentiation process. The modulation of IGF2 expression and protein
synthesis during a CVB4 infection has been observed in vitro and in vivo in mouse models. The
effect of CVB4 infections on human and mouse fetal thymus has been studied in vitro. Moreover,
following the inoculation of CVB4 in pregnant mice, the thymic function in the fetus and offspring
was disturbed. A defect in the intra-thymic expression of self-peptides by mTECs may be triggered
by CVB4. The effects of viral infections, especially CVB4 infection, on thymic cells and functions and
their possible role in the pathogenesis of type 1 diabetes (T1D) are presented.

Keywords: viruses; enterovirus; Coxsackievirus B; thymus; self-tolerance; autoimmunity; type
diabetes; fetal and perinatal life

1. Introduction

Enteroviruses (EVs) are small, non-enveloped, single-stranded, positive-sense RNA
viruses that belong to the Picornaviridae family. The Enterovirus genus comprises 15 species
including 7 species involved in human diseases (Enterovirus A–D and Rhinovirus A–C).
Group B coxsackieviruses encompassing six serotypes (CVB 1-6) are classified within the
Enterovirus-B species [1,2]. These viruses are ubiquitous and responsible for a wide range
of infections ranging from asymptomatic and mild diseases to serious illnesses. EVs have
been linked to some chronic diseases such as dilated cardiomyopathy and type 1 diabetes
mellitus (T1D) [3]. T1D is a multifactorial disease leading to β-cell destruction that disrupts
insulin production. EV infections have been proposed as an important environmental
factor with a major role in T1D pathogenesis [4]. Stewart et al. provide a link between viral
infection and autoimmune diabetes by developing transgenic mice in which the insulin-
producing β-cells express interferon-α (IFN-α). Local production of this antiviral cytokine
by β-cells could trigger an inflammatory reaction involving the activation of natural killer
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cells, macrophages and T-cells, leading to hypoinsulinemic diabetes [5]. Horwitz et al.
found that bystander activation could have a role in the activation of autoreactive T-
cells against β-cells, owing to the initial viral infection. This infection could create an
inflammatory microenvironment by stimulating the production of immune system factors
such as cytokines and chemokines. In susceptible individuals, autoreactive T-cells that
escaped thymic selection might become non-specifically stimulated. Eventually, those
autoreactive T-cells will be activated owing to the pro-inflammatory microenvironment [6].
Molecular mimicry has also been proposed as a possible mechanism of T1D, in which a
viral infection can stimulate an aggressive response of T-cells. Indeed, viruses may carry
an epitope that strongly resembles certain structures of β-cells, leading to auto-reaction of
T-cells against both viral and β-cell epitopes [7,8]. The thymus gland plays a major role in
central tolerance through immunologic self and non-self-discrimination ability and self-
specific regulatory T-cells (Treg) positive selection in perinatal life. However, T-cell selection
in the thymus can be disrupted by some viral infections [9]. The persistence of EVs in
pancreatic tissues has been demonstrated in human and animal models [10,11]. Moreover,
it has been suggested that exposure to EVs in the earliest phase during fetal growth may
lead to a defect in intra-thymic self-presentation, in turn leading to auto-destruction of
β-cells by self T-cells [12].

In this review, after a presentation of the function of the thymus, the effects of viral
infections and, especially, coxsackievirus B4 (CVB4) infections on thymic cells and thymic
functions and the potential results of these effects in the pathogenesis of T1D are presented.

2. Thymic Structure and Function
2.1. Thymic Structure

The thymus gland is a primary lymphoid organ for T-cell development. It has two
lobes divided into multiple lobules. The lobule is the structural unit of the thymus, and it
comprises the cortex and medulla. The cortex is rich in immature T-lymphocytes, while
the medulla has only a few mature T-lymphocytes. Thymic epithelial cells (TECs) are
divided according to their localization into cortical and medullary TECs (cTECs and
mTECs, respectively) and account for most thymic stromal populations (Figure 1) [13].
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Figure 1. Process of T-cell selection in the thymus. Positive selection mainly occurs in cortical thymic
epithelial cells (cTECs), whereas negative selection occurs in medullary TECs (mTECs).

The major histocompatibility complex (MHC) molecules present neuroendocrine self-
peptides to T-cells in the thymus. Self-reactive T-cell clones, i.e., T-cells recognizing the
host molecules, are deleted and Treg cells are generated. Treg cells can inhibit self-reactive
T-cells that evade thymic clonal deletion. Intra-thymic transcription is regulated by the
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autoimmune regulator protein (AIRE), and in particular concerns, all the members of the
insulin gene family [14].

2.2. T-Cells Maturation and Differentiation

Hematopoietic precursors within the thymus, derived from the bone marrow, can
differentiate and generate αβ- or γδ- mature T-cells. The T-cell maturation process in
the thymus is considered one of the important events leading to the development of
a functional and effective immune system. DNA recombination is responsible for the
generation of lymphocyte antigen receptors; cells with these receptors can identify and
interact with a wide range of diverse molecules. T-cells are subjected to different steps of
maturation in the lymphoid organs during the T-cell maturation process [15]. During this
process, generation of a pool of mature and functional T-cells occurs through two different
mechanisms. T-cells expressing competent receptors are selected: this process occurs in
the cortex and is called positive selection. In contrast, self-reactive T-cells are deleted: this
process called negative selection, occurs in the medulla and is needed for ensuring central
tolerance. Owing to DNA rearrangements, immature T-cells can express different T-cell
receptors (TCR). However, positively selected cells can recognize host MHC molecules [16].
Recombination-activating genes 1 and 2 (RAG1 and RAG2), in the thymic cortex, are
stimulated to produce random recombination of V, D, and J segments, which leads to
T-cells expressing both a pre-TCR and the co-receptors CD4 and CD8. The rearrangement
of the TCR-α chain continues until a productive interaction between the TCRαβ complex
and MHC complex of cTECs occurs; this is recognized as positive selection of the T-cell.
The absence of a productive TCR rearrangement among thymocytes leads to apoptosis.
However, the outcome of the thymocyte is determined by the interactions between the
T-cells and cTECs [17]. During TCR rearrangement, some small circles of DNA are created
in T-cells during their passage through the thymus; they are called T-cell receptor excision
circles (TRECs) (Figure 2).

