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Summary. – Understanding the pathogenesis of communicable diseases often involves animal models. 
Mouse models are studied by researchers to achieve a better understanding of the relationship between 
the biological, physiochemical, and antigenic properties of the infectious agent, as well as the histopatho-
logical, immunological, and functional changes in the living system and the target organs, in short, the 
pathophysiological processes that the communicable agents bring about. The long-term objectives of 
the in vivo studies are important from a medical point of view, as they represent faithful (reliable and 
similar) human responses, which enhance the development of diagnostics, treatment, and measures for 
preventing the spread of the disease. Our work is devoted to the murine models used for understanding 
the pathogenesis of coxsackieviruses. We describe different mouse models used for studying the diseases 
caused by coxsackieviruses and the immune responses in different mouse models.  We then shortly eluci-
date experiences from our laboratory related to the oral route of infection, and compare the similarities 
and differences we found in this model. 
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Introduction

Enteroviruses (EVs) belong to the family Picornaviri-
dae. At first these viruses were subclassified on the basis 
of their ability to replicate in primates (poliovirus) or mice 
(coxsackieviruses) complemented with their growth in 
different cells of human and primate origin. Use of cell 
cultures resulted in the discovery of Enteric Cytopatho-
genic Human Orphan (ECHO) viruses, which do not infect 
mice. Further classification was based on the serological 
relatedness. Looking back, the human enteroviruses were 
originally divided into: polioviruses (PV), serotypes 1, 2, 3; 
coxsackievirus groups A (CVA) with serotypes 1 to 22 and 
24 and B (CVB) with serotypes 1 to 6; and echoviruses sero-
types 1 to 7, 9, 11 to 27 and 29 to 33 (Melnick, 1996). Introduc-
tion of molecular techniques and genetic analysis have 

resulted in a constant redefining of the classification such 
as ECHO viruses 22 and 23 which are presently classified 
as parechoviruses 1 and 2, but the rhinoviruses are now 
included in the genus Enterovirus (www.picornaviridae.
com). Currently, the genus Enterovirus is classified into 
fifteen species of which seven (Enterovirus -A, -B, -C and 
–D, and Rhinovirus -A, -B, -C) are human pathogens. These 
viruses are transmitted by the faecal-oral and respiratory 
routes (https://talk.ictvonline.org/taxonomy/; http://
www.picornaviridae.com/enterovirus/enterovirus.
htm). The extent of viral injury, viral persistence, strain 
of infecting virus, host genetics, molecular mimicry, 
involvement of the immune response, and autoimmun-
ity all have been implicated in the pathogenesis of these 
diseases (Bopegamage, 2016; Muehlenbachs et al., 2015; 
Pallansch and Roos, 2007). 

Coxsackieviruses

Dalldorf and Sickles (1948) isolated viruses from the 
faeces of two boys from the village Coxsackie, New York, 
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who were suspected of suffering from paralytic poliomy-
elitis. These viruses were highly pathogenic to newborn 
mice but to not adult mice. During the initial mouse model 
studies, suckling white mice 3–7 days old inoculated in-
tracranially with 20% suspension of the stool sample, re-
sulted in severe pathogenic changes with generalized skel-
etal muscle destruction (Dalldorf and Sickles, 1948; Gifford 
and Dalldorf, 1951). Henceforth, the coxsackieviruses were 
divided into two sub-groups based on their pathogenicity 
in suckling mice. In the experimental mouse (suckling) 
model, four to five days after infection with CVA striated 
muscles were attacked, extensive lesions were produced, 
and generalized myositis of skeletal muscle and flaccid 
paralysis were observed leading to death within two days 
(Dalldorf and Melnick, 1965). In addition to the newborn 
mice, some CVA strains can infect adult mice, hamsters, 
ferrets, bats, and monkeys, mostly sub-clinically but in 
some circumstances with overt-infection. Besides being 
able to infect the immature skeletal muscles of newborn 
mice, coxsackieviruses can infect surgically denervated 
muscles of adult mice, whereas mature, innervated mus-
cles are relatively resistant (Melnick, 1996). 

The CVB viruses replicate well in both primate cell 
cultures and in suckling mice. In mice, these viruses 
cause pathological changes in several tissues. They 
produce focal myositis, degeneration of neuronal tissue, 
and encephalomalacia leading to spastic paralysis and 
pancreatic necrosis (Melnick, 1996). 

