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ABSTRACT
Type I diabetes is a multi-factorial disease resulting from the destruction of beta cells in
the islets of Langerhans of the pancreas, causing a serious derangement of glucose
metabolism that can be fatal in patients deprived of insulin treatment. Factors involved in
disease development include host genetic susceptibility genes, aberrant immune
reactions, and environmental agents such as viruses, drugs and diet. The pathogenesis of
virus-induced type I diabetes is not well-understood, and several mechanisms have been
proposed. It is known that only some strains of group B coxsackieviruses (CVBs) induce
glucose dysregulation in susceptible human patients and murine models; thus certain
intrinsic properties of diabetogenic strains must be responsible for causing beta cell
injury. The overall aim of this thesis was to characterize the viral factors that determine
the diabetogenicity of the CVB4 E2 strain, but are absent in the non-diabetogenic,
parental CVB4 JVB strain.

A diabetes-susceptible mouse strain, SJL/J, was infected with one of the two viruses, and
the pathogenic processes triggered by each virus infection in the pancreas were
compared. Histological analysis of sections of infected pancreas revealed that JVB
infection caused acute damage to the pancreas, which subsequently recovered and
regenerated new islet cells. On the other hand, E2 infection induced much more damage
to the exocrine pancreas, and no islet neogenesis was observed to occur. The E2 strain
was found to cause a higher degree of apoptosis of both islet and acinar cells, compared
to JVB virus. E2 viral titres in the pancreas, serum and other target organs were 10 to
100-fold higher than those produced by JVB virus, and infectious E2 viral particles were
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present for a longer period of time. Also, E2 double-stranded RNA (dsRNA) persisted in
the pancreas until day 95 post-infection (p.i.), whereas JVB dsRNA was undetectable
after day 3. Examination of beta cell function showed that while islets of JVB-infected
mice resumed insulin production after day 3, the islets of E2-infected mice were found to
be insulin-deficient long after acute infection has been resolved. Endocrine cell damage
caused by E2 infection was found to be specific for beta cell insulin production, and did
not adversely affect proIAPP synthesis or alpha cell glucagon production up to day 35 p.i.
Glucose tolerance tests showed that JVB-infected mice were normoglycemic after day 10
p.i., whereas E2-infected ones were hypoglycemic from day 5 to 35. In summary, these
findings showed that the diabetogenic E2 strain is more virulent than the parental JVB
virus, and causes extensive exocrine tissue damage thereby preventing islet cell
neogenesis from occurring. The mice become extremely hypoglycemic despite a
complete absence of insulin production, due to the lack of pancreatic enzymes that the
exocrine pancreas normally supplies to enable digestion.
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CHAPTER ONE: INTRODUCTION
1.

HISTORICAL BACKGROUND

A new enterovirus was isolated from the stools of children manifesting symptoms of
poliomyelitis during an epidemic of paralytic poliomyelitis in the United States in 1948
(Dalldorf et al., 1948). Gilbert Dalldorf and Grace Sickles then inoculated newborn mice
with this virus intracerebrally, and found paralysis in the infected mice. Surprisingly they
were able to recover the virus from these animals, although poliovirus had not been
previously shown to replicate in mice.

Moreover these viral isolates could not be

neutralized by antisera against polioviruses (Crowell et al., 1997).

This new group of

viruses was thereafter named coxsackievirus, in recognition of the place where the children
lived, the village of Coxsackie in the state of New York (Dalldorf, 1949).

2.

CLASSIFICATION AND TAXONOMY

Coxsackieviruses belong to the family Picornaviridae and the genus Enterovirus. This
family and genus consist of small, RNA-containing viruses which generally infect through
the gastroenteric route. The different coxsackievirus isolates from mice were classified into
two groups, A and B , depending on their pathogenicity in newborn mice. Each group
consists of several serotypes. Group A coxsackieviruses (CVA) induce flaccid paralysis
and widespread myositis in newborn mice, infecting both skeletal and heart muscle. This
group is composed of serotypes A1-A22 and A24. The group B coxsackieviruses (CVB)
induce spastic paralysis and focal myositis with infections of other tissues, such as the
heart, pancreas, liver, spleen, kidney, central nervous system and brown fat (Hyypia et al.,
1993). Group B consists of serotypes B1-B6. (reviewed in Fields Virology, 2001)
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3.

GENOME AND LIFE CYCLE

Coxsackieviruses are small (24-30nm), non-enveloped viruses possessing a 7.4kb positivesense, single-stranded R N A genome. Unlike the 5' methyl cap found on most eukaryotic
R N A , a small V P g protein is covalently-linked to the 5' end of the coxsackievirus genome.
On the 3' end, a polyadenylated tail is present. The genome consists of a long 5' nontranslated region (5'NTR) that contains many stem loop structures, which may be involved
in the regulation of viral R N A replication and translation. A n internal ribosome entry site
(IRES) is found within the 5'NTR.

Along with the V P g , the IRES allows the

coxsackievirus to undergo a unique translation mechanism. B y binding of specific host cell
proteins and ribosomes to the IRES, cap-independent translation is initiated (Schmid et al.,
1994). The genome contains a single open-reading frame (ORF), which is translated as a
single polypeptide that is proteolytically cleaved into structural proteins (VP1, 2, 3, 4) and
non-structural proteins (RNA polymerase, replicase, proteases). Together, V P 1-4 form a
"canyon" region in the viral capsid to function as the binding site of cell surface receptors
during infection.

The whole replicative cycle of coxsackievirus occurs within the host cell cytoplasm.
Following cell entry, host cell protein synthesis is shut down, allowing the virus to exploit
the translational machinery via the cap-independent mechanism. The viral genome acts as a
messenger R N A and is directly translated into a large, single polypeptide which is then
cleaved into functional proteins as described above. While protein translation occurs,
complementary negative-sense RNAs are generated in order to act as a template for
synthesis of new genomes for the viral progeny. The new positive-sense genomic RNAs
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are then packaged into newly-formed capsid structures to yield infectious viral progeny,
which then exit via cell lysis, (reviewed in Fields Virology, 2001)

4.

INFECTION IN VIVO

Like most enteroviruses, coxsackieviruses are transmitted mainly by the fecal-oral route.
The natural portal of entry of coxsackievirus is through the alimentary tract. Following
ingestion, the virus survives passage through the stomach to the small intestine. Since
coxsackieviruses are non-enveloped, they are able to resist the acidity of the stomach (~pH
3.0) and are unaffected by lipases and emulsifiers in bile that inactivate most viruses.
Primary replication takes place in cells lining the small intestines and in Peyer's patches.
Subsequently the virus replicates in the mesenteric lymph nodes and primary viremia
follows, allowing for viral spread to target organs via infection of the systemic
reticuloendothelial system. Shedding of the virus occurs in feces, completing the fecal-oral
cycle of infection. The duration and quantity of viral shedding depends on the immune
status of the host, (reviewed in Fields Virology, 2001)

5.

DISEASES ASSOCIATED WITH COXSACKIEVIRUS INFECTION

Coxsackievirus infections, as with all enteroviruses, are frequently asymptomatic, but may
sometimes present as a variety of clinical manifestations, ranging from fever, diarrhea,
nausea and mild respiratory illnesses to more serious diseases such as meningitis,
myocarditis and type I diabetes.

5.1 Myocarditis
Myocarditis is the inflammation of the myocardium coupled with cell injury distinct from
the damage caused by ischemia. Myocarditis is often a self-contained, subclinical injury
having few symptoms. However the less frequent, acute form of myocarditis may lead to
significant morbidity and death. Toxins, pharmacological substances, and viral infections
have been shown to trigger myocarditis (McManus et al., 1988; Grist et al., 1993).
Enteroviruses have been implicated as an etiologic agent of viral myocarditis in humans.
About 1.5% of enteroviral infections, including 3.2% of C V B infections, were found to
result in overt disease symptoms (Grist et al., 1978).

The pathogenesis of CVB-induced myocarditis is not well-understood, but two mechanisms
have been proposed. One involves the role of aberrant immune responses which lead to the
destruction of both infected and non-infected myocytes via an autoimmune process
triggered by viral infection (Woodruff et al., 1974). Another mechanism suggests that
myocardial injury is a result of a persistent viral infection, which elicits a chronic antiviral
inflammatory response (Klingel et al., 1992; Carthy et al., 1997).

Molecular studies have

shown that the 5' N T R of C V B serotype 3 (CVB3) contains virulence determinants
required for the triggering of myocarditis (Tu et al., 1995; Dunn et al., 2000). Another
laboratory has identified a single mutation (G to A ) in the PI polyprotein region at
nucleotide 1442 of C V B 3 , resulting in an aspartate-to-asparagine mutation in amino acid
165 of VP2.

The presence of asparagine at amino acid 165 of VP2 is associated with the

myocarditic phenotype, while an aspartate at the same site reduces the myocarditic
potential of the virus (Knowlton et al., 1996). More recently mutations around the minor

5
groove where the C V B 3 coreceptor Decay Acceleration Factor (DAF) binds, have also
been shown to affect cardiovirulence (Stadnick et al., manuscript in preparation).

5.2 Type I Diabetes
Type I diabetes is a multi-factorial disease that results from the destruction of insulinproducing beta cells in the islets of Langerhans of the pancreas.

Genetic susceptibility

appears to be a prerequisite in most, i f not all, cases of type I diabetes, and is linked to the
human leucocyte antigen (HLA) class II genes lying within the major histocompatibility
complex (MHC) region on the short arm of chromosome 6 (6p). Almost all type I diabetes
patients have H L A - D R 3 and/or 4, or HLA-DQ3 and/or 4 genes (Field, 1987). However
only approximately 40% of genetically-identical twins of diabetics develop diabetes
(Olmos et al., 1988; Lo et al., 1991). Thus non-genetic factors must also play a significant
role in diabetes development.

Environmental factors are important in the development of type I diabetes in both humans
and animals, because they interact with and influence the penetrance of diabetes
susceptibility genes (Yoon, 1997).

Diet, stress, chemical toxins and predominantly,

viruses have been identified as possible agents of the disease. In particular, viruses are
strongly associated with type I diabetes through epidemiological, clinical, and experimental
evidence as described below:

5.2.1 Epidemiological Evidence
The theory that viruses play a role in type I diabetes is over 100 years old. Diabetes has
been associated with chickenpox infection since 1864 (Maugh, 1975), and with mumps
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infection since 1899 (Harris, 1899). Measles, rubella, reoviruses and coxsackieviruses have
also been implicated in disease development. The link of C V B s with type I diabetes was
initially proposed in 1969 when researchers found a seasonal co-variation between the
onset of type I diabetes and the occurrence of C V B antibodies, particularly during late
summer and autumn (Gamble et al., 1969; Yoon, 1990). Circumstantial evidence was also
provided by the correspondence of an increased incidence of type I diabetes with C V B viral
epidemic outbreaks in the early 1980s (Wagenknecht et al., 1991). Patients with newly
diagnosed diabetes have shown elevated levels of anti-CVB antibodies, predominantly of
the IgM class, indicating a recent or ongoing infection (D'Alessio, 1992; Fohlman et al.,
1993). C V B antibodies were also significantly increased in pregnant mothers whose
children subsequently developed type I diabetes, especially in cases in which diabetes
presented before the age of 3 years old (Hyoty et al., 1995). A study has found that 80% of
166 children recently diagnosed with type I diabetes and having a clinical history of recent
infectious illness had antibodies against at least one C V B serotype (Mertens et al., 1983).

5.2.2 Clinical Evidence
In studies of 11 children who died from picornavirus infection, researchers found that seven
of these infections were of C V B , and out of these seven patients, four showed destruction
of pancreatic beta cells (Jenson et al., 1979). In 1979, a variant of C V B serotype 4 (CVB4)
was isolated from the pancreas of a ten-year-old boy who died of diabetic ketoacidosis.
Infection of SJL/J mice with this human isolate resulted in beta cell depletion and
hyperglycemia, thereby fulfilling Koch's postulates (Yoon et al., 1979). Various other
clinical studies have demonstrated that although rare, infection with a highly diabetogenic
virus on the appropriate genetic background may compress the sequence of events that give
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rise to diabetes, perhaps by being able to effectively override all of the control mechanisms
that prevent beta cell destruction (Ramsingh et al., 1997). Abnormal glucose metabolism
may arise from either a direct cytolytic response against infected cells, or an autoimmunemediated beta cell destruction, or a combination of both. In addition to the CVBs, mumps
has been found to occasionally precede type I diabetes and may cause autoimmune beta cell
damage. Case studies have shown that the mumps virus can induce islet cell antibodies in
children, as well as HLA hyperexpression by beta cells in vivo (Helmke et al., 1980;
Parkkonen et al., 1992).

In addition, congenital rubella infection is associated with

development of autoimmune diabetes in 20% of cases (Ginsberg-Fellner et al., 1984).

5.2.3 Experimental Evidence
Coxsackievirus infection of mice normally results in acinar pancreatitis and occasionally
myocarditis, but not usually diabetes (Lansdown, 1976). However diabetogenic variants
isolated from patients with rapid-onset diabetes induced beta cell destruction and
hyperglycemia in susceptible mouse strains. In addition, in vitro studies have shown that
CVBs can infect human pancreatic beta cells in culture, resulting in reduced insulin
secretion (Szopa et al., 1993). Adaption of CVBs to beta cells by in vitro passaging of
viruses through beta cell cultures also enhances their diabetogenic properties. CVB4
viruses which have been passaged in cultured beta cells were able to induce type I diabetes
in SJL/J, DBA, NIH Swiss and SWR/J mouse strains, but not in C57BL/6J and BALB/c
mice (Yoon et al., 1978). Moreover it has also been shown that all six CVB serotypes can
induce diabetes in certain mouse strains, provided that the viruses have been passaged in
beta cells to

enhance

their beta-cell

tropism (Toniolo et

al.,

1982).

The

encephalomyocarditis virus (EMCV), also a picornavirus, is another well-studied model of
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type I diabetes in mice, and some of its diabetogenic variants have been shown to cause
cytolytic beta cell destruction.