These TRECs may be reduced in some congenital diseases and infections [18]. Thymic
functions can be assessed with the quantification of TRECs signal joint T-cell receptor
excision circles (sjTRECs) and DβTRECs in the blood of individuals [19]. They are used as a
biomarker for estimating the thymic output. DβTRECs develop during β-chain rearrange-
ment and are generated before the proliferation phase [20]. The sj/Dβ T-cell rearrangement
excision circles, known as the sj/Dβ-TREC ratio was studied in the pathogenesis of human
immunodeficiency virus (HIV), and it was found that the sj/Dβ-TREC ratio was indepen-
dently associated with HIV progression [21]. mTECs are unique stromal cells and play a
significant role in central tolerance and autoimmunity through dealing with autoreactive
cells via clonal deletion. Promiscuous gene expression, in which tissue-restricted antigens
(TRAs) are expressed, is an important process in central tolerance and protection from
autoimmunity. Peptides from TRAs are presented by mTEC to T-cells to undergo apoptosis
or deviate them to be Treg cells that can inhibit self-reactive T-cells [22,23]. Insulin-like
growth factor 2 (IGF2), which is synthesized by mTECs, is a dominant member of the
insulin family. A direct proportional relationship has been found between tolerance to this
peptide and its concentration in the thymus. The importance of thymus-dependent central
tolerance has been reported; a defect in this central tolerance is considered to be the earliest
process in the development of organ-specific autoimmune diseases [24–27].
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Figure 2. Process of T-cell maturation. All conventional T-cells start life as lymphoid progenitors,
which migrate from the bone marrow to the thymus to initiate proliferation and maturation. In
the thymus, early thymocytes lack the expression of CD4 and CD8 co-receptors that are involved
in T-cells receptor (TCR) signaling. The TCR, which has two chains, is formed by a process of
TCR-β gene rearrangement. Early thymocytes then develop CD4+CD8+ (double positive), and
during that time the TCR-α chain develops. CD4+CD8+ (double positive) cells differentiate into
single positive cells, either CD4+CD8- or CD4-CD8+ to be exported as mature lymphocytes from
the thymus to the periphery. During TCR rearrangements, some DNA small circles are formed in
T-cells during their passage in the thymus; they are called T-cell receptor excision circles (TRECs).
Dβ TRECs are synthesized during TCR-β rearrangement, whereas sj TRECs are synthesized during
TCR-α rearrangement.

3. Viral Infections and the Thymus Gland

Viral infections can manipulate thymopoiesis and the thymus environment, possibly
leading to phenotypic and functional modifications in the thymus. Different viruses have
been reported to play a role in thymus dysfunction [21,28–30] (Figure 3).

Thymus functions during an HIV infection, which belongs to the retrovirus family,
have been extensively studied. The mechanisms of these dysfunctions might include,
but are not limited to, direct infection of the thymus by HIV, thymus structural changes,
and apoptosis [21,31]. Moreover, it has been found that the thymus can retain its normal
function following highly active antiretroviral therapy (HAART) in HIV-infected indi-
viduals, and this can be a useful predictor to ascertain HAART effectiveness [19,31,32].
Furthermore, thymic dysfunctions have been associated with HIV progression [21,28].
Human T-cell lymphotropic virus (HTLV), which belongs to the same family of HIV, can
target the thymus. TECs play a role in the pathogenesis of HTLV-1 infections and act as a
reservoir to transmit the virus to T-lymphocytes [33]. Rabies is a viral disease that has been
found to target the thymus gland in animal models. Some reported mechanisms of rabies
virus infection were apoptosis, depletion of thymocytes, and suppression of cell-mediated
immunity [34–38]. Thymic apoptosis has also been reported in mouse hepatitis virus
infection in animal models [39]. Measles was also found to cause thymic apoptosis in a
murine model and terminal differentiation of TECs in human cortical thymic epithelial cell
lines [40,41]. Moreover, Measles virus was detected in TECs of humans during the acute
phase of infection and it can grow in the thymus of monkeys [40,42,43]. Ebola virus was
also found to cause thymic infection in a murine model [44]. Cytomegalovirus (CMV) was
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studied in a murine model and found to replicate and persist in the thymic medulla, rather
than the cortical region. Moreover, TECs were the primary hosts for viral replication. This
infection was highly reduced when treated with antivirals that target CMV [45]. Zika virus
was recently discovered to be able to infect the thymus, specifically TECs; this could affect
thymocyte development [46]. TREC was used as a potential marker in respiratory syncytial
virus (RSV) infections in which TRECs can be reduced during the severe presentation of
RSV infections [47].
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4. Coxsackievirus B4, the Thymus Gland, and Type 1 Diabetes

Environmental agents have been suggested as an important factor for clinical autoim-
mune disease development [48–50]. The genetic background alone cannot explain all T1D
cases [51]. For example, the concordance index of T1D in monozygotic twins is less than
50%, and there is a huge variation in T1D incidence in different regions globally [4,52].
Infections, immunotherapy, endocrine disruptors and sex steroids, nutrition and vitamin
deficiency, gut microbiota, and stress have been suggested as important environmental
factors that may contribute to autoimmune diseases [48,49].

EVs can lead to T1D development via various mechanisms and through an interplay
between the virus and the innate and adaptive immunity [10,53–55]. The relationship
between T1D and EVs has been well established in human and animal models, and
CVB4 persistence in monocytes/macrophages, gut mucosa, the pancreas, and thymus is
suggested as a major mechanism in the pathogenesis of T1D [10–12,54–56]. Indeed, CVB4
can infect and persist in pancreatic cells, especially islet β-cells and ductal cells [57–59].
Moreover, the infection of monocytes/macrophages in vitro and in vivo by CVB4 has been
reported by our team, and infection of these cells can lead to the production of IFN-α and
inflammatory cytokines, which have a role in autoimmune response stimulation against
β-cells [60–63].

In addition, CVB4 infection of monocytes/macrophages in vitro and in vivo has been
reported to be enhanced by non-neutralizing anti-CVB4 IgG obtained from immune serum,
which results in production of IFN-α and inflammatory cytokines [60–65]. This antibody-
mediated enhancement of CVB4 infectivity increased viral load in organs resulting in a
more severe outcome of the infection such as tissue lesions and hyperglycemia in mice
challenged with CVB4 E2 [63,66–68]. Since T-cell repertoire alterations have been described
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in patients with T1D [69–71], it cannot be excluded that a CVB infection of the thymus
could disturb central tolerance to insulin-secreting pancreatic β-cells and could then play a
role in the pathogenesis of T1D.

Our team investigated the effects of in vitro and in vivo CVB4 infection on the thymus
and thymic cells. Thus, it was reported that CVB4 can infect and persist in primary
cultures of human TECs, leading to higher levels of cytokines interleukin-6 (IL-6), leukemia
inhibitory factor (LIF), and granulocyte-macrophage colony-stimulating factor (GM-CSF)
in their supernatants than in those of controls [72]. Moreover, it was found that CVB4 can
infect human fetal thymus organ cultures (FTOC) leading to upregulation of MHC class I
molecules and severe depletion of CD4+CD8+ thymocytes [73]. CVB4 infection of murine
FTOC also disturbs the T-cell maturation and differentiation process [74]. The infection of
the thymus of mice exposed to CVB4 has been investigated. CVB4 was orally inoculated in
outbred Swiss mice, and the authors found viral RNA in the thymus, spleen, and blood
up to three months post-inoculation [75]. Furthermore, the maternal–fetal transmission of
CVB has also been described in the development of diseases affecting fetuses, newborns,
and young infants [76–78]. Thus, the vertical transmission of CVB4 in mice and its possible
association with T1D pathogenesis were investigated. CVB4 has been reported to infect the
murine fetal thymus in utero and disrupt the homeostasis of thymic T-cell subpopulations
that may play a role in the autoimmune development process [79–81]. We recently reported
that the in utero CVB4 infection results in a significant decrease in sj and DβTREC in both
the thymus and spleen of fetus and newborns together with a decrease in intra-thymic
protein tyrosine kinase 7 (PTK7) expression (identified as a surface marker for recent
thymic emigrants) and T-cell accumulation within the thymus [20]. These observations
suggest a disturbance in the export of T-cells to the periphery that may interfere with T-cell
maturation and several anomalies in thymic T-cell subsets were observed in the thymus
from fetus of mice infected with CVB4 [12,20,79]. However, the infection of thymus or
thymic cells with other CVB serotypes has not been studied. Whether EV infection of
the thymus could interfere with the establishment of central tolerance to insulin-secreting
pancreatic β-cells has been addressed.