Clinical manifestations

Infections caused by the six serotypes of CVBs often 
lead to only mild diseases. These infections are asymp-
tomatic, they appear as undifferentiated febrile illness, 
as infections with mild upper respiratory symptoms or 
as several serious diseases even fatal in some cases – es-
pecially in neonates and immune-compromised patients 
(Muehlenbachs et al., 2015; Pallansch and Roos, 2007). Dis-
eases associated with CVB infections may develop from an 
acute phase into chronicity, which might in the long term 
seriously affect the health of an individual. Therefore, a 
patient with even mild symptoms of CVs infection might 
be at considerable risk.

CVBs have been particularly implicated in chronic 
inflammatory diseases such as chronic myocarditis, pan-
creatitis, type I insulin-dependent diabetes mellitus (T1D), 
some neurological muscle diseases, and chronic fatigue 
syndrome (Chapman et al., 1997; Frisk and Diderholm, 
1997; Gauntt and Huber, 2003; Hyoty et al., 1998; Hyoty and 
Taylor, 2002; Jun and Yoon, 2001; Kim et al., 2001; Muir et 
al., 1989; Roivainen et al., 1995; Pallansch and Roos, 2007; 
Precechtelova et al., 2014; Swanink et al., 1994; Vreugdenhil 
et al., 1998). 

Coxsackievirus receptors 

The range of diseases associated with CVB reflects the 
broad tissue tropism of these viruses. They may target 
organs such as striated muscles, myocardium, brain, spi-
nal cord, lung, skin, and pancreatic islets. Within a given 
serotype one may find strains and variants that differ in 
virulence. The variation in the tissue tropism of these 
viruses and other enteroviruses is partially controlled 
by the interaction of virion surface residues with the 
membrane proteins of target cells. The receptor-binding 
characteristics of the virus may also account for dif-
ferences in the virulence of the virus and pathological 
changes caused by them. Therefore, the nature of the 
infection (acute, chronic, or reinfection) is modulated by 
the local expression of appropriate cellular receptors and 
co-receptors, such as coxsackievirus-adenovirus receptor 
(CAR), the internalisation receptors integrins VLA-2, αvβ3, 
αvβ5 (very late antigen), intracellular adhesion molecule 
1 (ICAM-1), nucleolin, heparin sulphate proteoglycans, 
and decay accelerating factor (DAF) (Bergelson et al., 1997; 
Noutsias et al., 2001; Shafren, 1998; de Verdugo et al., 1995; 
Zautner et al., 2003). These receptors bind the viruses, 
but may often activate a series of reactions influencing 
the organ-specific outcome of the disease (Ito et al., 2000; 
Selinka et al., 2004). The human scavenger receptor class 
B (SCARB2) plays an important role in some CVA (in 
particular CV-A7, CV-A10, CV-A14, CV-A16) and in EV-A71 
(enterovirus A71) infections (Yamayoshi et al., 2012). 

Experimental mouse models

Humans are the natural hosts for CVB infections. 
However, these viruses induce clinical manifestations in 
mice similar to those they cause in humans. Bergelson et 
al. (1998) have identified mouse coxsackie-adenovirus re-
ceptors (mCAR) which are similar to the human receptors 
(hCAR). Therefore, the murine model is ideal for studying 
and understanding the pathogenesis of coxsackieviruses 
and their role in the development of some of the diseases 
associated with these viruses. Genetic background and the 
route of infection (intraperitoneal, intracranial, oral, intra-
muscular, intranasal, and subcutaneous) play important 
roles in the experimental infection of mice. Intraperitoneal 
route has been the most common route used for experi-
mental CVB infection of experimental mice. While studying 
pathogenesis, outcome of the experimental infection using 
different routes of infection are important. The findings 
can be used for therapy and prevention of diseases.

Inoculation of newborn mice of differing genetic 
backgrounds with laboratory strains of CVB 1–6 serotypes 
showed that C3H mice are resistant to all six serotypes, 
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whereas Balb/c mice are the most susceptible. Swiss mice 
and a randomly bred Swiss strain COH mice have inter-
mediate susceptibility (Minnich and Ray, 1980).

Mouse strains and CVB3

Coxsackievirus B3 (CVB3) infections are the most 
frequent causes of human myocarditis, often resulting 
in chronic stages characterized by fibrosis and loss of 
function or “dilated cardiomyopathy” (DCM). Different 
views exist about the persistence of virus in the myocar-
dium, which may lead to chronic activation of fibroblasts 
and, subsequently, to fibrosis of the myocardium. Most 
knowledge, theories, hypotheses and proofs have come 
from the CVB3-mouse work, mainly with the strain Nancy. 
CVB3-mouse studies have been carried out in inbred, 
semi-inbred, congenic, and isogenic mice. 