6. CLASSIFICATION OF DIABETES
The heterogeneity in the presentation of diabetes mellitus has led to the classification of the
disease into two major categories, namely, type I diabetes mellitus or "insulin-dependent"
diabetes mellitus (IDDM), and type II diabetes mellitus or "non-insulin-dependent"
diabetes mellitus (NIDDM) (Table 1.1).

A third minor category comprises various

conditions associated with diabetes mellitus, such as pancreatic diseases, hormonal
syndromes, insulin receptor abnormalities and genetic syndromes.

Clinical

Genetics

Type I

Type II

Onset <20 years
Normal weight
Decreased blood
insulin
Anti-islet cell
antibodies
Ketoacidosis common
50% concordance in
twins

Onset >30 years
Obesity
Normal or increased
blood insulin
No anti-islet cell
antibodies
Ketoacidosis rare
60% to 80%
concordance in
twins
NoHLA
association
Insulin resistance

HLA-D linked

Pathogenesis

Islet Cells

Autoimmunity,
immunopathologic
mechanisms
Severe insulin
deficiency
Insulitis early
Marked atrophy and
fibrosis
Severe beta-cell
depletion

Relative insulin
deficiency
No insulitis
Focal atrophy and
amyloid deposits
Mild beta-cell
depletion

Table 1.1 Type I versus Type II diabetes mellitus. (scanned from Kumar et al., 1997)

6.1 Type I Diabetes Mellitus
Type I diabetes occurs mainly, but not only, in young patients and is characterized by a
progressive loss of beta cell function in genetically-susceptible individuals. In classical
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type I diabetes, the initial or prodromal phase is clinically silent and can last more than a
decade. During this prediabetic phase, oral glucose tolerance is normal although subtle
abnormalities in the insulin secretion response to an intravenous challenge may be present
(Atkinson et al., 1994). The onset of symptoms in type I diabetes usually presents acutely
with hyperglycemic symptoms including polyuria, polyphagia and polydipsia, fatigue, and
weight loss. By the time disease is clinically evident, destruction of the majority of beta
cells has already occurred.

Eisenbarth divided the progression of type I diabetes into six stages, as summarized on
Figure 1.1: (1) Genetic composition determines susceptibility to disease development. (2)
Environmental factors such as viruses, drugs, and dietary factors, may either directly cause
beta cell death, or induce an immune response against beta cells. (3) Auto-antibodies
against beta cells, single-stranded DNA, and islet cell antigens are produced. Cellular
immunity is involved in beta cell destruction. (4) Glucose-stimulated insulin secretion
progressively diminishes and precedes hyperglycemia. (5) Overt hyperglycemia occurs,
characterized by 90% destruction of beta cells. (6) Total destruction of pancreatic beta
cells takes place. Insulin deprivation then leads to diabetic ketoacidosis, coma and death.
During this process, dependence on exogenous insulin develops, and therefore, by
definition, type I diabetics require treatment with insulin for survival.
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25

1.1 The stages in the development of type I diabetes, (reproducedfromKumar et al., 1997)

6.2 Type II Diabetes Mellitus
Type II diabetes is a heterogeneous, complex disease characterized by different
combinations of insulin resistance (impaired ability of tissues to respond to insulin) and
insulin deficiency (dysfunction of beta cells). It affects more than 80% of all diabetic
patients, those who do not require exogenous insulin treatment for survival. Type II
diabetics present with less intense hyperglycaemic symptoms or weight loss than type I
diabetics, and sometimes with no symptoms at all. Unlike in type I diabetics, the blood
insulin levels of type II diabetics remain high enough to prevent excessive lipolysis and
spontaneous ketoacidosis. Although the terms, "type II diabetes" and " N I D D M " have been
considered synonymous in the past, some confusion have recently emerged from the latter
name due to the finding that even i f these patients usually do not need insulin for the
prevention of ketosis, they may require insulin for correction of symptomatic or persistent
fasting hyperglycemia.

A strong hereditary component is linked to this disease, but the

M H C genes are not involved. The concordance rate of type II diabetes in identical twins is
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almost 100% (Leslie et al., 1985).

Most patients are diagnosed after 40 years of age.

Strong predisposition to the disease is linked to obesity, which is present in over 50% of the
patients and is thought to induce insulin resistance by upregulating tumor necrosis factor
(TNF)-a secretion, which inhibits insulin-receptor activity in target tissues (Maddux et al.,
1995).

In the pathogenesis of type II diabetes, an initial rise in insulin secretion occurs and
overcomes the effects of insulin resistance, but eventually fails, thereby resulting in
hyperglycemia.

This phase of impaired glucose tolerance then leads to overt type II

diabetes. Beta cell failure may be caused by the toxicity of a beta cell product, islet
amyloid polypeptide (IAPP) or amylin, which forms excessive fibrillar deposits (amyloid)
on islet cells. Amyloid deposits were found at post-mortem in islets of up to 96% of
patients with type II diabetes (Taylor et al., 1994). Thus researchers have proposed that
amyloid deposition impairs glucose signalling, inhibits insulin secretion and induces insulin
-resistance, and so contributes to the pathogenesis of type II diabetes (Clark et al., 1988).
Like type I, type II diabetes can cause microvascular diabetic complications as well as
macrovascular disease. The major cause of death in type II diabetics is coronary heart
disease.

7. THE PANCREAS
7.1 Cells and Hormones of the Pancreas
The normal adult human pancreas comprises two different tissues: the exocrine (acinar) and
the endocrine (islet) pancreas. The former forms the bulk of the gland and contains cells
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that produce pancreatic amylase, lipase and trypsin. These enzymes are secreted into the
duodenum via the pancreatic duct to aid in digestion. The endocrine pancreas is composed
of the islets of Langerhans, which constitute 2-3% of pancreatic mass.

The islets are

scattered irregularly throughout the exocrine parenchyma and are separated from the acinar
cells by a capsule of connective tissue fibres. Discovered in 1869 by Paul Langerhans, each
islet is a complex micro-organ comprising several thousand secretory cells, with a core of
beta cells (producing insulin) surrounded by a mantle of delta cells (producing
somatostatin), which are interspersed between alpha (producing glucagon) and PP cells
(producing pancreatic polypeptide) (Bonner-Weir, 1991).

The well-vascularized islet

contains arterioles that split into capillaries such that the direction of blood flow passes
from the centrally-located beta cells to the alpha and delta cells along the periphery (Marks
et al., 1992). Presumably this organized, centrifugal blood flow allows for the exchange of
metabolic substrates among the islet cell types, and contributes to the overall regulation of
hormonal production (Fig. 1.2).

Figure 1.2 Potential interactions between hormones produced by alpha, beta and delta cells in the islet of
Langerhans. Big arrows indicate direction of blood flow, (scanned from Pickup et al., 1997)

The endocrine cells each produce a specific hormone and/or peptide, that has a specific
function as discussed below:
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7.1.1 Insulin
The insulin molecule consists of two polypeptide chains, the A chain (21 amino acids) and
B chain (30 amino acids), linked by two disulfide bridges. Insulin is processed in the beta
cell from the precursor molecule, preproinsulin.

First, preproinsulin is proteolytically

cleaved in the endoplasmic reticulum to generate proinsulin.

Vesicles containing

proinsulin are transported to the Golgi apparatus from which clathrin-coated secretory
granules are extruded. Proinsulin is further cleaved and processed into insulin within these
acidic granules.

These granules may store insulin for hours to days until signalled by

extracellular factors to release insulin.

In response to stimuli, the mature, insulin-rich

granules uncoat and fuse with the plasma membrane of the beta cell, thereby exocytosing
insulin molecules (Fig 1.3).

Figure 1.3 Processing of insulin within the beta cell, (reproduced from Pickup et al., 1997)
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The beta cell can modulate both the production and release of insulin in response to
changing metabolic demands. The major physical determinant of insulin production and
secretion is the blood glucose concentration. For instance, sudden increases in the
extracellular concentration of glucose within a narrow physiological range result in a rapid
and dramatic increase in proinsulin synthesis (Ashcroft et al., 1978). As well, beta cells in
isolated islets have been shown to release insulin in response to glucose in an increasing
fashion. Besides blood glucose concentrations, many hormones, islet peptides, drugs and
neurotransmitters are also involved in the regulation of insulin secretion.

7.1.2 Glucagon
Glucagon is a 29-amino acid peptide synthesized by the islet alpha cells from proglucagon.
It is a major catabolic hormone whose counter-regulatory effects on blood glucose levels
oppose the action of insulin. Glucagon promotes the mobilization of carbohydrate stores
into glucose, thereby increasing blood glucose concentration. The release of glucagon is
induced by hypoglycemia, starvation, stress and exercise.

7.1.3 Somatostatin
Somatostatin is released from islet delta cells and is a local inhibitor of insulin and
glucagon secretion from adjacent beta and alpha cells, through a mechanism that may
interfere with hormone exocytosis (Marks et al., 1992). Its secretion is regulated by a
combination of nutrients and endocrine factors.
7.1.4 Pancreatic Polypeptide
Pancreatic polypeptide (PP) is a 36-amino acid peptide produced by the PP cells located in
the periphery of islets in the head of the pancreas. PP is secreted after feeding or during
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hypoglycemia. So far no evidence has yet been found for the influence of PP on insulin,
glucagon, or somatostatin secretion (Degano et al., 1992). No physiologically important
role for PP has yet been shown.

7.1.5 Islet Amyloid Polypeptide
Islet amyloid polypeptide (IAPP) or amylin is a 37-amino acid peptide co-localized with
insulin in the beta cell secretory granules in humans. It is processed from the precursor,
proIAPP, in parallel with the cleavage of proinsulin (Guest et al., 1992). In response to
most regulators of beta cell function, IAPP is co-secreted with insulin (Fehman et al.,
1990). Once secreted, IAPP polymerizes to form insoluble amyloid fibrils in islets. Its
deposition normally increases with age; however excessive deposition of amyloid is found
in type II diabetics, thereby implicating IAPP in the pathogenesis of this disease.

7.2 Beta Cell Regeneration
Diabetes mellitus is a consequence of a reduction in functional pancreatic beta cell mass.
In a normal system, functional beta cell mass is dynamic and is regulated to maintain
euglycemia. A balance of cell renewal and cell loss is establishedfrombirth and continues
into adulthood (Finegood et al., 1995). A major mechanism for increasing beta cell mass in
times of need is neogenesis, or the differentiation of new beta cells from precursor cells
within the pancreas. In a rat model of pancreatic regeneration, Bonner-Weir et al. removed
90% of the pancreas of young adult Sprague-Dawley rats. Four weeks after surgery, they
found that new lobes of pancreas were formed in a pattern that seemed to recapitulate
embryonic development. The beta cell mass increased by 45% while the exocrine mass
increased by 27%.

Multiple insulin-positive cells were found to bud from ducts, and
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appear to reduce hyperglycemia in the partially pancreatectomized rats (Bonner-Weir et al.,
1993; Bonner-Weir et al., 1997).

Further examination revealed that duct cells which

transiently re-express PDX-l/IDX-1 protein were also found in the rat pancreas after
surgery (Sharma et al., 1999). PDX-l/IDX-1 protein is normally expressed in embryonic
duct cells but is restricted shortly before birth to the beta cells. These findings suggest that
these PDX-1/IDX-1 duct cells may be the precursor stem cells that possess the
+

multipotency to differentiate into any type of pancreatic cell, depending on intracellular and
environmental stimuli.

Varying combinations of transcription factors and matrix

components may drive the specific differentiation of these pluripotent cells to mature
endocrine, acinar or duct cells (Jonsson et al., 1994; Jensen et al., 2000).

8. GLUCOSE REGULATION
The central nervous system is dependent on glucose as its primary metabolic fuel under
normal conditions.

Because the brain cannot produce or store significant amounts of

glucose, a continuous supply from the circulation is necessary.

In order to maintain

euglycemia, the body possesses a complex homeostatic system for the regulation of blood
glucose levels. Blood glucose concentration is tightly maintained by the counter-regulatory
actions of glucagon and insulin. During fasting, body energy stores are mobilized into
glucose via glucagon-mediated catabolic processes occurring in three energy sources:
glycogen (carbohydrate), fat and proteins. On the other hand, food intake replenishes body
energy needs by the absorption of glucosefromthe circulation into peripheral tissues such
as muscle and fat. This process is upregulated by insulin. Metabolic diseases result from
disturbances in the intricate balance controlled by these two endocrine hormones, and
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therefore, type I diabetes may be defined as a chronic disorder of carbohydrate, fat, and
protein metabolism (Kumar et al., 1997).

8.1 Carbohydrate Metabolism
Normally blood glucose levels are maintained within narrow limits by the balance between
glucose entry to the bloodstream, and glucose uptake by peripheral tissues. When levels of
blood glucose fall below the normal range (hypoglycemia), the liver produces glucose by
two processes: First, "new" glucose is produced from lactate, pyruvate, alanine and
glycerol through the process of gluconeogenesis.

The second way is by glycogenolysis,

which is the breakdown of glycogen stores in the liver. The exocrine pancreatic enzyme,
amylase, mediates the digestion of carbohydrates into glucose molecules, which can then
be mobilized into the bloodstream. Hepatic glucose production via these two pathways is
upregulated by the catabolic hormone, glucagon (Cherrington et al., 1987). Conversely,
when blood glucose concentrations increase beyond the normal levels (hyperglycemia),
hepatic glucose production is suppressed by the actions of insulin (Insel et al., 1975).
Recently it has been shown that insulin decreases the activity of pancreatic amylase, lipase
and trypsin, thereby diminishing the availability of glucose for entry into the circulation
(Ferrer et al., 2000). At the same time, the anabolic actions of insulin stimulates peripheral
glucose uptakefromblood into the skeletal muscles and fat.

Glucose is a hydrophilic molecule and thus cannot diffuse across the cell membrane
independently.

Specialized transport proteins called glucose transporters (GLUTs) lie

within the cell membrane and facilitate the passage of glucose without requiring energy
(Gould et al., 1993).