TECs exert an important role in tolerance induction. Promiscuous gene expression
allows presentation, via TECs of numerous autoantigens (e.g., insulin), to newly developed
T-cells during their selection. TECs express not only insulin but also the growth hormone
IGF2. IGF2, which shares a high homology with insulin, is more readily found in TECs than
insulin [82]. The emerging role of IGF2 in insulin tolerance has been shown, notably in mice
lacking IGF2 that have less insulin tolerance [83]. Moreover, the IGF2 epitope (competes
with the insulin epitope for the same MHC molecule, and IGF2 itself) was shown to exert
immunoregulatory functions on B- and T-cells [84,85]. The effect of a persistent infection
of TECs with CVB4 on genes of the insulin family was investigated using a murine TEC
line of medullar origin (Murine thymic epithelial cell line MTE4-14 derived from C3H/J
(H-2k) thymic neonatal lobes), characterized by the expression of IGF2 and IGF-1, but not
insulin. Notably, a dramatic decrease in Igf2 transcription and IGF2 production in long-term
cultures was recorded in TEC cells persistently infected with CVB4, while IGF-1 transcripts
were less affected [86]. Thus, IGF2, the self-antigen of the insulin family, has an important
role in central tolerance of the insulin family [87]. The impaired expression of IGF2 by
TECs might lead to a disturbance in the negative selection of self-reactive thymocytes and
a decrease in Treg cell generation. These mechanisms can play a role in the autoimmune
attack against β-cells [12,53,88].

The effect of an acute infection of TEC cells (MTE4-14 cells line) by CVB4 on IGF2
transcripts and upstream signaling events impacting IGF2 regulation was recently reported
by our team. The infection with CVB4 resulted in a decrease in major IGF2 transcript V3
and minor IGF2 transcript V1, along with the decrease in pro-IGF2 (mature IGF2 was not
detected in this cell line). Furthermore, the infection with CVB4 resulted in a decreased
activity in two regions of the core promoter of IGF2 transcript V3. Though picornaviruses
replicate exclusively in the cytoplasm of infected cells, in MTE4-14 cells, CVB4 can affect
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the IGF2 host cell transcription. Transcription factors can be cleaved or not transported to
the nuclei, resulting in impaired transcription. The transcription factor STAT3 is not only
essential for TEC development and survival but also for the induction of antigen-specific
T-cell tolerance. This transcription factor regulates the promoter and mRNA expression
of IGF2 in humans and mice. Interestingly, the phosphorylation of STAT3 decreased
in MTE4-14 cells infected with CVB4 [89]. These observations suggest that the loss of
STAT3 phosphorylation in TECs could result in a decrease in IGF2 P3 promoter activity,
and consequently, in the decrease of IGF2 expression. Further explorations are needed
to confirm the hypothesis of the connection between the loss of STAT3 phosphorylation
together with the loss of IGF2 P3 promoter activity.

CVB4 can infect mice following intraperitoneal or oral inoculation of the virus, as it has
been previously reported by our team and others [67,68,75]. In TECs obtained from outbred
mice infected intraperitoneally with CVB4, the dominant IGF2 transcript V3 and thymic
IGF2 protein level had decreased [89]. Thus, CVB4 infection can modulate the expression
of IGF2 in a model of TECs in vitro and can downregulate the IGF2 V3 expression and
protein synthesis in vivo. Therefore, infections with CVB4 can modulate the expression
of thymic IGF2, which strengthens the hypothesis of a possible role of CVB infections in
decreasing central tolerance to insulin. The observations concerning the effects of CVB4
infections on the thymus and thymic cells are summarized in Figure 4.
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It would be useful to assess the effect of virus infections on thymic functions in patients
at risk of developing T1D, but it is challenging. The process of thymocyte maturation and
education in vivo can be assessed through the quantification of two types of TRECs in
peripheral blood mononuclear cells (PBMCs): DβTRECs formed during β-chain rearrange-
ment and sjTRECs formed by the excision of the δ locus located inside the α-chain locus.
The level of sjTREC and DβTREC in PBMCs of patients with T1D has been recently deter-
mined using qPCR, and the ratio of DβTREC/sjTREC, reflecting the thymus function, has
been calculated (Figure 5). The ratio of DβTREC/sjTREC was significantly higher in newly
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diagnosed patients (n = 30) than in previously diagnosed patients (n = 42) (p < 0.01) and
controls (p < 0.01), suggesting that the thymus function is disrupted in newly diagnosed pa-
tients (unpublished data). This observation supports the idea that the TREC level in PBMCs
of patients with T1D can be useful to investigate the pathogenesis of the disease. Whether
an impaired function of the thymus exists, as reflected by the ratio of DβTREC/sjTREC
in prediabetic patients and in individuals with autoantibodies, warrants further research.
Longitudinal studies are needed to determine whether enteroviral infections, especially
CVB infections, result in a disturbance of thymic function that can be evaluated through
the level of TRECs in PBMCs of individuals who developed the disease.
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5. Conclusions

Dysfunction of the thymus gland is a crucial step toward the development of organ-
specific autoimmune diseases such as T1D. Viruses can disrupt thymic functions through
inducing conditions such as thymic atrophy, TEC dysfunction, apoptosis, and lymphocyte
maturation impairment. EVs have been extensively linked to T1D pathogenesis, and
this can be explained by EV-induced thymic dysfunction in the natal or perinatal life.
Thymic infection by EVs can interfere with T-cell maturation or lead to autoreactive T-cell
production, and both effects are potentially involved in T1D development. The results of
experimental studies show that CVB4 infection can have multiple effects on the thymus
(Figure 4). Whether these effects result in the dysregulation of tolerance involved in the
pathogenesis of T1D is an issue that deserves further studies.

Author Contributions: Writing original draft: A.A., M.P.N., H.M. (Hélène Michaux), F.S.; writing—
reviewing and editing and critical revision of the manuscript for intellectual content: A.H., I.E.,
E.K.A., H.M. (Henri Martens), H.J., V.G.; conceptualization, study design, critical revision of the
manuscript for intellectual content, and supervision: D.H. All authors have read and agreed to the
published version of the manuscript.

Funding: Studies presented in this review were carried out within the frame of Eurothymaid 6th FP EC.

Institutional Review Board Statement: Studies were conducted according to the guidelines of the
Declaration of Helsinki, and approved by the appropriate Ethics Committees.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.