Susceptibility of mice

CVB3 infection induces myocardial inflammation and 
myocyte necrosis in some strains of mice. Genetically 
well-defined mice strains that differ in MHC H-2 have been 
used to study myocarditis and autoimmunity triggered by 
CVB viruses. Woodruff and Kilbourne (1970) developed a 
myocarditis model using inbred Balb/c mice (H-2d). Gauntt 
et al. (1984) compared the severity of myocarditis induced 
by CVB3 variants in different H-2 haplotypes and Lyt 
phenotypes, and differences linked to mouse gender. The 
strains of mice examined were CD-1 (semi inbred), SWR/J, 
129/J, CBA/T6J, Balb/c, C57BL/6H, C57BL/6J, C57BL/6J-
LYT1.1, C57BL/6J-LYT2.1, -LYT3.1, C57BL/6J H-2k, C57BL/6J 
H-2k CE-LYT 2.1.DS, C3H CE LYT 1.2., DS LYT, DBA/2J, C58/J, 
BIO-D2/NU

NS, and C57BL/6J H-2b. Mice sharing H-2 haplo-
types, carrying b and k alleles were resistant even to the 
virulent strains. Lyt genes were an important factor that 
affected susceptibility. When the strain of CVB3 differed 
(i.e., the virus strain was myocarditic), the H-2, Lyt -1, -2 and 
-3 loci played an important role. The Balb/c mice with H-2q 
were more susceptible than SWR inbred mice with H-2q 
when infected with a virulent virus strain. 

Susceptibility of experimental mice to the CVB3 strain 
Nancy in SWR A.BY/SnJ H-2d, A.SW/SnJ H-2s, A.CA/SnH 
H-2f, B10.S/SgSf H-2s, B.10.PL/SgSf H-2u and C3H.NB/SnJ 
H-2p was studied by Wolfgram et al. (1985). Zhang et al. 
(1994) compared susceptibility of genetically defined 
CVB3 virus and different plaque phenotypes.  SWR mice 
developed severe myocarditis and pancreatitis. 

Viral persistence

CVB infection and persistence of viral RNA leading to 
direct damage of the cardiomyocytes have been studied 

by Andreoletti et al. (1997), Kandolf et al. (1993), and Klin-
gel et al. (1993). Mice used in these studies were A/J H-2a, 
A.CA/J H-2f, A.By/J H-2, and SWR/JH-2q.  Other mice used 
for CVB3 and viral persistence studies were SWR/J, 129/J, 
Balb/c, and CBA/T6J. Besides these, A.CA/J, A.BY.J, A.SW/J.
SWR.J mice have been reported to show high virus loads 
in heart muscles in contrast to C57BL/6 or DBA1/J (Klingel, 
2003). CVB3 persistence in the inbred mouse strains has 
been reviewed by Chapman and Kim (2008). 

In AC3H/HeJ and A/J mice, when infected with nine 
different strains (avirulent, pancreovirulent only, and 
cardiovirulent), all strains were shown to replicate well 
and the virus persisted in the pancreas through eight days 
post-inoculation (Tracy et al., 2000). The cardiovirulent 
CVB3 strains replicated to a higher titer earlier and per-
sisted longer in sera, pancreatic, and cardiac tissues than 
the noncardiovirulent strains. 

Immunity and mouse strains

Neu et al. (1987a,b) and Rose et al. (1987) showed that 
C57BL/10, C57BL/6, and B10.A were resistant to the late-
phase of disease (myocarditis). The authors showed that 
the autoimmunity to cardiac myosin and the H-2 haplotype 
of the mouse were involved. A.SW mice had higher titers 
than B10.S mice though they shared the H-2 haplotypes, 
whereas A.By mice showed higher titers than A.CA mice, 
which differed only in the H-2 locus (Herskowitz et al., 1985; 
Wolfgram et al., 1985). The A backgrounds of mice such as 
A/J (H-2a) and A.SW (H-2s) differ only in the MHC, but devel-
op moderate to severe inflammation following infection 
with CVB3 on immunization with cardiac myosin. But B 
strains of mice with the same H-2 haplotype on a C57BL/10 
background B10.A (H-2a) and B10.S (H-2s) background mice 
resist the induction of autoimmune type reaction. These 
studies show that it is important to know the background 
of the mice. The autoimmune aspects of coxsackievirus 
infection have been reviewed by Rose (2008). 