Glucose uptake into tissues is mediated by GLUT-4, whose
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expression in muscle and fat cells is stimulated by insulin (Shepherd et al., 1993). G L U T 1, in contrast, is expressed in endothelial cells and thus mediates the passage of glucose into
the circulation. GLUT-4 is the G L U T isoform that is most sensitive to insulin. Unlike
other GLUTs, it is normally located in cytoplasmic vesicles (Fig. 1.4). Upon insulin
stimulation, GLUT-4 units are recruited from the intracellular pool and the vesicles that
contain them are translocated to the cell membrane. Fusion of the vesicles with the cell
membrane occurs, and GLUT-4 units become embedded in the membrane, form
hydrophilic channels which function as pores, through which glucose enters the cell (Gould
et al., 1993). The increased expression of GLUT-4 accounts for a substantial increase in
glucose uptake into muscle and fat.

Figure 1.4 Insulin regulation of GLUT-4 expression on peripheral tissues.
(ReproducedfromPickup et al., 1997)
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8.2 Fat Metabolism
As mentioned above, one substrate for hepatic gluconeogenesis is glycerol, the source of
which is the adipocyte or fat tissue.

Through the process of lipolysis or triglyceride

breakdown, which is mediated by lipases, glycerol is liberated along with non-esterified
fatty acids (NEFA). Glycerol is used by the liver to synthesize glucose, which then enters
the blood stream during hypoglycaemic episodes. In humans, glucagon plays a relatively
unimportant role in upregulating lipolysis (Jensen et al., 1991). Instead, catecholamines
and growth hormones such as Cortisol and thyroxine are more important stimulators of
triglyceride breakdown (Johnston et al., 1982).

Lipogenesis, on the other hand, is

stimulated by insulin, which increases glucose uptake from the blood into adipocytes via
GLUT-4. Insulin also upregulates the re-esterification of NEFA which results in formation
of fat; this is observed as a sharp fall in circulating NEFA levels (Jensen et al., 1991). At
the same time insulin suppresses the catabolism of fat by inhibiting the enzyme,
triglyceride lipase.

Glucose uptake by the brain depends critically on blood glucose levels.

When

carbohydrate is in short supply or cannot be used efficiently, the brain - which cannot use
fatty acids for energy - uses alternative fuels such as ketone bodies in order to satisfy its
energy needs. The main substrate for the formation of ketone bodies is the NEFA (Pickup
et al., 1997). Its partial oxidation in the liver yields ketone bodies in the mitochondria of
hepatocytes.

In cases of severe insulin deficiency (type I diabetes), ketone bodies

accumulate and this eventually leads to diabetic ketoacidosis, the most extreme form of
poorly-controlled type I diabetes.

Insulin suppresses ketosis by inhibiting lipolysis and

promoting the utilization of ketones in peripheral tissues (Pickup et al., 1997).
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8.3 Protein Metabolism
Hepatic gluconeogenesis also utilizes amino acid substrates, an important example of
which is alanine.

In the liver, lysosomal breakdown of proteins into amino acids is

upregulated by Cortisol but inhibited by insulin, as expected (Fig. 1.5). Glucagon excess,
insulin deficiency, fasting and protein deprivation can stimulate lysosomal proteolysis in
the liver (Mortimore et al., 1989). Glucagon, catecholamines and Cortisol all play a role in
promoting gluconeogenesis in the liver using amino acid substrates, while insulin counters
this effect.

Proteolysis also occurs in muscle by the cytosolic ATP-ubiquitin pathway, and

not by lysosomes (Wing et al., 1993).

Glucocorticoids augment the degradation of

myofibrillar proteins by activating the ubiquitin pathway (Wing et al., 1993).
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Figure 1.5 Protein metabolism in the liver and skeletal muscle. (Ins-insulin; cort-cortisol;
glcg-glucagon;cats-catecholamine). (scannedfromPickup et al., 1997)

Amino acids are also crucial for re-synthesis of body proteins, since protein breakdown
(200-300 g/day) far exceeds normal protein intake (70-100 g/day).

Since proteins are

21
integral components of cells, loss of over 40% body protein is fatal. In skeletal muscle
where most of protein synthesis occurs, insulin promotes the anabolic process (Fig. 1.6).
Amino acids also require special transporters for passage across cell membranes both
during protein synthesis and degradation. The carrier for alanine is the A system, which is
stimulated by insulin in muscle, adipocytes and hepatocytes, and by glucagon in
hepatocytes (Christensen, 1990).

9. M E C H A N I S M S O F V I R A L I N D U C T I O N O F D I A B E T E S
There are two mechanisms by which viruses have been proposed to induce type I diabetes
(Yoon et al., 1996). The first is that viruses may be involved directly, via virus-induced
cytolytic destruction of beta cells.

The second is that viruses may trigger an immune

response that causes bela cell death even after the virus has been eliminated. This immune
response may be directed against viral antigens or altered beta cell antigens. Taken
together, infection by a diabetogenic virus of a host having the appropriate genetic
background may result in a combination of viral cytopathology, immunopathology and
autoimmunity, which over time leads to type I diabetes. It must be noted, however, that
intruiguing evidence suggesting the protective effect of viruses against type I diabetes
development has also been found.

Figure 1.6

These hypotheses are summarized in Fig. 1.6.

Mechanisms of virus-induced type I diabetes. (Adapted from Pickup et al., 1997)
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9.1 Direct Viral Immunopathology

The first mechanism involves a combination of direct, virus-induced cytolysis and immunemediated attack against infected beta cells, resulting in hypoinsulinemia and hyperglycemia
in the infected host. Encephalomyocarditis virus (EMCV) and mengovirus infections have
been found to infect beta cells and elicit strong inflammatory reactions that result in direct
damage of beta cells (Yoon et al., 1993). Although reported in a number of human case
studies and supported by animal studies, this mechanism of acute-onset diabetes is thought
to be uncommon, as type I diabetes usually has a prolonged prodromal phase.

On the other hand, some viruses induce a strong autoimmune component in the disease, and
are more likely to be involved in the next two mechanisms discussed below.

9.2 Molecular Mimicry

Sequence homology between a CVB4 noncapsid protein, P2C, and a cellular enzyme,
glutamic acid decarboxylase (GAD65) has been found (Atkinson et al, 1994). GAD65
expression is limited to the pancreas and brain tissues, and is a specific target antigen of the
autoimmune response against beta cells. Furthermore antibodies directed against the virus
were shown to cross-react with GAD65. Recent studies in transgenic mice also suggest that
there is a correlation between GAD65 expression and the development of diabetes in the
NOD mice, an immune-mediated mouse model of diabetes (Yoon et al., 1999). These
findings raise the possibility that CVB4 infection leads to an immune response against P2C
that cross-reacts with GAD65 and induces diabetes through molecular mimicry. However,
other laboratories have found results that contradict this hypothesis, and so this mechanism
remains unclear (Endl, 1997; Richler et al., 1994).
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9.3 Bystander Activation
Bystander activation of resting autoreactive T cells is another model of virus-induced type I
diabetes. Animal models have shown that autoreactive T cells constitute the normal
repertoire of the healthy immune system (Wekerle, 1998). They reside as resting T cells in
the immune system throughout life without causing tissue damage. These T cells may
express two different T cell receptors (TCRs), one specific for viral antigen, and another
with low affinity for self-antigen. In the highly inflammatory environment of the infected
islet, these cytotoxic T lymphocytes (CTLs) may be activated against beta cell-specific
autoantigens releasedfromdamaged pancreatic tissue during viral infection. Once activated
they respond to the release of proinflammatory cytokines, expand and induce apoptosis of
nearby vininfected cells, leading to perpetuation of an autoimmune reaction and eventually
to the onset of disease. In support of this hypothesis, researchers demonstrated that CVB4
infection of transgenic NOD mice containing large numbers of resting autoaggressive T
cells resulted in beta cell damage (Horwitz et al., 1998). The researchers surmised that
virus infection and the associated inflammatory reaction trigger the release of excessive
amounts of self-antigen from the damaged pancreas, thereby activating the autoreactive T
cells, and leading to the ongoing destruction of pancreatic beta cells.

9.4 Viral Persistence
Another mechanism that is less well-characterized involves the establishment of a
persistent viral infection in pancreatic islets that causes slow erosion of beta cells until the
beta cell mass is compromised. In vitro studies suggest that enteroviruses, although
normally considered highly cytolytic, can persist in various tissues (Foulis et al., 1990). In
a recent case study, persistence of CVB3 in heart muscle of infected mice was reported
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(Tarn et al., 1999). This study compared RNA from persistently-infected mice with RNA
from persistent CVB grown for 30 passages in myocyte cultures in vitro. The data revealed
that genetic changes in the virus did not play a role in viral persistence in vivo; instead the
presence of stable dsRNA produced during infection seemed to facilitate viral persistence
in heart tissue. In this light, dsRNA-mediated viral persistence in the pancreas can
conceivably lead to immune-mediated beta cell damage since dsRNA is a potent trigger of
various cell death pathways involving cytokines and interferons as described below.

9.5 Role of Viral Double-Stranded RNA in Persistence
During the life cycle of most RNA viruses, an intermediate replicative product called
double-stranded RNA (dsRNA) is formed.

DsRNA may exist as a duplex of

complementary RNA strands, or as a secondary structure within single-stranded RNA
(ssRNA). The presence of dsRNA triggers cellular responses against virus infection by
activation of two cellular, dsRNA-dependent enzymes (Jacobs et al., 1996): The first is the
2',5'-oligoadenylate synthetase, which is required to activate RNaseL, an enzyme that
degrades ssRNAs thereby limiting viral spread. The second enzyme is the protein kinase R
(PKR), which mediates the antiviral actions of interferons, the first line of defense against
viral infection.

When activated, PKR inhibits viral RNA translation via the

phosphorylation of the eukaryotic initiation factor 2a (eIF2a), and upregulates the
transcription of cytokine genes through activation of nuclear factor-kappa B (NF-kB), a
family of transcription factors that modulate cell survival and death genes (Williams,
1999). Studies have shown that NF-kB regulates the production of nitric oxide (NO), a
reactive oxygen species that is implicated in beta cell dysfunction and death (Heitmeier et
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al., 1999). Furthermore, dsRNA has been shown to play a role in the induction of apoptosis
in virus-infected cells (Kibler et al., 1997).

The antiviral activity of dsRNA has been

specifically observed in beta cells treated with polyinosinic-polycytidylic acid (polylC), a
synthetic molecule that mimics the actions of dsRNA. Addition of polylC in combination
with cytokines was shown to induce the expression of Fas and the inducible nitric oxide
synthase (iNOS) genes, factors which contribute to beta cell apoptosis (Liu et al., 2001).

Another hypothesis of dsRNA-induced cytotoxicity arises from the evidence that dsRNA
can persist in heart tissue of mice suffering from chronic inflammatory myopathy, long
after infectious viral particles have been cleared (Tarn et al., 1999). Unlike viral ssRNAs
which decay within hours, the double-stranded form may lend stability and protect the
RNA from degradation, thereby promoting long-term persistence which may contribute to
pathogenicity (Graeber et al., 1998). As a potent inducer of interferon and other cell death
mediators, dsRNA may itself be pathogenic and its chronic presence in target tissues may
accelerate disease (Jacobs et al., 1996).

9.6 An Exception: Protective Effect of Viruses
Contrary to the previous discussion on the damaging effect of viruses on beta cells, some
evidence show that viruses may also protect against diabetes. The mouse hepatitis virus
(JMHV) has been shown to prevent the development of type I diabetes in the NOD mouse
model (Wilberz et al., 1991). The EMCV D-strain virus, which is strongly diabetogenic in
some mouse strains, can retard autoimmune responses in the NOD mouse (Hermitte et al.,
1990).

To partially explain this phenomenon, one model proposes that neutralizing

antibodies raised by these protective viruses may cross-react with and destroy the
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diabetogenic ones. For example, vaccination of a genetically-susceptible mouse with a
non-diabetogenic EMCV-B strain virus may protect the mouse from the diabetogenic
effects of the antigenically-identical EMCV-D virus (Notkins et al., 1983). Despite these
findings, the concept of viral-induced protection against diabetes still seems to be the
exception rather than the rule.

10. M O L E C U L A R D E T E R M I N A N T S OF V I R U S - I N D U C E D D I A B E T E S
The majority of CVB strains in nature appear to be non-diabetogenic, and only a few
diabetogenic variants have been found to cause hyperglycemia in susceptible hosts.
Sequence analyses comparing different CVB serotypes have shown that phenotypically
different strains are genetically closely-related.

Hence minor genetic changes can

substantially alter the viral phenotype (Ramsingh et al., 1997). Studies have shown that a
single amino acid substitution in the VP 1 capsid protein (a threonine residue at amino acid
129) resulted in an increased antigenicity of CVB4 (Halim et al., 2000). Furthermore, a
diabetogenic variant of CVB4, E2, has been isolated and sequenced in comparison to the
prototype JVB strain, which is non-diabetogenic despite its ability to replicate in beta cell
cultures. To date, the E2 virus is the most divergent of the CVB4 variants, possessing 94
nucleotide substitutions in the 5'NTR, and 29 and 82 amino acid substitutions in the capsid
and non-structural proteins, respectively (Kang, 1994, Caggana et al., 1993). Although the
mapping of the molecular determinants of CVB4-induced type I diabetes has not yet been
reported, one can deduce the phenotypic consequences of these mutations from their
respective locations:

5'NTR mutations may alter the secondary structures within the

genome, thereby changing the regulation of viral RNA replication and translation. In
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addition, capsid-encoding gene mutations may contribute to altering the immunogenicity,
stability and tropism of CVB4 on the pancreas. Not unlike the cardiovirulence determinants
found in CVB3 as discussed above, as few as a single amino acid change in these locations
may possibly result in an enhanced diabetogenicity of a CVB4 strain. In the case of E2,
multiple mutations in relevant sites of the genome have generated a viral strain with a
highly increased potential for causing type I diabetes.