Microorganisms 2021, 9, 1177 9 of 12

References
1. Zell, R.; Delwart, E.; Gorbalenya, A.E.; Hovi, T.; King, A.M.Q.; Knowles, N.J.; Lindberg, A.M.; Pallansch, M.A.; Palmenberg, A.C.;

Reuter, G.; et al. ICTV Virus Taxonomy Profile: Picornaviridae. J. Gen. Virol. 2017, 98, 2421–2422. [CrossRef] [PubMed]
2. Tapparel, C.; Siegrist, F.; Petty, T.J.; Kaiser, L. Picornavirus and enterovirus diversity with associated human diseases. Infect. Genet.

Evol. 2013, 14, 282–293. [CrossRef] [PubMed]
3. Sawyer, M.H. Enterovirus infections: Diagnosis and treatment. Semin. Pediatr. Infect. Dis. 2002, 13, 40–47. [CrossRef] [PubMed]
4. Alhazmi, A.; Sane, F.; Lazrek, M.; Nekoua, M.P.; Badia-Boungou, F.; Engelmann, I.; Alidjinou, E.K.; Hober, D. Enteroviruses and

Type 1 Diabetes Mellitus: An Overlooked Relationship in Some Regions. Microorganisms 2020, 8, 1458. [CrossRef]
5. Stewart, T.A.; Hultgren, B.; Huang, X.; Pitts-Meek, S.; Hully, J.; MacLachlan, N.J. Induction of type I diabetes by interferon-alpha

in transgenic mice. Science 1993, 260, 1942–1946. [CrossRef]
6. Horwitz, M.S.; Bradley, L.M.; Harbertson, J.; Krahl, T.; Lee, J.; Sarvetnick, N. Diabetes induced by Coxsackie virus: Initiation by

bystander damage and not molecular mimicry. Nat. Med. 1998, 4, 781–785. [CrossRef] [PubMed]
7. Filippi, C.; von Herrath, M. How viral infections affect the autoimmune process leading to type 1 diabetes. Cell. Immunol. 2005,

233, 125–132. [CrossRef]
8. Von Herrath, M.G.; Fujinami, R.S.; Whitton, J.L. Microorganisms and autoimmunity: Making the barren field fertile? Nat. Rev.

Microbiol. 2003, 1, 151–157. [CrossRef] [PubMed]
9. Albano, F.; Vecchio, E.; Renna, M.; Iaccino, E.; Mimmi, S.; Caiazza, C.; Arcucci, A.; Avagliano, A.; Pagliara, V.; Donato, G.; et al.

Insights into Thymus Development and Viral Thymic Infections. Viruses 2019, 11, 836. [CrossRef] [PubMed]
10. Alidjinou, E.K.; Sané, F.; Engelmann, I.; Geenen, V.; Hober, D. Enterovirus persistence as a mechanism in the pathogenesis of type

1 diabetes. Discov. Med. 2014, 18, 273–282.
11. Tracy, S.; Smithee, S.; Alhazmi, A.; Chapman, N. Coxsackievirus can persist in murine pancreas by deletion of 5′ terminal genomic

sequences. J. Med. Virol. 2014, 87, 240–247. [CrossRef]
12. Jaïdane, H.; Halouani, A.; Jmii, H.; Elmastour, F.; Abdelkefi, S.; Bodart, G.; Michaux, H.; Chakroun, T.; Sane, F.; Mokni, M.; et al.

In-utero coxsackievirus B4 infection of the mouse thymus. Clin. Exp. Immunol. 2017, 187, 399–407. [CrossRef] [PubMed]
13. Wang, H.X.; Pan, W.; Zheng, L.; Zhong, X.P.; Tan, L.; Liang, Z.; He, J.; Feng, P.; Zhao, Y.; Qiu, Y.R. Thymic Epithelial Cells

Contribute to Thymopoiesis and T Cell Development. Front. Immunol. 2019, 10, 3099. [CrossRef] [PubMed]
14. Zdrojewicz, Z.; Pachura, E.; Pachura, P. The Thymus: A Forgotten, but Very Important Organ. Adv. Clin. Exp. Med. 2016, 25,

369–375. [CrossRef] [PubMed]
15. Miller, J.F. The golden anniversary of the thymus. Nat. Rev. Immunol. 2011, 11, 489–495. [CrossRef] [PubMed]
16. Takaba, H.; Takayanagi, H. The Mechanisms of T Cell Selection in the Thymus. Trends Immunol. 2017, 38, 805–816. [CrossRef]

[PubMed]
17. Bleul, C.C.; Corbeaux, T.; Reuter, A.; Fisch, P.; Mönting, J.S.; Boehm, T. Formation of a functional thymus initiated by a postnatal

epithelial progenitor cell. Nature 2006, 441, 992–996. [CrossRef]
18. Al-Harthi, L.; Marchetti, G.; Steffens, C.M.; Poulin, J.; Sékaly, R.; Landay, A. Detection of T cell receptor circles (TRECs) as

biomarkers for de novo T cell synthesis using a quantitative polymerase chain reaction-enzyme linked immunosorbent assay
(PCR-ELISA). J. Immunol. Methods 2000, 237, 187–197. [CrossRef]

19. De Voeght, A.; Martens, H.; Renard, C.; Vaira, D.; Debruche, M.; Simonet, J.; Geenen, V.; Moutschen, M.; Darcis, G. Exploring the
link between innate immune activation and thymic function by measuring sCD14 and TRECs in HIV patients living in Belgium.
PLoS ONE 2017, 12, e0185761. [CrossRef] [PubMed]

20. Halouani, A.; Jmii, H.; Bodart, G.; Michaux, H.; Renard, C.; Martens, H.; Aouni, M.; Hober, D.; Geenen, V.; Jaïdane, H. Assessment
of Thymic Output Dynamics After. Front. Immunol. 2020, 11, 481. [CrossRef]

21. Ferrando-Martinez, S.; De Pablo-Bernal, R.S.; De Luna-Romero, M.; De Ory, S.J.; Genebat, M.; Pacheco, Y.M.; Parras, F.J.; Montero,
M.; Blanco, J.R.; Gutierrez, F.; et al. Thymic Function Failure Is Associated With Human Immunodeficiency Virus Disease
Progression. Clin. Infect. Dis. 2017, 64, 1191–1197. [CrossRef] [PubMed]

22. Klein, L.; Kyewski, B. “Promiscuous” expression of tissue antigens in the thymus: A key to T-cell tolerance and autoimmunity? J.
Mol. Med. 2000, 78, 483–494. [CrossRef]

23. Derbinski, J.; Schulte, A.; Kyewski, B.; Klein, L. Promiscuous gene expression in medullary thymic epithelial cells mirrors the
peripheral self. Nat. Immunol. 2001, 2, 1032–1039. [CrossRef] [PubMed]

24. Martens, H.; Goxe, B.; Geenen, V. The thymic repertoire of neuroendocrine self-antigens: Physiological implications in T-cell life
and death. Immunol. Today 1996, 17, 312–317. [CrossRef]