Other mouse strains that have been used in the CVB3 
murine model were Balb/c (Huber and Lodge, 1984); Balb/c 
and C57BL/6 (Leipner et al., 2004); semi-inbred, e.g., CD-1 
(Gauntt et al., 1984); and outbred, e.g., NMRI (Glück., 2001; 
Merkle et al., 1999; Schmidtke et al., 2007). A difference in 
the interleukin 6 (IL-6) and tumor necrosis factor-alpha 
(TNF-α) production kinetics in response to CVB3 existed 
between the CD-1 and C3H mouse strains, and this dif-
ference was related to reduced contractile performance 
(Seko et al., 1998). SWR/Harlan H-2q mice showed viral 
persistence in the heart of CVB3 infected mice at day 
90-post-infection (p. i.) (Reetoo et al., 2000).

The availability of different combinations of trans-
genic and knockout mice (e.g. SCID) has also helped in 
understanding the role of immune responses to CVB3 



	 BOPEGAMAGE, S. et al.: Coxsackieviruses and mouse models� 147

(Schwimmbeck et al., 2000). Single knockouts such as CD8 
or CD4 knockout on A/J background, TCR a/b knockout 
(Opavsky et al., 1999), β2-microglobulin and perforin 
knockout (β2m-/- and perforin-/-) in C57BL/6 mice (Klin-
gel et al., 2003) have helped to show the importance of a 
particular gene or immune reaction. Other immune and 
cytokine responses that have been studied in SCID mice 
lacking B- and T- cells showed severe myocardial damage 
leading to death of mice (Chow et al., 1992; Opavsky et al., 
1999). IL-6 deficient mice, RAG-2 deficient mice lacking 
both B cells and T cells, and μMT-deficient mice lacking 
B cells more than 8 generations backcrossed to BALB/c 
and IL-6+/+ Balb/c have also been used to study the IL-6, 
T cells, and the autoimmune myocarditis (Erikson et al., 
2003). Balb/c mice were studied for the protective effect 
of CVB3/IFN-γ by application of the recombinant virus 
by different routes (Henke et al., 2007). Mena et al. (1999) 
have shown the importance of B cells as targets in early 
infection and as a means of CVB3-Nancy dissemination to 
different tissues. For these studies specialized BcKO µMt/
µMt (-/-) mice which were H-2b, B cell-knockout membrane 
µ chain deleted and B cell development in homozygous 
mice arrested at or before pre-B cell stage were used.

The effect of MHC class II IA and IE expression on myo-
carditis susceptibility in four transgenic C57BL/6 mouse 
strains differing in MHC class II antigen expression was 
shown by Huber et al. (1999). In these studies, animals 
lacking MHC class II IE antigen (C57BL/6 [IA+ IE–] and ABo 
[IA– IE–]) developed minimal cardiac lesions subsequent to 
infection in the heart. Whereas mice with IE (ABo Eα [IA– 
IE+] and Bl.Tg.Eα [IA+ IE+]) showed cardiac injury. Female 
and male transgenic mice SOCS-1-Tg, non-Tg NOD mice, 
SOC-1-Tg, non-Tg NOD.SCID mice interferon (IFN) alpha 
(α), beta (β), and gamma (γ) (R.sup.-/-) mice on 129S6/SvEv 
background and wild-type 129S6/SvEv mice were used to 
show the protection of islet cells and observe the role of 
the cytokine production on local cell destruction when 
infected with CVB3, murine cytomegalovirus (MCMV) 
and lymphocytic choriomeningitis virus (LCMV) infec-
tion (Flodstrom et al., 2003). 

C57BL/6 PVR IFNAR+/+ and C57BL/6 PVR IFNAR−/− 
mice were used by Wang and Pfeiffer (2016). They showed 
phenotypic differences in the coxsackieviruses isolated 
from the feces and other organs, and also between orally 
and intraperitoneally infected mice. A large-plaque vari-
ant of CVB3 was found in mice infected by the oral route 
from the feces.

Secondary infections

Primary infection with CVB2 and a secondary infec-
tion after 28 days with a mutant CVB3 in C3H/HeJ mice 
induced severe myocardial inflammation (Beck et al., 

1990). A higher impact of secondary heterotypic infection 
was observed when comparing with homotypic infection, 
using primary CVB2 infection followed by CVB3 and CVB3 
primary followed by CVB3 infection at different days post-
infection of A/JH-2a mice (Yu et al., 1999).