The EMCV is another picornavirus that provides a murine model for virus-induced
diabetes. Variants of EMCV can replicate in pancreatic beta cells and lead to development
of a disease similar to diabetes (Craighead et al., 1968). A diabetogenic strain, EMCV-D,
and a non-diabetogenic strain, EMCV-B, were isolatedfromthe parental EMCV-M strain.
Sequence data revealed that a single nucleotide substitution converts threonine to alanine at
amino acid 776 of the viral capsid protein VP1, and correlates with diabetes induction
(Ramsingh et al., 1997). Since this mutation is located in a region that may interact with
the virus receptor on the target cell, the resultant phenotypic change is likely related to an
alteration in viral tropism and binding affinity on the pancreatic beta cells.
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CHAPTER TWO: RATIONALE A N D OBJECTIVES
The group B coxsackievirus (CVB) infections are believed to be one of a number of
triggers of type I diabetes in humans, based on numerous lines of evidence ranging from
epidemiology and case studies to clinical reports. Although the association between CVB
infections and pancreatic islet cell damage is well-established, the underlying mechanism is
not well-characterized. Serotype 4 of CVB (CVB4) is the model system that has been used
most often to analyze the underlying pathogenic mechanism of type I diabetes. The
research described in this thesis has used this virus to investigate the viral factors that lead
to CVB-induced pancreatic beta cell damage and glucose dysregulation in a murine model.

It is known that not all CVB4 strains cause glucose dysregulation in susceptible hosts, and
therefore viral determinants specific for diabetogenic strains must control the degree of islet
damage induced. The main aim was therefore to analyze differences between the
diabetogenic CVB4 E2 strain and the non-diabetogenic JVB strain based on the hypothesis
that E2 has a stronger tropism for islets and causes significant beta cell damage resulting in
insulin deficiency when injected into a known diabetes-susceptible mouse strain, SJL/J.

The specific aims of this project were as follows: (1) The degree of histopathological
damage in the pancreas during the course of infection was observed in Masson's
Trichrome-stained tissue sections. (2) The damage seen was compared to the amounts of
infectious viral particles and viral proteins produced by E2 and JVB as a measure of their
ability to replicate in the SJL/J pancreas.

(3) Viral persistence was determined by

monitoring the levels of double-stranded RNA (dsRNA) present in the pancreas tissue over
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time.

(4) Finally the ability of E2 and JVB viruses to affect beta cell function in the

susceptible mouse model was assessed in terms of insulin production and glucose
regulation.

An understanding of the viral factors that determine the virulence of a given CVB4 strain in
a specific host is necessary in order to elucidate the pathogenic mechanism involved in
infection. As well, an explanation of the host processes underlying the susceptibility of the
SJL/J mouse pancreas to E2, and not to JVB viruses, will be important in developing
methods for intervention.

30

CHAPTER THREE: M A T E R I A L S
1. Cell Lines
1.1 Vero (African green monkey kidney) cell line was obtained from the
American Type Culture Collection (ATCC)
1.2 NIT-1 (NOD mouse insulinoma) cell line was obtained from the American
Type Culture Collection (ATCC)
1.3

PTC3 (mouse insulinoma) cell line was a gift from Dr. Bruce Verchere
(University of British Columbia, Vancouver, B C Canada)

2. Cell Culture Reagents
2.1 Vero Cell Line
2.1.1

Dulbecco's Modified Eagle Medium/F12 (DMEM/F12, Gibco/BRL)

2.1.2 Fetal bovine serum (FBS, Gibco/BRL)
2.1.3

Heat-inactivated FBS: Heat FBS at 60°C for 30 minutes.

2.1.4

Penicillin/Streptomycin/Neomycin (PSN, 1 mg/ml, Gibco/BRL): Use
at 1% (v/v).

2.1.5 Trypsin (0.25%)
Dissolve 2.5g of 1:250 Trypsin (Gibco/BRL) in 1L of Hanks balanced salt
solution without C a or M g (Gibco/BRL). Sterilize using a 0.22 um pore
+

+

diameter filter.
2.1.6 Phosphate buffered saline (PBS)
34.0g NaCl
4.28g N a H P 0
2

4

1.38g NaH.2PO4.H2O
Dissolve in 4L of dJnbO and autoclave to sterilize.
2.1.7

Agarose (Seakem/Mandel Scientific): Use at 1 % for plaque assays.

2.2 NIT-1 and pTC3 Cell Lines
2.2.1

D M E M (Gibco/BRL)

2.2.2 FBS and HIFBS (as above)
2.2.3

Hepes (Gibco/BRL): Use at 1% (v/v).

2.2.4 Non-Essential Amino Acid (NEAA, Gibco/BRL): Use at 1% (v/v).
2.2.5

L-Glutamine (Gibco/BRL): Prepare as a 200 m M stock solution then
filter before use. Use at 1% (v/v).

2.2.6

P S N (as above)

2.2.7

Trypsin (as above)

Stains and Fixatives
3.1 Coomasie blue stain
100 ml

Glacial acetic acid (10% v/v)

250 ml

Isopropanol (25% v/v)

2.50 g

Coomasie blue powder (0.25% w/v)

Dilute to 1 L with d H 0
2

3.2 Hematoxylin
0.2 g

Hematoxylin (0.2% w/v)

0.7 g

A1 (S0 ) .15H 0 (12.6 mM)
2

4

3

2

0.008 g

NaIO (0.4mM)

25 ml

1-2-ethanediol (25% v/v)

2 ml

Glacial acetic acid (2% v/v)

3

Dilute to 100 ml with dH20
3.3 Eosin
70 ml

Ethanol (70% v/v)

25 ml

Glacial acetic acid (25% v/v)

0.5 g

Eosin (0.05% w/v)

3.4 Masson's Trichrome
Bouin's
Sodium bicarbonate (2% w/v)
Weigert's iron hematoxylin (Mix two solutions in equal parts):
Solution A : 1% (w/v) hematoxylin in absolute ethanol
Solution B: 40% (w/v) FeCl and 10 ml HC1 per 1 L
3

Ponceau 2R (1% w/v) acid fuchsin (1% w/v) mixed (70:30) in acetic acid
Acetic Acid (1% v/v)
Phosphomolybdic acid (1% v/v)
Aniline Blue (2.5%) in acetic acid (2.5%)
3.5 Carnoy's Fixative
750 ml

95% Ethanol

250 ml

Glacial acetic acid

3.6 4% Paraformaldehyde (PF)
40.5 ml

0.1MNa HPO

9.5 ml

0.1 M N a H P 0 4 . H 0

2

2

4

2
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Heat the phosphate buffer to 80°C and add 2g of PF (Mallinckrodt). Adjust p H to 7.4.

4. Mice
SJL/J and B A L B / c male mice were purchased from Jackson Laboratories and the U B C
Animal Care Unit, respectively.

These mice were housed in isolation upon arrival,

allowing for acclimatization at least 48 hrs before transferring them into containment for
injection. Mice were regularly monitored by Animal Unit staff at the B C Research Institute
for Children's and Women's Health. The SJL/J mice were used as an established model of
coxsackievirus-induced Type 1 diabetes, while the B A L B / c mice have been reported to be
resistant, and were used to examine host factors involved in the prevention of disease onset.

5. Viruses
The J V B (Benschoten) strain of coxsackievirus B4 was obtained from A T C C .

The E2

strain of coxsackievirus B4 was a gift from Dr. Charles Gauntt (University of Texas Health
Science Centre, San Antonio, Texas, USA).

6. TUNEL Assay Reagents
6.1 0.1M Sodium Citrate Buffer:
Dissolve 5.9g Na C6H507.2H 0 (Fisher) in 200ml d H 0 .
3

2

Adjust p H to 6.0.
6.2 T U N E L Reaction M i x (50ul per reaction) - (Roche)
lOul

5x Reaction buffer (lx)

3ul

25mM Cobalt chloride (1.5mM)

2

5ul

6.3

lOxdNTP-Digoxigenin(lx)

2ul

25U/ul Tenninal deoxynucleotide transferase (TdT, lU/ul)

30ul

dH 0
2

Alkaline Phosphatase-linked Anti-Digoxigenin (anti-DIG-AP) antibody, Fab
fragments from sheep (Roche)

6.4

Colour Substrate
Dissolve 1 Sigma Fast BCIP/NBT tablet in 10ml d H 0 .
2

Immunohistochemistry Reagents
7.1 Xylene (Fisher)
7.2 Absolute Ethanol (VWR)
7.3 Graded Ethanol (70%, 50%): Absolute ethanol diluted in d H 0
2

7.4 PBS (see above)
7.5 3 % H 0 : Dilute 500ul of 30% H 0 (Fisher) in 4.5ml d H 0 .
2

2

2

2

2

7.6 Blocking Buffer: PBS with 2% B S A
7.7 Primary Antibodies
7.7.1

Mouse Anti-CVB4 antibody, monoclonal (Chemicon)

7.7.2

Mouse Anti-polylC (dsRNA) antibody, monoclonal J2 (BioCentre,

Ltd.)
7.7.3

Rabbit Anti-insulin antibody, polyclonal (Dako)

7.7.4

Rabbit Anti-proIAPP antibody, polyclonal V3 (gift from Dr. Bruce

Verchere, University of British Columbia, Vancouver, B C Canada)
7.7.5

Rabbit Anti-glucagon antibody, polyclonal (Dako)
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7.8

7.9

Secondary Antibodies
7.8.1

HRP-conjugated Anti-Mouse IgG antibody (Pierce)

7.8.2

HRP-conjugated Anti-Rabbit IgG antibody (Dako)

Colour Substrate
Dissolve 1 Sigma Fast D A B (3,3'-Diaminobenzidine) tablet and 1 urea
tablet in 5 ml d H 0 .
2

7.10 Hematoxylin, Lille's Modification (Dako)
7.11

Slide Mounting Media
Crystal Mount aqueous mounting media (Biomeda Corp.)

8. Insulin ELISA Reagents
8.1 Homogenizing Solution:
75 ml

Absolute Ethanol (75% v/v)

1.5 ml

12MHCl(1.5%v/v)

23.5ml

dH 0
2

8.2 Anti-mouse/rat Insulin antibody, purified (Research Diagnostics)
8.3 Coating Buffer: 0.1MNa HPO4, pH 6.0
2

8.4 Wash Buffer: PBS with 0.05% Tween-20 (Fisher)
8.5 Blocking Buffer: PBS with 2% Bovine Serum Albumin (BSA, Sigma)
8.6 Insulin standard, mouse (Crystal Chem)
8.7 Biotin-labelled anti-mouse insulin antibody, purified (Research Diagnostics)
8.8 Streptavidin-HRP (Dako)
8.9 T M B (3,3',5,5'-Tetramethylbenzidine) (Sigma)

8.10 Stopping Solution: 0 . 2 M H C 1

Blood Glucose Measurement Reagents
9.1 Precision Plus QID Glucometer and Electrode Strips (London Drugs)
9.2 Glucose Trinder Reagent (Sigma)
9.3 Isotonic Saline (0.9% w/v NaCl in d H 0 )
2
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CHAPTER FOUR: METHODS
1. Cell Maintenance
1.1 Vero cells were incubated in a 5% C02-humidified incubator at 37°C.

To

subculture, the intact cell monolayer was washed with PBS and incubated with
0.25% trypsin at 37°C for 10 mins until the cells detached from the bottom
surface of the flask.

The cells were resuspended

in culture medium

(DMEM/F12 supplemented with 10% FBS and 1% PSN), and this cell
suspension was then distributed at a 1:6 split ratio into new tissue culture flasks
(for cell maintenance) or petri dishes (for plaque assay).

1.2 NIT-1 and 0 T C 3 cells were incubated in a 5% C02-humidified incubator at
37°C.

Unlike Vero cells, NIT-1 and PTC3 cells grow as cell clusters. To

subculture, cells in a flask were gently washed with PBS and incubated with
trypsin at room temperature for 5 mins. The flask was firmly tapped to dislodge
cells from flask. When cells have become visibly detached, complete growth
medium ( D M E M , 10% FBS, 1% PSN, 1% Hepes, 1 % N E A A , 1% L-Glutamine)
was added. Cells were resuspended and pipetted repeatedly in order to break up
clumps of cells. The cell suspension was distributed at a 1:3 split ratio to new
tissue culture flasks.

2.

CVB4 (JVB) Stock Preparation
Vero cell monolayers were infected at 80-90% confluence (24 hours following
subculture) with a multiplicity of infection (MOL) of 0.1-1 plaque-forming units
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(pfu) of C V B 4 (JVB) per cell. First, Vero cells in a flask were examined under the
microscope to make sure that cells were healthy and not overconfluent. Cells were
then washed with 10 ml of sterile PBS to remove any floating cells. CVB4 (JVB)
was diluted in 1ml of unsupplemented medium (DMEM/F12) and added to the cell
monolayer. The inoculated cells were incubated at 37°C for 1 hr to allow for virus
adsorption. Next, the viral inoculum was removed and discarded, and 10 ml of prewarmed complete medium (DMEM/F12, 5% HIFBS, 1% PSN) was added to the
flask.

The infected cells were incubated at 37°C for 24-48 hrs until maximum

cytopathic effect (cpe) was observed by light microscopy, at which time the flask
was frozen at -70°C. The flask was freeze-thawed twice to lyse infected cells and
allow for release of virus. The flask contents were centrifuged at 2,500 rpm for 10
mins at 4°C to pellet cellular debris. The supernatant, which contains viral particles,
was removed, aliquoted into storage vials, and kept at -70°C. A plaque assay was
performed to determine the virus titre.

Plaque Purification and Beta Cell Passage of CVB4 (E2) Stock
After infection of Vero cells with the E2 virus as described in Section 2, plaque
purification of E2 was done in order to obtain a homogeneous viral population.
Vero cells in petri dishes were infected with the original viral stock, then overlayed
with agarose after an hour of viral adsorption. At 48 hrs post-infection (p.i.), the
plaque clearings formed by viral infection of the cell sheet were examined under the
light microscope. Several plaques were selected, and virus-containing fluid beneath
the agar overlay was removed from these plaques. Each sample containing a
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purified viral inoculum was grown up in Vero cells, and then passaged multiple
times through beta cell lines in order to adapt each viral population in beta cells. To
do this, beta cells subcultured overnight in a flask were infected with 10 u,l of each
viral inoculum. After 1 hr of viral adsorption at 37°C, the inoculum was removed
and fresh, supplemented medium was replaced in the flask. The flasks were
incubated for 48 h at 37°C, after which the viruses were harvested and their litres
determined in a plaque assay. The purified and passaged C V B 4 (E2) stock with the
highest titre was used for all animal experiments.