25. Kyewski, B.; Klein, L. A central role for central tolerance. Annu. Rev. Immunol. 2006, 24, 571–606. [CrossRef] [PubMed]
26. Thomas-Vaslin, V.; Damotte, D.; Coltey, M.; Le Douarin, N.M.; Coutinho, A.; Salaün, J. Abnormal T cell selection on nod thymic

epithelium is sufficient to induce autoimmune manifestations in C57BL/6 athymic nude mice. Proc. Natl. Acad. Sci. USA 1997, 94,
4598–4603. [CrossRef]

27. Kishimoto, H.; Sprent, J. A defect in central tolerance in NOD mice. Nat. Immunol. 2001, 2, 1025–1031. [CrossRef]
28. Rosado-Sánchez, I.; Herrero-Fernández, I.; Genebat, M.; Ruiz-Mateos, E.; Leal, M.; Pacheco, Y.M. Thymic Function Impacts the

Peripheral CD4/CD8 Ratio of HIV-Infected Subjects. Clin. Infect. Dis. 2017, 64, 152–158. [CrossRef] [PubMed]

http://doi.org/10.1099/jgv.0.000911
http://www.ncbi.nlm.nih.gov/pubmed/28884666
http://doi.org/10.1016/j.meegid.2012.10.016
http://www.ncbi.nlm.nih.gov/pubmed/23201849
http://doi.org/10.1053/spid.2002.29756
http://www.ncbi.nlm.nih.gov/pubmed/12118843
http://doi.org/10.3390/microorganisms8101458
http://doi.org/10.1126/science.8100367
http://doi.org/10.1038/nm0798-781
http://www.ncbi.nlm.nih.gov/pubmed/9662368
http://doi.org/10.1016/j.cellimm.2005.04.009
http://doi.org/10.1038/nrmicro754
http://www.ncbi.nlm.nih.gov/pubmed/15035044
http://doi.org/10.3390/v11090836
http://www.ncbi.nlm.nih.gov/pubmed/31505755
http://doi.org/10.1002/jmv.24039
http://doi.org/10.1111/cei.12893
http://www.ncbi.nlm.nih.gov/pubmed/27790717
http://doi.org/10.3389/fimmu.2019.03099
http://www.ncbi.nlm.nih.gov/pubmed/32082299
http://doi.org/10.17219/acem/58802
http://www.ncbi.nlm.nih.gov/pubmed/27627572
http://doi.org/10.1038/nri2993
http://www.ncbi.nlm.nih.gov/pubmed/21617694
http://doi.org/10.1016/j.it.2017.07.010
http://www.ncbi.nlm.nih.gov/pubmed/28830733
http://doi.org/10.1038/nature04850
http://doi.org/10.1016/S0022-1759(00)00136-8
http://doi.org/10.1371/journal.pone.0185761
http://www.ncbi.nlm.nih.gov/pubmed/29049344
http://doi.org/10.3389/fimmu.2020.00481
http://doi.org/10.1093/cid/cix095
http://www.ncbi.nlm.nih.gov/pubmed/28158588
http://doi.org/10.1007/s001090000146
http://doi.org/10.1038/ni723
http://www.ncbi.nlm.nih.gov/pubmed/11600886
http://doi.org/10.1016/0167-5699(96)10023-2
http://doi.org/10.1146/annurev.immunol.23.021704.115601
http://www.ncbi.nlm.nih.gov/pubmed/16551260
http://doi.org/10.1073/pnas.94.9.4598
http://doi.org/10.1038/ni726
http://doi.org/10.1093/cid/ciw711
http://www.ncbi.nlm.nih.gov/pubmed/27986677


Microorganisms 2021, 9, 1177 10 of 12

29. Fiume, G.; Scialdone, A.; Albano, F.; Rossi, A.; Tuccillo, F.M.; Rea, D.; Palmieri, C.; Caiazzo, E.; Cicala, C.; Bellevicine, C.; et al.
Impairment of T cell development and acute inflammatory response in HIV-1 Tat transgenic mice. Sci. Rep. 2015, 5, 13864.
[CrossRef]

30. Hartling, H.J.; Gaardbo, J.C.; Ronit, A.; Salem, M.; Laye, M.; Clausen, M.R.; Skogstrand, K.; Gerstoft, J.; Ullum, H.; Nielsen, S.D.
Impaired thymic output in patients with chronic hepatitis C virus infection. Scand. J. Immunol. 2013, 78, 378–386. [CrossRef]

31. Ye, P.; Kirschner, D.E.; Kourtis, A.P. The thymus during HIV disease: Role in pathogenesis and in immune recovery. Curr. HIV
Res. 2004, 2, 177–183. [CrossRef]

32. Rb-Silva, R.; Nobrega, C.; Azevedo, C.; Athayde, E.; Canto-Gomes, J.; Ferreira, I.; Cheynier, R.; Yates, A.J.; Horta, A.; Correia-
Neves, M. Thymic Function as a Predictor of Immune Recovery in Chronically HIV-Infected Patients Initiating Antiretroviral
Therapy. Front. Immunol. 2019, 10, 25. [CrossRef] [PubMed]

33. Carvalho Barros, L.R.; Linhares-Lacerda, L.; Moreira-Ramos, K.; Ribeiro-Alves, M.; Machado Motta, M.C.; Bou-Habib, D.C.;
Savino, W. HTLV-1-infected thymic epithelial cells convey the virus to CD4. Immunobiology 2017, 222, 1053–1063. [CrossRef]
[PubMed]

34. Cardenas Palomo, L.F.; de Souza Matos, D.C.; Chaves Leal, E.; Bertho, A.L.; Marcovistz, R. Lymphocyte subsets and cell
proliferation analysis in rabies-infected mice. J. Clin. Lab. Immunol. 1995, 46, 49–61. [PubMed]

35. Marcovistz, R.; Bertho, A.L.; Matos, D.C. Relationship between apoptosis and thymocyte depletion in rabies-infected mice. Braz.
J. Med. Biol. Res. 1994, 27, 1599–1603.

36. Wiktor, T.J.; Doherty, P.C.; Koprowski, H. Suppression of cell-mediated immunity by street rabies virus. J. Exp. Med. 1977, 145,
1617–1622. [CrossRef] [PubMed]

37. Hirai, K.; Kawano, H.; Mifune, K.; Fujii, H.; Nishizono, A.; Shichijo, A.; Mannen, K. Suppression of cell-mediated immunity by
street rabies virus infection. Microbiol. Immunol. 1992, 36, 1277–1290. [CrossRef]

38. Kasempimolporn, S.; Saengseesom, W.; Mitmoonpitak, C.; Akesowan, S.; Sitprija, V. Cell-mediated immunosuppression in mice
by street rabies virus not restored by calcium ionophore or PMA. Asian Pac. J. Allergy Immunol. 1997, 15, 127–132.