Mouse strains and CVB4

Diabetes

CVB4 has been related to human heart diseases, acute 
and chronic pancreatitis, and type 1 diabetes (T1D). CVB4 
infections in mice are related mainly to the pancreas: T1D 
or pancreatitis. Before initiation of mouse studies, one 
should understand the passage history of the CVB strain, 
which is important in the ultimate understanding of the 
viral pathogenesis or the disease process in the mice. 

The most commonly used virus strains related to T1D 
or experimental models are mainly the CVB4-E2 strain or 
CVB4-JVB strain. The E2 strain of CVB4 was isolated from 
the pancreas of a child who died following an aggressive 
virus infection associated with diabetic ketoacidosis 
(Yoon et al., 1979). The virus isolated from the pancreas was 
passed through murine pancreatic cells and identified as 
CVB4. When injected into mice, it was shown to induce 
hyperglycemia and a diabetes-like disease. Since then, it 

has been widely used as a diabetogenic strain of the CVB4.
Passage history and mouse strain were responsible 

for the induction of diabetes by the CVB4-E2 strain and 
the encephalomyocarditis virus (EMC) D strain (Notkins 
et al., 1979). They studied the infection by these two 
viruses in SJL/J, SWR/J, NIH/Swiss, C57BL/6J, CBA/J, 
C3H/J, DBA1/J, DBA2/J mice of both genders, and in only 
males of AKR, BALB/C strains. The male SJL/J, SWR/J, 
NIH/Swiss strains were more diabetic than the females 
of the same type of strains and the other tested strains. 
Further Hartig et al. (1983) infected C57B1/6 and SWR mice 
with the Edwards isolate of CVB4 (CVB4-Edw) and three 
of its plaque-purified “strains”. These were designated Ed-
ward's isolate E1, E2, and E3. Isolate (strain) E2 showed the 
most intense accumulation of antigen in islet cells. From 
these observations, Hartig et al. (1983) suggested that 
the Edwards isolate of CVB4, like other human isolates 
of CVB4, probably exists as a heterogeneous population. 
They concluded that the pathogenic consequences and 
expression of any diabetogenic potential is dependent 
on the virus strain selection. This diversity in the patho-
genesis of the virus must be considered when evaluating 
the pathogenic nature of CVB4 viruses in experimental 
animals and the possible role of the viruses in diabetes 
of man (Hartig et al., 1983). Since that time, the E2 strain 

has been widely used as compared to other CVB4 strains 
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as a diabetogenic strains of the CVBs, especially when the 
complete nucleotide sequence of this strain was compared 
to the JVB strain (Kang et al., 1994). 

Chatterjee et al. (1985) have shown alteration in the 
protein and insulin synthesis of mouse β cells and the 
blood glucose tests of CD-1 mice infected with the virus 
CVB4-E2. In these mice hyperglycemia developed follow-
ing the injection of CVB4-E2 strain by See and Tilles (1995).

Pancreatitis

CVB4-JVB (CVB4-P) strain was isolated in New York/
US in 1951 by Benschoten (Jenkins et al., 1987). CVB4-P 
variant induces damage to the exocrine pancreas in hu-
mans (Bradley, 1994). A comparison of the sequences of 
the two CVB4 well known strains, the JVB and E2 strain 
has shown numerous nucleotide differences (Caggana 
et al., 1993; Chapman et al., 1997; Ramsingh et al., 1997).  
The other variant CVB4-V is designated as “virulent” 
since it induces a disease syndrome characterized by 
chronic pancreatitis, hypoglycaemia, and myocarditis 
(Caggana et al., 1993; Ramsingh, 1997; Ramsingh et al., 
1999). The non-diabetogenic prototypic strain, which 
causes a mild, acute pancreatitis without morbidity, or 
mild pancreatic damage (as determined by histological 
studies) is minimal and transient; therefore, CVB4-P is 
designated avirulent in mice (Ramsingh, 1997; Ramsingh 
et al., 1984; 1997; 1999). The B10.T (6R), B10.S (12R) and 
Balb/c mice infected with CVB4-V developed a chronic 
pancreatitis with extensive damage to the exocrine pan-
creas (Halim and Ramsingh, 2000). Follow-up studies 
of CVB4-V-infected mice reveal prolonged acinar injury. 
The importance of different cytokines has been shown 
by knockout (ko) mice such as IFNγ KO(GKO) on Balb/
cByJ background, B10H-2 congenic strains, B10.T(6R), 
B10.S(12R) on the BALB/cByJ background, CD4 ko, IL-4 ko 
and gamma interferon ko, the T cell receptor transgenic 
DO11.10 strain expressed on Balb/c background, BALB/
cByH-Hfh11nu (nude) BALB/cBySmn-Prkdcscid severe com-
bined immunodeficient (SCID) on BALB/c background 
(Potvin et al., 2003). 