Virus Titration
The plaque assay was used to quantify the number of infectious virus particles
present in a viral suspension (Van Houten et al, 1991). Virus was serially diluted in
plain medium (DMEM/F12) and seeded in duplicates of Vero cell monolayers at
80-90% confluence in petri dishes. The inoculated cells were incubated at 37°C in a
5% C02-humidified incubator for lhr to allow for viral adsorption. Removal of
unadsorbed virus from the petri dishes was followed by the addition of a 1:1
mixture of medium (2x DMEM/F12, 10% HIFBS, 2% PSN) and 1% agarose gel
overlay to the petri dishes. The dishes were incubated for an additional 48 hrs at
37°C. Carnoy's Fixative was added to the dishes, which were then incubated for 30
mins at room temperature. The agarose gel overlay was carefully removed without
disrupting the cell monolayer, which was then stained with Coomasie blue dye to
help visualize the plaque clearings, which are round areas of virus-induced cell
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death. The plaques were counted in order to determine the concentration of virus in
the original stock.

5.

Virus Infection of Mice
Six-week old SJL/J and BALB/c male mice (n=6) were infected intraperitoneally
(i.p.) with 10 pfu of either CVB4 (JVB) or CVB4 (E2) diluted in PBS in a final
s

volume of 0.2 ml per mouse. Control mice were injected with an equal volume of
PBS. Mice were sacrificed on days 1-5, 10, 14, 21, 28, 35 pi, and tissues (pancreas,
heart, liver, spleen), as well as serum, were collected. One-half of each tissue was
snap-frozen in dry ice and stored at -70°C for virus titration, while the other half
was fixed in 4% PF for histopathological examination and immunohistochemistry.
The blood samples were allowed to clot at 4°C O/N, after which the serum was
removed and the virus titre determined by plaque assay.

Another set of age-

matched mice was inoculated as part of a longitudinal experiment to monitor blood
glucose levels in individual animals over time (days 1, 3, 10, 38, 94 and 101 pi).
Blood was collected from the saphenous vein in the hind leg, and serum glucose
was measured by the Glucose Trinder Assay.

6.

Histopathological Examination
Tissues removed from mice were fixed in 4% PF at 4°C O/N, washed with 70%
Ethanol twice, and stored in 70% Ethanol until samples were sent to the Histology
Laboratory in the University of British Columbia's Department of Pathology and
Laboratory Medicine. Tissues were embedded in paraffin, sliced into 3 um sections
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with a Leica microtome, and mounted on slides.

Sections were stained with

Masson's Trichrome for histopathological assessment. Regions of fibrosis, and
connective tissue deposition stained blue-purple, while necrotic areas in the
pancreatic acinar tissue stained pale pink. Several sections were also prepared for
immunohistochemical staining.

TUNEL Assay
The Terminal deoxynucleotide transferase-mediated dUTP-X Nick-End Labeling
(TUNEL) Assay was used to detect apoptotic cells in situ by labeling and staining
DNA strand breaks in the nuclei. PF-fixed, paraffin-embedded tissue sections were
deparaffinized in xylene and rehydrated in decreasing grades of ethanol (100%,
70%, 50%). Cells were permeabilized by incubating slides in ajar of 0.1M sodium
citrate buffer for 30 mins in a 70°C water bath. After cooling slides in PBS washes,
50ul of the TUNEL reaction mix was added per section, and slides were incubated
at 37°C for 30 mins in a humidified chamber. Slides were washed in PBS then
incubated with 50ul of AP-linked anti-digoxigenin-antibody (1:500 in blocking
solution) for 30 mins at 37°C. After washing in PBS, the sections were covered
with the BCIP/NBT phosphatase substrate for 5-10 mins at room temperature.
Color development (blue nuclear stain) was stopped by washing slides in dtbO.
Sections were permanently mounted with coverslips.
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8.

Virus Titration of Mice Tissue
Tissues removed from mice were weighed and homogenized at 1,000 rpm in 1ml
cold DMEM/F12 using an electric homogenizer (Glas-Col). The homogenate was
frozen at -70°C until a plaque assay was performed to determine the viral titre.
The amount of virus per ml was converted to a standardized unit of pfu/g.

9.

Irnmunohistochemistry
Immunohistochemical staining was performed to detect the following: (1) CVB4
structural proteins and double-stranded R N A (dsRNA) to examine viral replication
and persistence; (2) insulin and pro-islet amyloid polypeptide (proIAPP) to assess
beta cell function; glucagon to assess alpha cell function. First, PF-fixed, paraffinembedded tissue sections were deparaffinized in xylene and rehydrated in graded
alcohols (100%, 70%, 50% ethanol). Endogenous peroxidases were quenched with
3% H2O2, and non-specific proteins were blocked with 2% bovine serum albumin
(BSA) in PBS. Primary antibody was diluted in blocking buffer at a 1:50 or 1:100
ratio (previously optimized in a pilot experiment) and 25ul was added per section.
The slides were incubated with the primary antibody at 37°C for 1 hr in a
humidified chamber. After a quick PBS wash, the slides were incubated at 37°C for
30 mins with lOOul of HRP-conjugated secondary antibody diluted at 1:500 in
blocking buffer. The slides were washed in PBS, and sections were covered with
the D A B peroxidase substrate for 10 mins at room temperature. Color development
(orange-brown stain) was stopped by washing slides in dH20.

Sections were

counterstained with hematoxylin (blue nuclear stain), then mounted with coverslips.
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10.

Insulin ELISA
The whole pancreas was removedfromthe mouse and homogenized in 1ml of cold
acid-alcohol homogenizing solution. The homogenate was centrifuged at 12,000
rpm to remove tissue debris, and the supernatant (containing the insulin extract) was
stored at -20°C. The concentration of insulin extracted from whole pancreas or
serum was measured using a sandwich Enzyme-Linked Immunosorbent Assay
(ELISA). First, the wells of a 96-well microtiter plate were coated with 8 ug/ml of
monoclonal anti-mouse/rat insulin antibody (capture antibody) and incubated O/N
at 4°C. The wells were washed three times with Wash Buffer then incubated with
Blocking Buffer for 1 hr at 37°C. After washing, insulin standards rangingfrom0
to 2000 pg/ml were added to duplicate wells. Samples (pancreas extract or serum)
were diluted 1:20 in blocking buffer, dispensed into duplicate wells, and incubated
for 1 hr at 37°C.

After washing, biotin anti-mouse insulin antibody (detecting

antibody) was added at 2 ug/ml and incubated for 1 hr at 37°C. The plate was
washed three times with Wash Buffer, then streptavidin-HRP was added at 1:100 to
each well and incubated for 30 mins at 37°C. After washing, color was developed
upon addition of 100 ul of TMB substrate per well. After 30 mins, 50 ul of the
stopping solution was dispensed to each well, and absorbance was read at 450 nm
using a microtiter plate reader (SpectraMax 190).

11.

Glucose Trinder Assay
Blood from the saphenous vein was collected in a 100u.l microcapillary tube.
Serum was isolated using a hemofuge apparatus, and stored in eppendorf tubes at -
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70°C. To measure the glucose content in serum samples, non-hemolysed serum was
diluted in a 1:200 ratio with the Trinder reagent, and 200 ul of this solution was
dispensed into duplicate wells of a 96-well microtiter plate. Sample blanks were
prepared by diluting hemolysed serum in isotonic saline.

Dilutions of glucose

standards rangedfrom0 to 800 mg/dl. Samples were incubated for 18 mins at room
temperature, then absorbance was read at 505 nm using a microtiter plate reader
(SpectraMax 190). The absorbance of the sample blank solution was subtracted
from the absorbance of the hemolysed serum sample before calculating glucose
concentration.

Glucose Tolerance Test
Mice were fasted for 4 hrs, and 0.2 ml of glucose (2g per kg body weight) was
injected either i.p. or intravenously (via tail vein). At 0, 30, 60 and 120 mins postinjection, blood was collected from the saphenous vein and glucose levels were
measured by a glucometer.
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CHAPTER FIVE: RESULTS AND DISCUSSION
1. CVB4 INFECTION OF SJL/J MICE
To characterize the differential effects of the diabetogenic E2 and the non-diabetogenic
JVB strains in a murine model, six-week-old SJL/J male mice were infected with l x l 0 pfu
5

of each virus strain. This specific mouse strain, age group, and viral inoculum were chosen
for consistency with Yoon's original work with the E2 virus (Yoon et al., 1979). Three
groups of SJL/J mice (n=6) were used in the experiment and treated as follows:
Group 1: injected i.p. with 0.2 ml of PBS (Mock)
Group 2: injected i.p. with 0.2 ml containing l x l 0 pfu C V B 4 (JVB)
5

Group 3: injected i.p. with 0.2 ml containing l x l O pfu C V B 4 (E2)
5

The time of infection was set as day 0 of infection. Six mice per group were sacrificed on
days 1, 2, 3, 4 and 5 in order to characterize the pathogenic process during the acute phase
of infection, and on days 10, 14, 21, 28 and 35 to monitor long-term outcome and to
determine whether viral persistence occurred. A portion of the pancreas, heart, and spleen
were fixed in 4% PF for histological staining, while the remainder of the tissues were snapfrozen for viral titration. Serum was also obtained for measurement of circulating virus, as
well as glucose and insulin levels. Observation of the clinical condition of infected mice
showed the usual symptoms of pathology during acute viral infection, such as lethargy,
ruffled fur and light sensitivity. However after day 3 p.i., most mice in the J V B group
regained activity as seen in the controls, whereas the E2-infected mice appeared less mobile
and less aggressive.
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2. HISTOLOGICAL ASSESSMENT OF E2 A N D JVB PATHOGENESIS IN
SJL/J PANCREAS
2.1

Viral Induction of Histopathological Damage

To determine the histological damage produced by each viral strain, pancreas tissues from
each of the mice were stained with Masson's Trichrome and examined by light microscopy
(Fig. 5.1). As seen in the mock-infected control tissues in Figure 5.1, red-pink cytoplasmic
staining represents normal pancreas. The smaller endocrine cells (islets) typically stain less
strongly than the larger and more granular exocrine cells (acinar). Blue-green staining
demonstrates collagen deposition, or scar tissue, usually seen in damaged and fibrotic areas.
In the JVB-infected pancreas, acute inflammation, immune infiltration and necrosis were
observed in both acinar and islet cells on day 3 p.i. (Fig.5.4). On day 10, however,
remarkable recovery of JVB-infected acinar pancreas was apparent. By day 21, occasional
areas of collagen deposition may be seen, indicative of fibrosis, which differentiated the
JVB pancreas from the mock-infected controls. Numerous, small islet clusters (some only
2-8 cells in size), which stained positive for insulin using immunohistochemical methods,
were also found within the recovering pancreas at later timepoints, indicating that islet cell
regeneration may be taking place (Fig.5.2,5.3).

On the other hand, widespread necrosis was clearly seen in the E2-infected acinar pancreas
on day 3, and this degeneration continued until the pancreas was completely devoid of any
exocrine tissue by day 35. In stark contrast to the JVB group, no recovery of the acinar
pancreas was apparent at the later stages of E2 infection. Alongside this massive acinar
damage, a notable sparing of most islets was evident. This was a surprising result since the
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diabetogenic E2 strain was expected to cause extensive beta cell damage associated with
loss of function and therefore insulin deficiency. However many of the remaining islets
showed immune infiltration, a hallmark of type I diabetes in vivo (Fig.5.4). By day 35,
approximately 40% of the islets displayed aberrant staining, depletion of intact nuclei and
presence of varying numbers of apoptotic or necrotic cells (Fig. 5.5).

Contrary to observations in the JVB-infected group, no neogenesis of islets was seen in the
E2 group, such that the E2 virus appeared to cause beta cell insufficiency by triggering a
slow degeneration of existing islets, while causing extensive damage to the acinar tissue. It
is conceivable that E2 infection also injured precursor cells normally present in the ductal
and acinar tissue, thereby preventing any neogenesisfromoccurring. On the other hand, the
JVB strain caused some acute damage to both the acinar and islet cells, but the
degeneration was rapidly brought under control such that by day 21, the pancreas had
recovered. Taken together, these results suggest that lack of islet neogenesis, as opposed to
direct viral damage to beta cells, may play a greater role in CVB4-induced insulin
deficiency.
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Masson's Trichrome Staining of Infected SJL/J Pancreas
Mock

JVB

E2

Fig. 5.1 Histopathological analysis of infected SJL/J pancreas. Sections were
photographed at 20x magnification. Masson's Trichrome stains regions of fibrosis
blue, and normal tissue pink. JVB infection damages both acinar and islet cells at
acute stages, but tissue regeneration is apparent on day 10 onwards. E2-infected
acinar pancreas undergoes severe necrosis in the acute and chronic stages, but islets
appear minimally affected.
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Islet Cell Neogenesis in JVB-infected SJL/J Pancreas

Day 5

Day 2 1

Day 35

Figure 5.2 Islet cell neogenesis in JVB-infected S J L / J mouse
pancreas. Numerous, small clusters of islet cells are seen within
the regenerating exocrine parenchyma after the acute stage of
infection (day 3).
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Immunostaining of Insulin in JVB-infected
SJL/J Pancreas on Day 55 Post-Infection

Figure 5.3 Immunoperoxidase staining for insulin in JVB-infected
SJL/J mouse pancreas. Tiny clusters o f cells (2-8 cells in size) are
commonly seen within the exocrine parenchyma on day 55 after
infection with J V B virus. These cells stain positive for insulin
(brown), giving evidence for islet cell neogenesis occurring in J V B infected mice after infection has been resolved. Photographs were
taken at lOOx magnification.
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Inflammation in Infected SJL/J Pancreas

JVB

E2

Day 3

Day 10

Figure 5.4 Inflammation within acinar and islet cells of SJL/J pancreas
during viral infection.
Masson's Trichrome-stained sections were
photographed at 20x magnification. Massive immune infiltrates are evident
in both J V B and E2-infected pancreases, as part of the antiviral immune
response elicited during infection.
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Aberrant Staining of Islets in E2-Infected SJL/J Pancreas

Day 28

Day 35

Figure 5.5 Aberrant Masson's Trichrome staining of E2-infected
SJL/J pancreatic islet cells. Cells appear abnormal due to the nonuniform staining across the islets. This observation may be indicative o f
cellular damage due to E2 infection, thereby causing histochemical
staining variations.
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2.2

V i r a l Triggering of Pancreatic Cell Apoptosis

The presence of intact and normal-appearing islet cells in the E2-infected group was
unexpected, since E2 is the diabetogenic strain and has been adapted to beta cells in vitro.
The question of whether or not the islet cells were still viable at later stages of E2 infection
was addressed using T U N E L staining, a system that identifies dying cells by detecting
nuclear D N A fragmentation, an early marker of apoptosis or cell death.