39. Godfraind, C.; Holmes, K.V.; Coutelier, J.P. Thymus involution induced by mouse hepatitis virus A59 in BALB/c mice. J. Virol.
1995, 69, 6541–6547. [CrossRef]

40. Auwaerter, P.G.; Kaneshima, H.; McCune, J.M.; Wiegand, G.; Griffin, D.E. Measles virus infection of thymic epithelium in the
SCID-hu mouse leads to thymocyte apoptosis. J. Virol. 1996, 70, 3734–3740. [CrossRef] [PubMed]

41. Valentin, H.; Azocar, O.; Horvat, B.; Williems, R.; Garrone, R.; Evlashev, A.; Toribio, M.L.; Rabourdin-Combe, C. Measles virus
infection induces terminal differentiation of human thymic epithelial cells. J. Virol. 1999, 73, 2212–2221. [CrossRef]

42. Yamanouchi, K.; Chino, F.; Kobune, F.; Kodama, H.; Tsuruhara, T. Growth of measles virus in the lymphoid tissues of monkeys. J.
Infect. Dis. 1973, 128, 795–799. [CrossRef] [PubMed]

43. Moench, T.R.; Griffin, D.E.; Obriecht, C.R.; Vaisberg, A.J.; Johnson, R.T. Acute measles in patients with and without neurological
involvement: Distribution of measles virus antigen and RNA. J. Infect. Dis. 1988, 158, 433–442. [CrossRef]

44. Gibb, T.R.; Bray, M.; Geisbert, T.W.; Steele, K.E.; Kell, W.M.; Davis, K.J.; Jaax, N.K. Pathogenesis of experimental Ebola Zaire virus
infection in BALB/c mice. J. Comp. Pathol. 2001, 125, 233–242. [CrossRef]

45. Mocarski, E.S.; Bonyhadi, M.; Salimi, S.; McCune, J.M.; Kaneshima, H. Human cytomegalovirus in a SCID-hu mouse: Thymic
epithelial cells are prominent targets of viral replication. Proc. Natl. Acad. Sci. USA 1993, 90, 104–108. [CrossRef] [PubMed]

46. Messias, C.V.; Loss-Morais, G.; Carvalho, J.B.; González, M.N.; Cunha, D.P.; Vasconcelos, Z.; Arge, L.W.P.; Farias-de-Oliveira,
D.A.; Gerber, A.L.; Portari, E.A.; et al. Zika virus targets the human thymic epithelium. Sci. Rep. 2020, 10, 1378. [CrossRef]
[PubMed]

47. Gul, K.A.; Sonerud, T.; Fjærli, H.O.; Nakstad, B.; Abrahamsen, T.G.; Inchley, C.S. Thymus activity measured by T-cell receptor
excision circles in patients with different severities of respiratory syncytial virus infection. BMC Infect. Dis. 2017, 17, 18. [CrossRef]
[PubMed]

48. Khan, M.F.; Wang, H. Environmental Exposures and Autoimmune Diseases: Contribution of Gut Microbiome. Front. Immunol.
2019, 10, 3094. [CrossRef]

49. Khan, M.F.; Wang, G. Environmental Agents, Oxidative Stress and Autoimmunity. Curr. Opin. Toxicol. 2018, 7, 22–27. [CrossRef]
50. Shukla, S.K.; Singh, G.; Ahmad, S.; Pant, P. Infections, genetic and environmental factors in pathogenesis of autoimmune thyroid

diseases. Microb. Pathog. 2018, 116, 279–288. [CrossRef] [PubMed]
51. Giwa, A.M.; Ahmed, R.; Omidian, Z.; Majety, N.; Karakus, K.E.; Omer, S.M.; Donner, T.; Hamad, A.R.A. Current understandings

of the pathogenesis of type 1 diabetes: Genetics to environment. World J. Diabetes 2020, 11, 13–25. [CrossRef] [PubMed]
52. Metcalfe, K.A.; Hitman, G.A.; Rowe, R.E.; Hawa, M.; Huang, X.; Stewart, T.; Leslie, R.D. Concordance for type 1 diabetes in

identical twins is affected by insulin genotype. Diabetes Care 2001, 24, 838–842. [CrossRef] [PubMed]
53. Jaïdane, H.; Sané, F.; Hiar, R.; Goffard, A.; Gharbi, J.; Geenen, V.; Hober, D. Immunology in the clinic review series; focus on type 1

diabetes and viruses: Enterovirus, thymus and type 1 diabetes pathogenesis. Clin. Exp. Immunol. 2012, 168, 39–46. [CrossRef]
[PubMed]

54. Hober, D.; Sane, F. Enteroviral pathogenesis of type 1 diabetes. Discov. Med. 2010, 10, 151–160. [CrossRef]
55. Hober, D.; Sauter, P. Pathogenesis of type 1 diabetes mellitus: Interplay between enterovirus and host. Nat. Rev. Endocrinol. 2010,

6, 279–289. [CrossRef]

http://doi.org/10.1038/srep13864
http://doi.org/10.1111/sji.12096
http://doi.org/10.2174/1570162043484898
http://doi.org/10.3389/fimmu.2019.00025
http://www.ncbi.nlm.nih.gov/pubmed/30804925
http://doi.org/10.1016/j.imbio.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28888743
http://www.ncbi.nlm.nih.gov/pubmed/8789128
http://doi.org/10.1084/jem.145.6.1617
http://www.ncbi.nlm.nih.gov/pubmed/301176
http://doi.org/10.1111/j.1348-0421.1992.tb02130.x
http://doi.org/10.1128/jvi.69.10.6541-6547.1995
http://doi.org/10.1128/JVI.70.6.3734-3740.1996
http://www.ncbi.nlm.nih.gov/pubmed/8648708
http://doi.org/10.1128/JVI.73.3.2212-2221.1999
http://doi.org/10.1093/infdis/128.6.795
http://www.ncbi.nlm.nih.gov/pubmed/4203079
http://doi.org/10.1093/infdis/158.2.433
http://doi.org/10.1053/jcpa.2001.0502
http://doi.org/10.1073/pnas.90.1.104
http://www.ncbi.nlm.nih.gov/pubmed/7678330
http://doi.org/10.1038/s41598-020-58135-y
http://www.ncbi.nlm.nih.gov/pubmed/31992777
http://doi.org/10.1186/s12879-016-2148-0
http://www.ncbi.nlm.nih.gov/pubmed/28056841
http://doi.org/10.3389/fimmu.2019.03094
http://doi.org/10.1016/j.cotox.2017.10.012
http://doi.org/10.1016/j.micpath.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29325864
http://doi.org/10.4239/wjd.v11.i1.13
http://www.ncbi.nlm.nih.gov/pubmed/31938470
http://doi.org/10.2337/diacare.24.5.838
http://www.ncbi.nlm.nih.gov/pubmed/11347740
http://doi.org/10.1111/j.1365-2249.2011.04558.x
http://www.ncbi.nlm.nih.gov/pubmed/22385235
http://doi.org/10.1097/QCO.0b013e3283608300
http://doi.org/10.1038/nrendo.2010.27


Microorganisms 2021, 9, 1177 11 of 12

56. Hober, D.; Alidjinou, E.K. Enteroviral pathogenesis of type 1 diabetes: Queries and answers. Curr. Opin. Infect. Dis. 2013, 26,
263–269. [CrossRef]

57. Chehadeh, W.; Kerr-Conte, J.; Pattou, F.; Alm, G.; Lefebvre, J.; Wattré, P.; Hober, D. Persistent infection of human pancreatic islets
by coxsackievirus B is associated with alpha interferon synthesis in beta cells. J. Virol. 2000, 74, 10153–10164. [CrossRef]