SJL male mice have been used by Palma et al. (2008) to 
study pancreatitis and metalloproteinase 9 in CVB4-E2 
infected mice, and this enzyme was shown to originate 
from macrophages and neutrophils. Yap et al. (2003) 
compared infection of SJL/J mice CVB4-E2 strain and 
CVB4-JVB. Both strains were shown to replicate in the 
pancreas and induced pancreatitis, however CVB4-JVB 
showed regeneration of islet cells. The authors have sug-
gested that the beta cell depletion in the E2 strain infected 
animals is due to lack of the neogenesis process and not 
to the virus-induced cell death, though the islets maybe 
infected.

Inbred and knockout mouse strains and CVB

CVB4-E2 and LCMV infections were compared by Hor-
witz et al. (1998) in different transgenic NOD/shi mice with 
MHC allele to understand which cross-reactive epitope is 
restricted (NOD/scid mice, B10.H2g7 mice, non-Tg BDC2.5 
mice, and BDC2.5 Tg mice). The authors have suggested 
that viral induction of diabetes depended on the T cells 
and the T cell receptor. They implied that the molecular 
mimicry and direct tissue damage were responsible (by-
stander effect). 

Studies of female NOD Mrk/Tac mice did not show T1D 
on infection with different CVB3 strains or with CVB4-E2 
and CVB4-JVB. The different phenotypes studied showed 
various properties such as myocarditic and pancreoviru-
lent, non myocarditic but pancreovirulent, and totally non-
virulent in either heart or pancreas. Infection with certain 
strains (among which were the CVB4 strains) showed 
greater protection against virus infection; this protection 
was greater in more pathogenic strains than in less viru-
lent or avirulent strains. Virus-induced pancreatitis and 
induction of an autoimmune pancreatitis were observed. 
In addition, CVB infection of younger NOD mice was pro-
tective, reducing the risk of T1D onset. On the basis of these 
studies, Tracy et al. (2002) suggested a vaccine-mediated 
suppression in the future. Drescher et al. (2004), used the 
same strain of NOD mice, the same CVB3 strains, and a 
CVB3-IL-4 chimeric strain (where mice were treated first 
with poly I:C). The authors suggested that complex CVB 
genetics and the immune reactions induced by each strain 
mediate a specific and crucial role in the etiology of T1D. 

Other NOD mice studies (Serreze et al., 2005) NOD/
Lt, NOD-IL-4-/- , also known as NOD-IL-4tmJ/Cgn, and NOD 
IFN-γ-/-, and NOD-Ifng-4tmJ/Ts, all with NOD background, 
were infected with CVB4-E2. These studies suggest that 
the insulitis threshold at which CVB4 infection can ac-
celerate the onset of diabetes in NOD mice is increased by 
IL-4 and IFN-γ, but the protective effect against diabetes in 
NOD mice is induced by CVB4 prior to the development of 
a critical threshold level of insulitis and does not require 
IL-4 or IFN-γ.

Strain-influenced differences related to inflammation, 
insulin secretion, and pro-insulin synthesis, beta cell dys-
function on infection of CBA/J mice with different strains 
of CVB such as CVB4-E2 and CVB3-Nancy were observed 
by Hindersson et al. (2004).

Other viruses and mice

Al-Hello et al. (2005) have shown that repeated pas-
sages of a laboratory strain of coxsackievirus B5 in the 
mouse pancreas in vivo caused a phenotypic change in 
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the virus after 15 passages. Infection of SJL mice with this 
variant resulted in a diabetes-like syndrome character-
ized by chronic pancreatic inflammation together with 
dysregulation in glucose metabolism, loss of pancreatic 
acinar tissue, and mild insulitis. This was related to eight 
nucleotides changes resulting in five amino acid substitu-
tions, of which three were located in the capsid proteins 
in the variant.

Balb/c mice were used by Harvala et al. (2003) to analyze 
the role of arginine glycine aspartic acid (RGD) motif of 
CVA9 (substitution, deletion and insertion mutants) on 
tissue tropism and pathogenicity. The mice were infected 
with parental (CVA9) and different mutants of RGD motif 
to show its significance in the pathogenesis of CAV9.