Figure 5.6 shows

that during early timepoints, the JVB-infected pancreas tissues contained apoptotic acinar
cells, due to both direct viral pathology and immune-mediated damage during acute
infection. However on day 35 and, in a subsequent experiment, up to day 95, the acinar
cells showed no staining while undergoing the recovery phase seen in Fig. 5.1, whereas the
islet cells exhibited occasional stained cells, which may be attributed to normal cell
turnover. In contrast, apoptotic cells were clearly detected during the acute stage of E2
infection.

In this infected group, both islet and acinar cells were strongly stained for

fragmented D N A to a greater extent than the JVB-infected group. On day 10 when the
majority of acinar tissue had been destroyed, apoptosis was mainly detected in islet cells
and this continued until day 95 p.i. Taken together, the T U N E L assay shows that E2
infection results in high levels of apoptosis of both islet and acinar cells during the acute
stage of infection and even at later times, which suggests that E2 has a greater capacity for
causing beta cell dysfunction compared to its parental strain. J V B infection, on the other
hand, causes less damage to pancreatic cells, and allows for a recovery phase in which
acinar cells overcome the infection and stain less strongly for the apoptosis marker.
Although there is early islet cell damage as seen on day 3 of J V B infection, the surviving
islets do not appear to contain TUNEL-positive cells. A t the same time, islet neogenesis
occurs to help restore the beta cell mass.
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TUNEL Staining of Infected SJL/J Pancreas
Mock

JVB

E2

Day 1

Day 3

Day 10

Day 35

Day 95

Fig. 5.6 T U N E L staining of infected S J L / J pancreas. Photographs were taken
at 20x magnification. Purple staining identifies DNA fragmentation in apoptotic
cells. Apoptotic acinar cells were detected in JVB-infected pancreas mainly
during early timepoints. E2 infection causes severe islet cell apoptosis on day 1,
and acinar cell apoptosis on day 3. Most islet cells in the E2-infected group were
also stained until day 95.
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3.

D E G R E E O F VIRAL REPLICATION A N D PERSISTENCE IN

SJL/J

M O U S E TISSUES

3.1

Measurement of Infectious Viral Particles

The ability of each C V B 4 strain to replicate in SJL/J tissues, particularly the pancreas, was
next examined. The replication level of a virus in a given tissue is indicative of the tropism
of the viral strain for that tissue. Tropism is determined by the density of viral receptors on
the cell surface, as well as by the availability of intracellular factors necessary for viral
replication. Upon sacrifice of the mice, a portion of the blood, heart, pancreas and spleen
were collected to determine the titre of infectious virus present.

Serum and tissue

homogenates were used in a standard plaque assay. The results, as summarized on Figure
5.7, reflect the known pathogenesis of CVB4 in a host, with viral replication occurring in
pancreas, heart and spleen, and viral dissemination occurring in serum. Serum viral titres
peaked early but were undetectable after day 3 by which time the virus has reached the
target organs in which continuing replication occurs.

In all tissues and serum, E2 titres

were 10 to 100-fold higher than J V B . The highest viral titres (up to 10 pfu/g) were
observed in the pancreas, an organ that is highly susceptible to all C V B strains (Toniolo et
al., 1982). In spleen, peak titres of E2 were over 10 pfu/g, approximately 10 to 100-fold
5

higher than that found for J V B , and virus was detected up to day 5 p.i. for both strains. In
heart, however, J V B strain was only detected on days 1 and 3, while E2 replication
continued until day 10, much longer than in any of the other tissues tested. Overall, the
results show that the E2 strain is generally more virulent than J V B , producing higher titres
of progeny virus in a number of tissues.
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Titres in Infected SJL/J Mice
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Fig. 5.7 Infection of S J L / J mice with C V B 4 (E2) and C V B 4 (JVB).
Viral titres in serum and various tissues from each mouse were measured
by a standard plaque assay and expressed as an average per group. Error
bars represent the range of data used to calculate the average. The red
dotted line on the graphs represents the sensitivity of the plaque assay,
which cannot detect titres below 10 pfu/ml.
2
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3.2

Detection of Viral Antigen

Analysis of viral titres provides information on the permissiveness of the pancreas and
other tissues for C V B 4 infection as a whole, but does not identify the cells supporting viral
replication. To determine the relative susceptibility of the acinar tissue and islets to CVB4
replication, immunohistochemical staining for viral antigen was performed using antibodies
raised against C V B 4 capsid proteins. In Figures 5.8 and 5.9, C V B 4 proteins are visualized
as the brown stain from the D A B chromogen precipitate used in the assay. Hematoxylin
was used to counterstain the acinar and islet cell nuclei blue. From Figure 5.9 it is clear
that viral proteins in the JVB-infected pancreas were detected mainly in the acinar tissue
and only until day 3 p.i. This finding is consistent with the plaque assay data in Fig.5.7,
which shows that J V B particles were cleared from the pancreas after day 3. In islet cells,
sparse staining of J V B antigen in some islets on day 3 was seen (Fig. 5.8). In contrast, viral
proteins in the E2-infected pancreas were strongly stained and identified both in the acinar
and islet tissues until day 10 p.i.

In conjunction with the plaque assay data, these results

suggest that E2 is more virulent and replicates more efficiently in the pancreas than the less
virulent J V B .
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Immunostaining of CVB4 Antigen
in Infected SJL/J Endocrine Pancreas
Mock

JVB

E2

Fig. 5.8 Immunoperoxidase staining of C V B 4 antigen in infected S J L / J
mouse endocrine pancreas. Sections of pancreas were photographed at 40x
magnification. The viral antigens are visualized by the brown stain, while the
nuclei of the islet cells stain blue. Viral antigen staining in the JVB-infected
islets is detectable only until day 3 p.i. Stronger viral protein staining is
detected in the E2-infected islets and persists until day 10 p.i.
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Immunostaining of CVB4 Antigen
in Infected SJL/J Exocrine Pancreas

Fig.5.9 Immunopcruxidasc staining of C V B 4 antigen in infected SJL/J
mouse exocrine pancreas.
Sections were photographed at 40x
magnification. Viral antigen staining (brown) in the JVB-infected cells
diminishes after day 3 p.i.. Stronger viral staining in acinar tissue of E2infected mice is observed and persists until day 10 p.i.
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3.3

Detection of V i r a l Double-Stranded R N A

During the life cycle of a positive-strand R N A virus such as C V B , dsRNA is formed as a
replicative intermediate during the production of more genomic R N A to be incorporated in
the infectious particles of the viral progeny. Previous studies have shown that dsRNA
stimulates antiviral activities in infected cells by inducing the production of interferons and
other inflammatory cytokines (Williams et al., 1999).

Moreover, dsRNA has been

implicated in triggering apoptosis of various cells, including beta cells, and thus may play a
role in the induction of type I diabetes (Kibler et al., 1997). A monoclonal antibody raised
against polylC recognizes dsRNA in a sequence- and nucleotide-independent fashion
(Schonborn et al., 1991). This antibody was used to detect C V B 4 dsRNA in pancreas
sections, as shown in Figure 5.10, where the brown D A B chromogen precipitate allows the
dsRNA to be visualized in the sections of pancreas. Localization of dsRNA in the acinar
tissue was evident in both JVB and E2-infected groups during the acute stage of infection,
particularly on day 3 p.i. At this time, more intensive staining was observed in the E2infected pancreas compared to the JVB-infected tissue. J V B dsRNA became undetectable
after day 3, but E2 dsRNA could be seen until day 14, although the intensity of staining
diminished with time. In addition, in E2-infected mice that were sacrificed at much later
times (days 35-95), occasional islets still showed dsRNA staining despite massive
degradation of the acinar tissue (Fig.5.11). Taken together, these observations indicate that
although host clearance of viral particles takes place after day 10 p.i. as demonstrated by
the plaque assay and viral protein staining data,

C V B 4 dsRNA can persist long after

clearance of detectable viral particles. It is thus conceivable that the persisting dsRNA of
the diabetogenic E2 virus may perpetuate the pathogenic mechanism that results in beta cell
damage and ultimately, type I diabetes.
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Immunostaining of dsRNA in Infected SJL/J Pancreas
Mock

JVB

Day 3

Day 5

Day 14

H

Fig.5.10 Immunoperoxidase staining of dsRNA in infected SJL/J pancreas.
Sections o f the pancreas were photographed at 20x magnification. Staining o f
dsRNA is visualized by the brown colour. Nuclei of islet and acinar cells are stained
blue for contrast. In both infected groups, dsRNA staining is localized in the acinar
pancreas. There is more prominent dsRNA staining in the E2-infected group than in
the J V B group on day 3 p.i. Whereas J V B dsRNA is undetectable after day 3, E2
dsRNA remains strongly stained on day 5 and diminishes by day 14 p.i.
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Persistence of dsRNA in E2-Infected SJL/J Pancreas

Figure 5.11 Immunoperoxidase staining of dsRNA in islet cells of
E2-infected SJL/J pancreas. These islets photographed under lOOx o i l
immersion show evidence for persisting E2 viral dsRNA. Arrows point
to dsRNA staining (brown).
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4. Viral Effect on SJL/J Beta Cell Function
4.1

Measurement of Insulin Production In Situ and in Whole Pancreas

The previous results indicated that both J V B and E2 strains caused acute viral
cytopathology of both acinar and beta cells. In the JVB-infected pancreas, most islets
recovered from the acute damage by day 10 and neogenesis of the islet and acinar tissues
occurred. However, in the E2-infected pancreas, many islets survived acute viral infection
although they showed varying degrees of cell death. This observation raises the question of
whether their ability to function normally is still intact. This was carried out by determining
the insulin content of islets present in situ, as well as the total insulin production in the
whole pancreas. The results of immunohistochemical staining for insulin in situ are shown
in Figure 5.12. Glucagon was stained in conjunction with insulin in order to determine
alpha cell function as well. As shown in the islets from control mice, insulin appears as a
brown stain within the islet, while glucagon stains red and is largely detected in cells
around the periphery of an islet. The early loss of insulin staining in the acute stage (day 3
p.i.) of J V B infection indicates that beta cell degranulation may have occurred possibly as a
stress response to a viral infection. A s can be seen in Figure 5.12, this degranulation event
is transient as islets resumed insulin production by day 10. In E2-infected mice, the beta
cells also degranulated on day 3 p.i., but did not recommence insulin biosynthesis even up
to day 35.

A separate set of slides were immunostained for glucagon only, in order to specifically
examine whether alpha cells still functioned normally despite viral infection. Figure 5.13
shows that most islets in both infected groups were positively-stained for glucagon. Cells
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were well-stained along the periphery of the islet where the glucagon-secreting alpha cells
reside. This result confirms that islet cell damage caused by virus infection is specific for
beta cells, without affecting alpha cell function.
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Irrimunostairiing of Insulin and Glucagon in Infected SJL/J Pancreas
Mock

JVB

E2

Day 1

Day 3

Day 35

Fig. 5.12 Immunostaining of insulin and glucagon in infected S J L / J
pancreas. Sections were photographed at 40x magnification. Brown stain
represents insulin, while red represents glucagon. Islets o f JVB-infected mice
lost insulin staining on day 3 but resumed insulin production on days 10-35 p.i.
Insulin production was diminished and subsequently lost from the E2-infected
group throughout the entire course of infection.
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Immunostaining of Glucagon in Infected SJL/J Pancreas
Mock

JVB

E2

Day 1

Day 3

Day 10

Day 21

Day 28

Day 35

Fig. 5.13 Immunoperoxidase staining of glucagon in S J L / J mice infected
with either J V B or E2 virus. Phiotographs were taken at 20x magnification.
For all islets observed, glucagon-secreting alpha cells (brown) appear to stain
normally, and are located mostly around the periphery of the islet. No significant
difference in glucagon staining can be seen between controls and infected islets.
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In order to substantiate the finding that insulin production was diminished and eventually
lost in the E2-infected mice (Figure 5.12), total insulin content in the pancreas was
measured to obtain a more accurate gauge of insulin production. To do this, a separate set
of SJL/J male mice (n=3) was infected according to the original protocol, and the complete
pancreas was removed from each mouse. The pancreas was weighed then homogenized in
a cold acid-ethanol solution. Insulin was extracted from each homogenate and quantitated
by ELISA. The results are shown in Figure 5.14, which displays the amount of insulin in
pancreas tissues from infected mice as a percentage of that found in mock-infected controls.
Table 5.1 also summarizes the absolute values of insulin content in the pancreas. The total
insulin content in the JVB-infected mouse pancreas was found to decrease after day 1,
correlating with the reduced insulin staining on day 3 (Fig.5.12). This may be explained by
the previous observation that beta cell degranulation occurs during the acute stage of
infection. On days 10 and 35, insulin levels in the J V B group were decreased relative to
controls but appeared to have stabilized at a threshold value of approximately 6ng per g of
pancreas tissue, almost 50% of the original value, suggesting that the total beta cell mass
had not been completely restored despite evidence for islet neogenesis.

In contrast, the pancreas of E2-infected mice had significantly diminished total insulin
content after day 1.