58. Sane, F.; Caloone, D.; Gmyr, V.; Engelmann, I.; Belaich, S.; Kerr-Conte, J.; Pattou, F.; Desailloud, R.; Hober, D. Coxsackievirus B4
can infect human pancreas ductal cells and persist in ductal-like cell cultures which results in inhibition of Pdx1 expression and
disturbed formation of islet-like cell aggregates. Cell. Mol. Life Sci. 2013, 70, 4169–4180. [CrossRef]

59. Bertin, A.; Sane, F.; Gmyr, V.; Lobert, D.; Dechaumes, A.; Kerr-Conte, J.; Pattou, F.; Hober, D. Coxsackievirus B4 Infection of
Human Primary Pancreatic Ductal Cell Cultures Results in Impairment of Differentiation into Insulin-Producing Cells. Viruses
2019, 11, 597. [CrossRef] [PubMed]

60. Alidjinou, E.K.; Sané, F.; Engelmann, I.; Hober, D. Serum-dependent enhancement of coxsackievirus B4-induced production of
IFNα, IL-6 and TNFα by peripheral blood mononuclear cells. J. Mol. Biol. 2013, 425, 5020–5031. [CrossRef] [PubMed]

61. Alidjinou, E.K.; Chehadeh, W.; Weill, J.; Vantyghem, M.C.; Stuckens, C.; Decoster, A.; Hober, C.; Hober, D. Monocytes of Patients
with Type 1 Diabetes Harbour Enterovirus RNA. Eur. J. Clin. Investig. 2015, 45, 918–924. [CrossRef]

62. Alidjinou, E.K.; Sané, F.; Trauet, J.; Copin, M.C.; Hober, D. Coxsackievirus B4 Can Infect Human Peripheral Blood-Derived
Macrophages. Viruses 2015, 7, 6067–6079. [CrossRef]

63. Benkahla, M.A.; Elmastour, F.; Sane, F.; Vreulx, A.C.; Engelmann, I.; Desailloud, R.; Jaidane, H.; Alidjinou, E.K.; Hober, D.
Coxsackievirus B4E2 can infect monocytes and macrophages in vitro and in vivo. Virology 2018, 522, 271–280. [CrossRef]
[PubMed]

64. Hober, D.; Chehadeh, W.; Weill, J.; Hober, C.; Vantyghem, M.C.; Gronnier, P.; Wattré, P. Circulating and cell-bound antibodies
increase coxsackievirus B4-induced production of IFN-alpha by peripheral blood mononuclear cells from patients with type 1
diabetes. J. Gen. Virol. 2002, 83, 2169–2176. [CrossRef] [PubMed]

65. Chehadeh, W.; Lobert, P.E.; Sauter, P.; Goffard, A.; Lucas, B.; Weill, J.; Vantyghem, M.C.; Alm, G.; Pigny, P.; Hober, D. Viral protein
VP4 is a target of human antibodies enhancing coxsackievirus B4- and B3-induced synthesis of alpha interferon. J. Virol. 2005, 79,
13882–13891. [CrossRef] [PubMed]

66. Hober, D.; Sane, F.; Jaïdane, H.; Riedweg, K.; Goffard, A.; Desailloud, R. Immunology in the clinic review series; focus on type 1
diabetes and viruses: Role of antibodies enhancing the infection with Coxsackievirus B in the pathogenesis of type 1 diabetes.
Clin. Exp. Immunol. 2012, 168, 47–51. [CrossRef]

67. Elmastour, F.; Jaïdane, H.; Benkahla, M.; Aguech-Oueslati, L.; Sane, F.; Halouani, A.; Engelmann, I.; Bertin, A.; Mokni, M.; Gharbi,
J.; et al. Anti-coxsackievirus B4 (CVB4) enhancing activity of serum associated with increased viral load and pathology in mice
reinfected with CVB4. Virulence 2017, 8, 908–923. [CrossRef] [PubMed]

68. Elmastour, F.; Jaidane, H.; Aguech-Oueslati, L.; Benkahla, M.A.; Aouni, M.; Gharbi, J.; Sane, F.; Hober, D. Immunoglobulin
G-dependent enhancement of the infection with Coxsackievirus B4 in a murine system. Virulence 2016, 7, 527–535. [CrossRef]
[PubMed]

69. Brusko, T.M.; Wasserfall, C.H.; Clare-Salzler, M.J.; Schatz, D.A.; Atkinson, M.A. Functional defects and the influence of age on the
frequency of CD4+ CD25+ T-cells in type 1 diabetes. Diabetes 2005, 54, 1407–1414. [CrossRef]

70. Walker, L.S.; von Herrath, M. CD4 T cell differentiation in type 1 diabetes. Clin. Exp. Immunol. 2016, 183, 16–29. [CrossRef]
71. Nekoua, M.P.; Fachinan, R.; Fagninou, A.; Alidjinou, E.K.; Moutairou, K.; Hober, D.; Yessoufou, A. Does control of glycemia

regulate immunological parameters in insulin-treated persons with type 1 diabetes? Diabetes Res. Clin. Pract. 2019, 157, 107868.
[CrossRef]

72. Brilot, F.; Chehadeh, W.; Charlet-Renard, C.; Martens, H.; Geenen, V.; Hober, D. Persistent infection of human thymic epithelial
cells by coxsackievirus B4. J. Virol. 2002, 76, 5260–5265. [CrossRef]

73. Brilot, F.; Geenen, V.; Hober, D.; Stoddart, C.A. Coxsackievirus B4 infection of human fetal thymus cells. J. Virol. 2004, 78,
9854–9861. [CrossRef] [PubMed]

74. Brilot, F.; Jaïdane, H.; Geenen, V.; Hober, D. Coxsackievirus B4 infection of murine foetal thymus organ cultures. J. Med. Virol.
2008, 80, 659–666. [CrossRef] [PubMed]

75. Jaïdane, H.; Gharbi, J.; Lobert, P.E.; Lucas, B.; Hiar, R.; M’hadheb, M.B.; Brilot, F.; Geenen, V.; Aouni, M.; Hober, D. Prolonged
viral RNA detection in blood and lymphoid tissues from coxsackievirus B4 E2 orally-inoculated Swiss mice. Microbiol. Immunol.
2006, 50, 971–974. [CrossRef] [PubMed]

76. Euscher, E.; Davis, J.; Holzman, I.; Nuovo, G.J. Coxsackie virus infection of the placenta associated with neurodevelopmental
delays in the newborn. Obstet. Gynecol. 2001, 98, 1019–1026. [CrossRef]

77. Abzug, M.J. Presentation, diagnosis, and management of enterovirus infections in neonates. Pediatr. Drugs 2004, 6, 1–10.
[CrossRef]

78. Satosar, A.; Ramirez, N.C.; Bartholomew, D.; Davis, J.; Nuovo, G.J. Histologic correlates of viral and bacterial infection of the
placenta associated with severe morbidity and mortality in the newborn. Hum. Pathol. 2004, 35, 536–545. [CrossRef] [PubMed]