Feuer et al. (2003) infected Balb/c neonates intracra-
nially to investigate the tropism and pathology of CVB3 
using the recombinant virus expressing the enhanced 
fluorescent protein (eGFP-CVB3) where the neonatal stem 
cells were thought to carry the CVB to the parenchyma of 
the developing neurons.

Literature survey shows very few research studies on 
the experimental oral CV infection to which less attention 
has been paid due to mostly technical problems such as 
accuracy of the dose received by the mouse and mild pa-
thology after the infection. The early studies conducted by 
Loria et al. (1974a,b, 1977) or Kaplan and Melnick (1951) in 
newborn CD-1 mice showed a lower rate of paralysis and 
death in mice inoculated by the oral route when infected 
with a CVB5 isolate. A replicating virus was observed in 
all organs showing presence of systemic infection. Loria 
et al. (1974a) also showed susceptibility of CD-1 adult mice 
to oral infection in the absence of visible clinical manifes-
tations by using the CVB5 clinical isolate from an aseptic 
meningitis case. In our laboratory Swiss albino outbred 
mice were used for studying the oral infection with CVB1 
(Petrovicova 1983; unpublished results) and CVB3 virus 
(Bopegamage et al., 2003, 2005). Results of these studies 
will be discussed further in the next section. 

Oral infection of CVB1 and CVB3-Nancy in pregnant 
CD-1 mice in the gestation period produced maternal 
viremia and transplacental transmission of the virus 
(Modlin and Crumpacker, 1982; Modlin and Bowman, 
1987). Oral infection of neonatal mice with different clini-
cal isolates of EV-71 passaged in intestinal organ cultures 
or in cell lines such as CaCO-2, neuroblastoma (SK-N-SH) 
or common kidney epithelial cells, has been reported by 
Chen et al. (2004).

Major variables in CVB3 induction of inflammatory 
heart disease and outcomes of the infection in murine 
models have been identified as viral genotype, sex, age, 
and genetic background, immunological and nutritional 
status of the host, and the innate and immunologic system 
responses to the CVB infection (Gauntt et al., 1993; Gauntt 

et al., 1995; Gauntt, 2003). These variables should apply to 
the diseases caused by these viruses in mice and in hu-
mans, though many questions yet remain to be answered. 

On one hand, among the murine models considering 
the 3Rs, mice are the best models for studying the cox-
sackieviruses. There always have been and always will be 
debates over the pros and cons of using animal models in 
general, as well as over particular models such as diabetes 
and NOD mice (Leiter and von Herrath, 2004; Roep and 
Atkinson, 2004; Roep et al., 2004). Scientific history shows 
us, however, that we cannot study a disease completely 
without using animal models.

Our work

In 1992, 23% of the viral isolates from stool samples of 
the juvenile diabetic patients were identified as CVA7 or 
CVA9. Two of the isolates were selected (CVA7 and CVA9). 
The patients also showed the presence of IgM antibodies 
to CVA7 and CVA9 respectively. The chosen isolates and 
a prototype laboratory CVB4-JVB strain were shown to 
be capable of infecting islet cells of Swiss albino mice 
in vitro (Bopegamage and Petrovicova, 1994). The CVA9 
isolate was later shown to be phylogenetically related to 
a genetic subcluster of echovirus 11 (Al-Hello et al., 2008). 
The CVA7 isolate, the prototype strains CVA7-Parker and 
CVB4-JVB were shown to induce serum TNF-α in Swiss 
albino mice (Bopegamage and Petrovicova, 1998).

Loria et al. (1974 a,b) showed that adult mice similar 
to the suckling mice are susceptible to infection with 
CVB viruses by both oral and intraperitoneal routes. In 
the older host, the intestinal tract provided considerable 
protection against peroral infection. The protection, ac-
cording to these authors, consisted of at least two separate 
components: 1) a  barrier effect that prevented passage 
of the virus from the intestinal lumen through the gut 
mucosa and into the circulatory system and 2) a clearance 
mechanism that eliminated the virus from the enteric 
tract after infection had occurred. As the natural portal 
of entry of these viruses is the oral route and considering 
the previous experiences in our laboratory and also the 
published literature, especially the studies by Loria et al. 
(1974 a, b), we have carried out several studies using the 
oral route of infection in the murine model and following 
up the pathology.