As shown on Fig.5.14, insulin content dramatically decreased to

approximately 50% of the original content by day 3 p.i.. Continued reduction of insulin
synthesis was observed on days 10, and by day 35 insulin could no longer be detected.
Again these results strongly correlate with the severely diminished insulin staining seen in
the E2-infected tissue sections at later timepoints (Fig.5.12), and suggest two possible, but
not mutually exclusive, pathogenic mechanisms used by E2 virus: (1) E2 infection causes
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more substantial damage to beta cells, thereby affecting their ability to produce insulin in a
normal fashion. (2) The lack of recovery of insulin production in E2-infected mice is
correlated with the loss of exocrine tissue, greatly limiting the supply of pancreatic
digestive enzymes and therefore serum glucose, which in turn downregulates insulin
production (see Introduction).
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Total Insulin Content in Infected SJL/J Pancreas
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Fig. 5.14 Total insulin production in whole SJL/J pancreas infected with either JVB or

E2. Values are expressed as a percentage of the insulin content relative to that found in the
mock-infected pancreas. Error bars represent the average of results in three experiments.
Insulin production in whole pancreases of JVB-infected mice decreased after day 3 and
reached a threshold level (-55% of original content) by day 10-35 p.i. Insulin production in
E2-infected mice was reduced by -50% on day 3, and condnued to decrease to undetectable
levels by day 35 p.i.
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4.2

Measurement of a Second Beta Cell Function

The next aim was to determine the specificity of the beta cell damage caused by E2
infection on insulin production by assessment of another function of beta cells. In addition
to making insulin, beta cells also synthesize proIAPP, a precursor of IAPP or amylin in
islets.

IAPP is processed from this propeptide, co-localized with insulin in beta-cell

granules, and secreted along with insulin in healthy individuals. However, in islets of
patients with type II diabetes, IAPP aggregates in excess, and forms insoluble amyloid
deposits that may damage beta cells and cause a loss of insulin secretion. Due to the colocalization and co-secretion of insulin and IAPP, the production level of proIAPP in
pancreatic islets is another specific measure of beta cell function.

Figure 5.15 is a

composite of immunohistochemical data showing proIAPP staining in the islets as a brown
stain against a light hematoxylin counterstain. The islets of both J V B and E2-infected mice
stained strongly for proIAPP up to day 35 p.i., except for day 3 (acute stage) probably due
to beta cell degranulation as previously discussed. No significant difference in the amount
of proIAPP staining was observed in the islets of both infected groups. Thus the most
important observation was that although the acinar pancreas of the E2-infected group was
severely necrotic and degraded, some islets remained remarkably intact and synthesized
proIAPP at normal amounts. Taken together these results indicate that the damage induced
by E2 infection may be specific to the production of insulin by beta cells, and does not
adversely affect proIAPP synthesis. This raises the question of whether the virus causes a
cytokine imbalance, which disables a necessary pathway specific to insulin production
without affecting the proIAPP synthetic machinery, or whether a reduction in circulating
glucose due to exocrine cell damage downregulates insulin production.
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Iirrmimostaining of proIAPP in Infected SJL/J Pancreas
Mock

JVB

E2

Figure 5.15 Immunoperoxidase staining of proIAPP in infected SJL/J
pancreas. Brown staining represents proIAPP, which slightly diminishes on
day 3 pi (acute infection) in islets of both J V B and E2-infected mice.
However by day 10 onwards, intense proIAPP staining is detected in all islets
of both groups. Photographs were taken at 20x magnification.
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According to recent studies, insulin and IAPP gene expression are not always co-ordinately
regulated (Gebre-Medhin et al., 2000).

Experimental data have shown that islet cells

expressing IAPP but not insulin were found in rats whose transcription factor, Nkx2.2, was
knocked-out. Therefore, i f E2 virus infection was able to alter the cytokine profile in an
infected host, certain transcription factors necessary for insulin (but not IAPP) gene
expression and require specific cytokine stimulation may not be activated. As a result, the
islet cells would then stain insulin (-) but IAPP (+), as observed in the SJL/J mice.

4.3

Measurement of Serum Glucose Levels

Glucose dysregulation, particularly hyperglycemia (high blood glucose), is a common
manifestation of type I diabetes as a result of beta cell destruction and insulin deficiency.
In order to determine whether J V B or E2 infection caused glucose dysregulation in the
SJL/J mice, serum glucose levels were measured in infected mice.

4.3.1

Non-Fasting Serum Glucose Levels

In this experiment, SJL/J mice (n=3 for uninfected controls; n=6 for infected groups) were
bled from the saphenous (leg) vein at consistent times of the day without fasting on days 1,
3, 10, 38, 94 and 101.

The blood was collected in a microcapillary tube and was

hemofuged to isolate the serum.

Blood samples were kept at 4°C immediately after

collection to prevent hemolysis which consumes glucose, and isolated serum samples were
then assayed for glucose using the Glucose Trinder Assay. In Figure 5.16, each dot
represents one mouse. As seen in this figure, on day 1 all mice were within the normal
levels of serum glucose, which ranges from 8-14 mmol/L (Yoon et al., 1979). By day 3
p.i., however, five out of six E2-infected mice became hypoglycemic, and the mean glucose

73
level in the JVB-infected mice was also lower than on day 1, concomitant with the beta cell
degranulation

seen

by immunohistochemistry.

On day

10, however,

transient

hyperglycemia was observed in the JVB-infected mice, some of which had glucose levels
as high as 25 mmol/L. This may be a consequence of the acute beta cell degranulation,
from which the islets possibly required a recovery phase before insulin production fully
resumes.

At later timepoints, JVB-infected mice showed normoglycemia, confirming that

islets have recovered from viral infection and regained normal function. In contrast, the E2infected mice were consistently hypoglycaemic although there was considerable variation
in the glucose levels seen. Two of the animals in the E2 group had glucose levels close to
the controls, while the remaining animals were significantly hypoglycemic up to day 101.
On sacrifice, the two normoglycemic animals were found to have retained or regenerated a
significant amount of acinar tissue. This indicates that any regeneration of acinar tissue
that can occur after infectious virus is eliminated allows for partial recovery of glucose
regulation. However, only a limited amount of pancreas tissue was found in these two
animals, suggesting that they would be highly vulnerable to other pancreotropic viruses, or
other triggers of beta cell destruction. Overall, therefore, beta cells of both J V B and E2infected mice were found to have reduced ability to produce insulin. However, in the case
of J V B strain, the remaining beta cells are able to maintain glucose levels within normal
limits, while E2-infected mice become highly hypoglycaemic. This was not the expected
result since an inability to produce insulin would be expected to cause hyperglycemia. A
possible explanation is that the damage to the exocrine pancreas due to E2 infection causes
greatly diminished uptake of nourishment from the digestive tract, such that the levels of
serum glucose are low even without insulin-regulated uptake into tissues.
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Non-fasting Serum Glucose Levels in Infected SJL/J Mice
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Fig 5.16 Non-fasting serum glucose levels in JVB and E2-infected SJL/J mice. Each
circle represents the serum glucose level in one animal. The normal serum glucose level
ranges from 8-14 mmol/L. Values below 8 mmol/L are considered hypoglycemic, while
those above 14 mmol/L are hyperglycemic.
JVB-infected mice were transiently
hyperglycemic on day 10 (acute infection), but were generally normoglycemic. Some E2infected mice were hypoglycemic by day 38 and remained so until day 101.
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43.2
4.3.2.1

Fasting Serum Glucose Levels
Intraperitoneal Glucose Tolerance Test

In order to determine whether the E2-infected mice showed an inability to respond to
glucose injection, a more accurate measure of insulin-regulated glucose called the Glucose
Tolerance Test (GTT) was performed. Another set of age-matched SJL/J male mice (n=3)
was infected as described above. Mice were fasted for 4 hrs, after which time 0.2 ml of
glucose (2g per kg body weight) was injected intraperitoneally. A t 0, 30, (60) and 120
mins post-injection, blood was collected from the saphenous vein and the blood glucose
content was measured using a glucometer.

In Figure 5.17, the glucose response of each

mouse is represented and tracked over time using one colour. As seen from the figure, a
normal glucose response is displayed by the controls on both days 10 and 109 following
mock injection with PBS: Before injection of glucose, the fasting serum glucose levels lie
between the normal range of -8-14 mmol/L. Thirty-minutes after glucose was injected, the
levels increase to ~ 17-22 mmol/L. Serum glucose eventually returns to the normal range 2
hrs post-injection. In the JVB-infected mice, the response to glucose injection appeared
normal, suggesting that the beta cell function of glucose regulation in the J V B group was
intact on the days tested. This result correlates with the previous observation that insulin
production was restored in mice infected with the non-diabetogenic J V B strain by day 10
p.i. (Figs. 5.12, 5.14). This finding also agrees with the general trend of normoglycemia in
non-fasting JVB-infected mice (Fig.5.16).

The E2-infected mice, on the other hand, presented a significantly reduced response to
glucose injection as seen in Figure 5.17. To begin with, these mice tended to have lower
serum glucose levels at 0 mins. On day 109 p.i., two E2-infected mice, indicated by the
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asterisk-marked data points (*), were notably diminished in size, with 30-50% less body
weight than normal. Half an hour after glucose injection, the serum glucose of these mice
rose by a mere 3 mmol/L, almost a quarter less than the increase observed in mock and
JVB-infected mice. At 2 hrs post-injection, their serum glucose returned to hypoglycemic
levels, consistent with levels seen in the non-fasted E2-infected mice of Figure 5.16. These
results were again unexpected, and the possibility of an impaired glucose transport system,
leading to a lack of uptake of the injected glucose from the peritoneum into blood vessels,
was next examined.
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Intraperitoneal Glucose Tolerance Test
of Infected SJL/J Mice Post-Fasting
Day 10
0

30

120

0

30

120

0

30

120 min

Mock

Fig 5.17 Intraperitoneal glucose tolerance test of infected SJL/J mice. Mice
were fasted for 4 hrs, then serum glucose levels were measured at 0,30,(60) and 120
mins after intraperitoneal injection of 2g/kg b.w. glucose. Each mouse is
represented by one line pattern (n=3). Normal insulin response to glucose was
observed in JVB-infected mice, which were generally normoglycemic. E2infected mice, however, showed diminished insulin response to glucose, and were
mostly hypoglycemic. The asterisks (*) represent two E2 -infected mice with
reduced body weight (30% smaller than normal).

78

4.3.2.2 Intravenous Glucose Tolerance Test
To rule out the possibility that intraperitoneally-injected glucose cannot be effectively
transported into the circulation due to downregulation of GLUT-1 transporters on
endothelial cells caused by E2 infection, an intravenous glucose injection into the mouse
tail vein was was next tested. Blood glucose was measured by a glucometer at 0, 30 and
60 mins post-injection. For the intravenous GTT, one hour was found to be sufficient time
for serum glucose to return to original levels in control animals. The normal glucose
response was again seen in the mock-infected controls, as well as in the JVB-infected mice
on both day 24 and 137. The E2 group, in contrast, showed a diminished glucose response
and again, hypoglycemia (Fig. 5.18).

The consistency of results in all three modifications of the serum glucose experiment (Figs.
5.16, 5.17, 5.18) underlines the importance of damage to acinar cells in restricting uptake of
dietary glucose.

The observed hypoglycemia of the E2 group cannot be attributed to

hyperinsulinemia as these mice are known to have impaired insulin production as discussed
in Figures 5.12 and 5.14. Our conclusion is that damage to acinar pancreas by E2 as seen
in the histopathology slides (Fig.5.1), results in a significant loss of cells producing
exocrine enzymes (amylase, lipase and trypsin).

These enzymes are responsible for

breaking down glucose from complex food groups such as carbohydrates, fats and proteins,
respectively. Destruction of the cells secreting these enzymes would clearly result in a
deficiency of the dietary uptake of nutrients. The other source of glucose comes from the
mobilization of glycogen from stores in the liver, a catabolic process upregulated by
glucagon. Since E2 infection was shown not to affect synthesis of glucagon, the mice were
able to survive for some time until they have depleted their glycogen reserves. However at
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later times (days 55 and beyond), the E2-infected mice suffered from starvation, severe
weight loss, and hypoglycemia. It is possible, therefore, that when glucose was injected
during the GTT, the E2-infected mice displayed a very diminished rise in serum glucose
levels 30 mins post-injection because they were instantaneously utilizing any exogenous
glucose available to them, yet remaining hypoglycemic, however, after having rapidly
consumed all of the exogenous glucose.

In addition, it may be speculated that the loss of insulin production in E2-infected pancreas
was a consequence of hypoglycemia. The severely reduced serum glucose levels could
lead to a compensatory effect or feedback loop manifested as a reduction in insulin
production. In this light, the shut-down of the insulin production machinery would be a
result of the acinar destruction induced by E2 infection, rather than our initial hypothesis
that E2's persistence in the pancreas results in a specific disabling of beta cell insulin
synthesis.

To address this possibility, a dose-response experiment was carried out to

examine whether a lower dose of E2 virus would result in less acinar damage, allowing for
continued production of exocrine enzymes, and therefore uptake of dietary glucose. The
lack of insulin would then be expected to be associated with hyperglycemia in these E2infected animals. In addition, a preliminary experiment is currently being performed in
which E2-infected SJL/J mice are being fed with supplemented feed containing digestive
enzymes (amylase, lipase and trypsin) in order to compensate for their destroyed exocrine
pancreas (Giddings et al., unpublished data).

If the supplementation results in

hyperglycemia and reduced insulin production, then this may indicate that E2 infection
does damage the beta cells directly and cause impaired insulin production.
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Intravenous Glucose Tolerance Test of Infected SJL/J Mice Post-Fasting
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Fig.5.18 Intravenous glucose tolerance test of infected S J L / J mice. Mice
were fasted for 4 hrs, then serum glucose levels were measured at 0, 30 and 60
mins after intravenous injection of 2g/kg b.w. glucose. JVB-infected mice
consistently showed normal insulin response to glucose injection and were
normoglycemic, similar to controls. E2-infected mice showed reduced insulin
response to glucose, and were chronically hypoglycemic.
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5. Dose-Response Experiment in SJL/J Mice
5.1 Viral Induction of Histopathological Damage
In order to determine whether the main difference between E2 and J V B strains was doserelated, as opposed to being due to an intrinsic property of each viral strain, a dose-response
experiment was performed. The question addressed was whether infecting SJL/J mice with
a lower dose of E2 would reduce the damage to the acinar pancreas and consequently allow
for recovery, or alternatively, whether increasing the dose of J V B would mimic the acinar
tissue damage caused by E2 infection. To examine this, another set of six-week-old SJL/J
male mice was infected with either 10 pfu of J V B (10-fold more than the dose used in the
6

original experiments), or 10 pfu and 10 pfu of E2 (100 to 1000-fold less than previous
2

dose).