79. Jaïdane, H.; Halouani, A.; Jmii, H.; Elmastour, F.; Mokni, M.; Aouni, M. Coxsackievirus B4 vertical transmission in a murine
model. Virol. J. 2017, 14, 16. [CrossRef]

80. Geenen, V.; Hober, D. For Debate: Programing of the Autoimmune Diabetogenic Response in the Thymus during Fetal and
Perinatal Life. Pediatr. Endocrinol. Rev. 2019, 17, 78–83. [CrossRef]

http://doi.org/10.1097/QCO.0b013e3283608300
http://doi.org/10.1128/JVI.74.21.10153-10164.2000
http://doi.org/10.1007/s00018-013-1383-4
http://doi.org/10.3390/v11070597
http://www.ncbi.nlm.nih.gov/pubmed/31269669
http://doi.org/10.1016/j.jmb.2013.10.008
http://www.ncbi.nlm.nih.gov/pubmed/24120940
http://doi.org/10.1111/eci.12485
http://doi.org/10.3390/v7112924
http://doi.org/10.1016/j.virol.2018.06.010
http://www.ncbi.nlm.nih.gov/pubmed/30056354
http://doi.org/10.1099/0022-1317-83-9-2169
http://www.ncbi.nlm.nih.gov/pubmed/12185270
http://doi.org/10.1128/JVI.79.22.13882-13891.2005
http://www.ncbi.nlm.nih.gov/pubmed/16254324
http://doi.org/10.1111/j.1365-2249.2011.04559.x
http://doi.org/10.1080/21505594.2016.1252018
http://www.ncbi.nlm.nih.gov/pubmed/27792461
http://doi.org/10.1080/21505594.2016.1152442
http://www.ncbi.nlm.nih.gov/pubmed/27030584
http://doi.org/10.2337/diabetes.54.5.1407
http://doi.org/10.1111/cei.12672
http://doi.org/10.1016/j.diabres.2019.107868
http://doi.org/10.1128/JVI.76.10.5260-5265.2002
http://doi.org/10.1128/JVI.78.18.9854-9861.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331720
http://doi.org/10.1002/jmv.21016
http://www.ncbi.nlm.nih.gov/pubmed/18297721
http://doi.org/10.1111/j.1348-0421.2006.tb03874.x
http://www.ncbi.nlm.nih.gov/pubmed/17179665
http://doi.org/10.1016/s0029-7844(01)01625-8
http://doi.org/10.2165/00148581-200406010-00001
http://doi.org/10.1016/j.humpath.2004.01.015
http://www.ncbi.nlm.nih.gov/pubmed/15138926
http://doi.org/10.1186/s12985-017-0689-5
http://doi.org/10.17458/per.vol17.2019.gh.fd.autoimmunediabetogenicthymus


Microorganisms 2021, 9, 1177 12 of 12

81. Halouani, A.; Jmii, H.; Michaux, H.; Renard, C.; Martens, H.; Pirottin, D.; Mastouri, M.; Aouni, M.; Geenen, V.; Jaïdane, H.
Housekeeping Gene Expression in the Fetal and Neonatal Murine Thymus Following Coxsackievirus B4 Infection. Genes 2020, 11,
279. [CrossRef]

82. Geenen, V.; Trussart, C.; Michaux, H.; Halouani, A.; Jaïdane, H.; Collée, C.; Renard, C.; Daukandt, M.; Ledent, P.; Martens, H. The
presentation of neuroendocrine self-peptides in the thymus: An essential event for individual life and vertebrate survival. Ann.
N. Y. Acad. Sci. 2019, 1455, 113–125. [CrossRef]

83. Hansenne, I.; Renard-Charlet, C.; Greimers, R.; Geenen, V. Dendritic cell differentiation and immune tolerance to insulin-related
peptides in Igf2-deficient mice. J. Immunol. 2006, 176, 4651–4657. [CrossRef] [PubMed]

84. Geng, X.R.; Yang, G.; Li, M.; Song, J.P.; Liu, Z.Q.; Qiu, S.; Liu, Z.; Yang, P.C. Insulin-like growth factor-2 enhances functions of
antigen (Ag)-specific regulatory B cells. J. Biol. Chem. 2014, 289, 17941–17950. [CrossRef] [PubMed]

85. Yang, G.; Geng, X.R.; Song, J.P.; Wu, Y.; Yan, H.; Zhan, Z.; Yang, L.; He, W.; Liu, Z.Q.; Qiu, S.; et al. Insulin-like growth factor 2
enhances regulatory T-cell functions and suppresses food allergy in an experimental model. J. Allergy Clin. Immunol. 2014, 133,
1702–1708. [CrossRef] [PubMed]

86. Jaïdane, H.; Caloone, D.; Lobert, P.E.; Sane, F.; Dardenne, O.; Naquet, P.; Gharbi, J.; Aouni, M.; Geenen, V.; Hober, D. Persistent
infection of thymic epithelial cells with coxsackievirus B4 results in decreased expression of type 2 insulin-like growth factor. J.
Virol. 2012, 86, 11151–11162. [CrossRef] [PubMed]

87. Kecha, O.; Brilot, F.; Martens, H.; Franchimont, N.; Renard, C.; Greimers, R.; Defresne, M.P.; Winkler, R.; Geenen, V. Involvement
of insulin-like growth factors in early T cell development: A study using fetal thymic organ cultures. Endocrinology 2000, 141,
1209–1217. [CrossRef]

88. Michaux, H.; Martens, H.; Jaïdane, H.; Halouani, A.; Hober, D.; Geenen, V. How Does Thymus Infection by Coxsackievirus
Contribute to the Pathogenesis of Type 1 Diabetes? Front. Immunol. 2015, 6, 338. [CrossRef]

89. Michaux, H.; Halouani, A.; Trussart, C.; Renard, C.; Jaïdane, H.; Martens, H.; Geenen, V.; Hober, D. Modulation of IGF2 Expression
in the Murine Thymus and Thymic Epithelial Cells Following Coxsackievirus B4 Infection. Microorganisms 2021, 9, 402. [CrossRef]

http://doi.org/10.3390/genes11030279
http://doi.org/10.1111/nyas.14089
http://doi.org/10.4049/jimmunol.176.8.4651
http://www.ncbi.nlm.nih.gov/pubmed/16585557
http://doi.org/10.1074/jbc.M113.515262
http://www.ncbi.nlm.nih.gov/pubmed/24811165
http://doi.org/10.1016/j.jaci.2014.02.019
http://www.ncbi.nlm.nih.gov/pubmed/24698315
http://doi.org/10.1128/JVI.00726-12
http://www.ncbi.nlm.nih.gov/pubmed/22855493
http://doi.org/10.1210/endo.141.3.7360
http://doi.org/10.3389/fimmu.2015.00338
http://doi.org/10.3390/microorganisms9020402

	Introduction 
	Thymic Structure and Function 
	Thymic Structure 
	T-Cells Maturation and Differentiation 

	Viral Infections and the Thymus Gland 
	Coxsackievirus B4, the Thymus Gland, and Type 1 Diabetes 
	Conclusions 
	References