Our studies in the murine model using the oral 
infection

In our first studies we infected three- to four-week-
old Swiss albino mice with CVB3-Nancy and CVB4-JVB 
(Bopegamage et al., 2003). Replicating virus was present 
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in the heart, thymus, spleen, pancreas, and the large and 
small intestines. At a late phase of infection, the CVB4-JVB 
infected mice showed infiltration of necrotic myocardial 
cells, with mononuclear cells and fat cells in the heart on 
day 56 p.i. and 71 p.i., without histopathological changes 
in the pancreas (Bopegamage et al., 2003). For location of 
the viral antigen, we used the VP1 antibody and immuno-
histological (IHC) analysis. This method was modified and 
applied by us later on (Drescher et al., 2004). Initially we 
pooled samples from 3 or 5 mice per observation, making 
it impossible to analyse inter-individual variations. 

Therefore, a systematic study was carried out (Bopega-
mage et al., 2005) where we infected Swiss albino mice 
with CVB3-Nancy at different doses, via the intraperi-
toneal route and parallelly by the oral route, each organ 
sample from each mouse was collected separately.  We 
were not able to find a definite “threshold-of-infection 
dose”, but 1x108 TCID50/ml was found to be the optimum. 
The pancreas of the orally infected mice did not show 
histopathological changes, yet we localized the viral VP1 
antigen in the exocrine and endocrine pancreas, inde-
pendent of route and dose of infection. VP1-staining is 

Fig. 1

Oral infection of different mice strains with various coxsackieviruses
Illustration of factors influencing the pathophysiology of coxsackievirus infection by the oral route in experimental mouse  

models used in our work.



	 BOPEGAMAGE, S. et al.: Coxsackieviruses and mouse models� 151

not correlated with inflammation and necrosis, which 
indicated some state of innate protection. We also stud-
ied IFN-α involvement in the protection. Virus and IFN-α 
were located in the endocrine and exocrine pancreas, 
independent of the route and dose of infection. IFN-α and 
virus VP1 were still present long after infection in some 
(not all) mice. 

Later on, we studied (Precechtelova et al., 2015) oral 
infection of different mouse strains with different genetic 
backgrounds with CVB4-E2. We used 1) outbred (Swiss 
albino and CD1), 2) inbred (SJL, non-obese diabetic [NOD]), 
and 3) transgenic (NOD.SCID) mice. This study showed 
that the host genetics did not influence the histopathol-
ogy or the function of the infected pancreatic islets. The 
inflammation of the exocrine pancreas depends not only 
on the route of infection but also on the CVB strain, mouse 
genetics and immune system. The endocrine pancreas 
was not affected in any of the infected mice. We observed 
that CVB4-E2 strain induced peripancreatic fat infiltration 
whereas, pancreatitis was observed only in the NOD.SCID 
mice. In addition, we observed mortality in the NOD and 
NOD.SCID mice which was related to heart pathology and 
immense inflammation of the heart. 

Furthermore, CVB5 isolates from the cerebrospinal 
fluid and stool of an aseptic meningitis patient, when 
given orally to mice did not cause any histopathological 
changes in the pancreas but showed mild inflammation 
in the heart (unpublished data). Also, our unpublished 
data show that the wild type strain of CVB2-Ohio does 
not induce any changes in the endocrine and exocrine 
pancreas but mild inflammation in the heart.

Our studies (Bopegamage et al., 2012; Sarmirova et al., 
2019) on the effect of gestational infection by CVB4-E2 
on the pancreas of both dams and their challenged pups 
showed that the replicating virus was present in the 
pancreas of infected dams and their challenged pups. 
We also observed presence of inflammation leading 
to chronic necrotizing pancreatitis and atrophy of the 
acinar tissue of the dams and their offspring. The IHC 
analysis showed difference in the type of infiltrating 
cells between the pups and the dams. Time of infection 
during gravidity and time of collection of samples after 
infection influenced the pancreatic pathophysiology in 
both groups.

In conclusion as seen in figure 1, we may say that the 
oral infection of mice with coxsackieviruses often induces 
mild to severe inflammation in the heart. The exocrine 
and endocrine pancreas are not affected when outbred 
strains were infected. In specific strains of mice CVBs 
may induce pancreatitis, but the islets are not affected. 
Whereas, when pregnant mice were infected not only the 
dams but also the pups showed severe pancreatitis and 
infiltration in the islets. This gives rise to a number of 

questions such as: What exactly is the role of infection by 
the CVBs during gravidity? We suggest that more studies 
are required additional attention should be focussed on 
enteroviral infections during pregnancy which may affect 
the health of the offspring even in humans. 
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