3

Figure 5.19 shows sections of pancreas stained with Masson's Trichrome.

Increasing the dose of J V B still resulted in restoration of the acinar pancreas on day 14 as
previously noted (Fig. 5.1). In addition, lowering the infectious dose of E2 was found to
decrease the extent of disintegration of the acinar pancreas at early times. However by day
14, even with an inoculum of 10 pfu, the exocrine pancreas was largely destroyed and the
2

sections were indistinguishable from those taken from animals injected with 10 pfu. This
s

suggests that there is a reproducible difference between the E2 and J V B strains that is an
intrinsic property of each strain and cannot be compensated for by varying the inoculum
dose.

82

Dose-Response Experiment: Masson's Trichrome Staining of
Infected SJL/J Pancreas

Fig. 5.19 Masson's Trichrome staining of infected S J L / J pancreas from the
dose-response experiment. Sections were photographed at 20x magnification.
A ten-fold higher dose (10 pfu) of JVB infection still allows for recovery of the
acinar tissue on day 14. A hundred-fold lower dose (10 pfu) of E2 infection
triggers lymphocytic infiltration on day 3, but with much less damage to the
pancreas compared to the original 10 pfu dose in Fig. 4. However by day 14,
the acinar tissue is also destroyed while the islets remain. Not much difference
is seen in the damage caused by a thousand-fold lower dose (10 pfu) of E2.
6

3

5

2
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5.2 Measurement of Insulin Content In Situ

The same sections were immunostained for insulin in order to assess whether varying the
viral doses affects beta cell function differently. Figure 5.20 shows that a ten-fold increase
in JVB inoculum resulted in loss of insulin staining in some islets on day 3 as expected. On
day 14, islets regained insulin staining, yet despite the higher JVB dosage, the acinar tissue
remained intact. In conjunction with this finding, it was also seen that lowering the E2
dose to 10 pfu per mouse lessened the functional damage caused in beta cells, since the
2

majority of islets were found to contain some insulin on day 14, as opposed to their
counterpart islets in Figure 5.12 which were infected at 10 pfu and were almost completely
5

unstained. However, an E2 dose of 10 pfu per mouse still resulted in diminished insulin
3

content in the majority of islets. Taken together, these findings indicate two things: Firstly,
a higher dosage of the non-diabetogenic JVB strain does not cause irreversible damage to
the acinar pancreas, suggesting that acinar damage is likely specific to the viral strain rather
than to the viral dose. Secondly, lowering the E2 infectious dose to 10 pfu still caused
3

damage to beta cell function and inhibition of insulin synthesis, while causing reduced
necrosis to the acinar tissue. Thus it may be concluded that despite reducing the extent of
damage to the acinar pancreas, low levels of E2 virus were still associated with damage to
the insulin synthetic machinery in beta cells, although this occurred more slowly than
following injection with higher virus doses.
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Dose-Response Experiment: Immunostaining of Insulin
in Infected SJL/J Pancreas

Fig. 5.20 Immunoperoxidase staining of insulin in infected SJL/J pancreas
from the dose-response experiment. Sections were photographed at 40x
magnification. Pancreases infected with a higher dose of J V B inoculum (10 pfu
per mouse) stain well for insulin after the acute stage of infection. Infection with
lower doses of E2 (10 pfu per mouse) does not appear to affect insulin synthesis.
However, a 10 pfu E2 dose causes diminished insulin content in the islets.
6

2

3
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6. Comparison of Mouse Strains: Viral Pathogenesis in BALB/c Mice
A n additional goal was to compare and characterize the viral pathogenesis of J V B and E2
in a CVB4-induced diabetes-susceptible mouse strain, SJL/J, and in a CVB4-induced
diabetes-resistant

mouse strain, B A L B / c (Yoon et al., 1979). Therefore, a parallel

experiment involving B A L B / c mice was carried out. Six-week old B A L B / c male mice
(n=3) were infected with 10 pfu of either J V B or E2.
s

Serum and tissues such as pancreas,

heart, liver and spleen were to be collected on timepoints identical to those used in the
SJL/J experiment.

However, by day 3-8 p.i., most B A L B / c mice infected with the

diabetogenic E2 virus died. Several mice died or had to be euthanized earlier than the
planned timepoints because of their morbid condition. They displayed many pathological
symptoms, including lethargy, ruffled fur and light sensitivity. In the case of animals that
died prematurely, the suspected cause of death was liver disease. Gross liver morphology
was examined upon dissection and displayed a jaundiced liver with firm, rubbery texture.
Histological analysis as seen in Figure 5.21 revealed severe hepatocyte damage and fibrosis
in the liver. The pancreas also showed massive damage and acinar destruction.
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Mouse Strain Comparison: Masson's Trichrome Staining
of Infected B A L B / c Livers
Mock

JVB

E2

Fig. 5.21 Histological analysis of infected BALB/c livers. Photographs
were taken at 20x magnification. Normal keratinocytes are visible in the
mock and JVB-infected livers from days 1-35 p.i. However, livers of E2infected mice show a loss of cellular integrity and severe necrosis on days
3 and 5, after which all E2-infected mice were either found deceased or
morbid, and thus were euthanized.
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7. Comparison of E2 Strains: Effect of Viral Purification andPassaging
The E2 virus that was used in all experiments described so far was plaque-purified and
passaged multiple times through beta cells, a process that had been shown by Yoon et al to
increase diabetogenicity of C V B strains. However, because the expected hyperglycemia
was not observed in the E2-infected SJL/J mice in the experiments performed, we carried
out additional experiments using the original, unpurified E2 virus stock obtained from Dr.
Charles Gauntt in the University of Texas, in order to rule out the possibility that we had
been using a purified E2 variant that does not cause hyperglycemia.

In this experiment, one group of six-week old SJL/J male mice (n=3) was infected with 10

5

pfu of the original E2 virus, and another group with 10 pfu of the passaged E2. Figure
5

5.22 shows the Masson's Trichrome-stained pancreas sections taken from SJL/J mice
infected with the original versus passaged E2 virus. No significant difference was evident
in the pancreatic damage induced by either E2 preparations.

Both pancreas sections

displayed massive fibrosis and acinar tissue degeneration beginning on day 3 and
worsening until day 35 p.i. Amidst the vast damage in the exocrine pancreas, islets remain
more or less intact, as previously observed. A n intraperitoneal GTT was performed on these
mice to analyze their glucose regulation on day 10, at which time damage to the pancreas
was maximal. Results shown on Figure 5.23 revealed no significant variation between the
two infected groups.

Both the original and the purified E2 caused hypoglycemia and

reduced glucose response 30 mins after glucose injection. Total pancreatic insulin content
in these infected SJL/J mice were also measured, as shown on Figure 5.24. Again no
significant difference in the insulin content was observed in both infected groups. Relative
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to the mock-infected controls, the E2 (original) and E2 (purified)-infected SJL/J mice had a
~70% reduction in insulin content by day 3, and insulin levels further diminished to
undetectable levels by day 35. Taken together, these findings suggest that purification and
passaging of the original E2 virus did not appreciably enhance its diabetogenic potential for
causing damage to the SJL/J pancreas.
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Viral Strain Comparison: Masson's Trichrome Staining of
E2-Infected SJL/J Pancreas

E2 (original)

E2 (passaged)

Day 1

Day 3

Day 10

Day 35

Fig. 5.22 Masson's Trichrome staining of pancreases from SJL/J mice
infected with 10 pfu of either E2 (original) or E2 (passaged). Both
infected groups show acinar degradation starting on day 3, worsening until
day 35, while islets remain spared. No significant difference can be
observed between the two infected groups.
5
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Viral Strain Comparison: Intraperitoneal Glucose Tolerance Test
of E2-infected S J L / J M i c e
Day 10
0

30

120

0

30

120

Mock

30

120 min

T

I

28 r

0

E2 (passaged)

i

E2 (original)

Fig. 5.23 Intraperitoneal glucose tolerance test in S J L / J mice infected
with 10 pfu of either purified E 2 (as previously used) or original E 2
virus.
Each animal is represented by one line pattern (n=3). No
significant difference is seen between the two infected groups. A l l mice of
both infected groups were hypoglycemic and did not exhibit normal
glucose response upon injection of glucose.
S
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Viral Strain Comparison: Total Insulin Content
in E2-Infected SJL/J Pancreas

|

•n

Mock

[] E2 (passaged)
• E2 (original)

o?

0
Day 1

Day 3

Day 10

Day 35

Fig.5.24 Total insulin content in SJL/J mice infected with either the original or
the purified E2 virus. Error bars are calculated from the average of three
experiments. No significant difference is observed in the two infected groups, as
both groups have severely diminished insulin contents by day 10 and 35 p.i.
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CHAPTER SIX: CONCLUSIONS
The overall objective of this thesis was to elucidate the viral factors that establish the
virulence of a diabetogenic CVB4 strain in the pancreas of a susceptible murine host. The
underlying hypothesis is that the diabetogenic C V B 4 strain, E2, has a higher tropism for
pancreatic islet cells compared to the non-diabetogenic parental strain, J V B , and hence
causes greater beta cell injury, which presents as insulin deficiency and glucose
dysregulation in type I diabetics. Histopathological analysis of pancreases taken from
infected SJL/J mice clearly showed that infection with J V B causes acute early damage to
both exocrine and endocrine pancreatic tissues, but since damage is limited, J V B also
allows for acinar tissue recovery and islet cell neogenesis after the infection has been
resolved.

E2 infection, however, caused irreparable damage mainly to the exocrine

pancreas, which then lost the ability to recover and regenerate. Paradoxically, the islet cells
of E2-infected mice did not display severe necrosis or degeneration as would be the
expected outcome of infection with the diabetogenic virus. T U N E L analysis identified
much higher numbers of apoptotic cells within E2-infected islet and acinar tissues than in
the JVB-infected pancreas on day 3. Cell death in E2-infected mice continued to occur
over the 35-day period. These findings indicate that the extreme virulence of the E2 virus
on pancreatic exocrine tissue may have resulted in the subsequent destruction of precursor
stem cells that possess the ability to differentiate into all pancreatic cell types, depending on
the stimulus received. These pluripotent precursor cells normally lie in the ductal and
acinar tissue epithelium, and have been found to be responsible for the regeneration of new
exocrine and endocrine tissue in partially pancreatectomized rats (Bonner-Weir et al., 1997;
Sharma et al., 1999). In this regard, the absence of acinar tissue recovery and islet cell
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neogenesis in the E2-infected mice may be the consequence of the destruction of these
precursor cells. This suggests that a disturbance in beta cell neogenesis, as opposed to
direct viral damage to beta cells, may be the major factor in CVB4-induced type I diabetes.

Measurement of viral titres, as well as localization of viral antigens and dsRNA, all
provided further evidence for the higher virulence and persistence of E2 compared to J V B
in the SJL/J pancreas. The degree to which a virus replicates in a given tissue is reflective
of the virus' tropism for that tissue. Although previous work by other groups (Vella et al.,
1992; Ramsingh, 1997; Tracy et al., 2000) have demonstrated that most C V B 4 strains have
a tropism for the pancreas to varying degrees, our laboratory has shown that the
diabetogenic E2 strain has an exceptionally greater tropism for the pancreas compared to
the parental JVB strain, having titres of approximately 10 to 100-fold higher than those
found for J V B . Furthermore E2 replication occurred over a longer period of time in that
infectious E2 viral particles were detected until day 10 p.i., whereas J V B particles were
seen only until day 3 p.i. Immunohistochemical staining for viral antigen in these infected
tissues revealed that E2 predominantly replicates in the exocrine pancreas, and to a lesser
extent in the islets until day 10 p.i. On the other hand, J V B replicates in both tissues, but
viral antigens were only detectable until day 3 p.i., a finding consistent with those seen in
the plaque assay data. In the case of both E2 and J V B , viral replicative intermediates in the
form of dsRNA were also found to localize mainly in the acinar tissue, with E2 dsRNA
visibly detected until day 14 p.i., remaining approximately ten days longer than J V B
dsRNA. E2 dsRNA was also seen in occasional islets on day 95 p.i., suggesting that the
virus can persist in the tissue long after infectious particles have been cleared by the
immune system. As discussed in the Introduction, persisting viral dsRNA can trigger
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various antiviral host responses involving cytokines, ultimately resulting in cell death.
Thus the high tropism and virulence of E2 in the pancreas, coupled with the persistence of
E2 dsRNA in islet cells, may together contribute to this viral strain's ability to induce
significant beta cell damage in the pancreas of a susceptible host.

To examine further whether the E2 virus affected beta cell function despite causing a
surprisingly reduced cytopathology in islet cells, insulin content was measured in tissue
sections, as well as in the whole pancreas. In both cases, insulin production was seen to
diminish during acute stages of J V B infection, but gradually resumed after infection was
overcome.

In contrast, the beta cells of E2-infected pancreases completely lost insulin

production even after acute infection, indicating that E2 caused a functional injury to these
beta cells, thereby interfering with their insulin-producing capacity.

This E2-induced

damage was found to be specific for beta cells, since glucagon staining in the alpha cells of
the islets remained normal. Moreover, the functional damage to beta cells was found to be
specific for insulin production, since proIAPP synthesis stayed intact up to day 35. In order
to assess whether the damage to the insulin production machinery induced by E2 in beta
cells resulted in dysfunction of glucose regulation, serum glucose levels were measured.
Data from the glucose tolerance tests showed that while JVB-infected mice were
normoglycemic after day 1 0 p.i., E2-infected mice were consistently hypoglycemic, an
observation not consistent with the hyperglycemia that results from insulin deficiency in
type I diabetic patients.

A possible explanation is that the severe exocrine pancreas

degeneration due to E2 infection resulted in a substantial loss of cells producing exocrine
enzymes necessary for the conversion of complex food groups to glucose during digestion.
As a result, these glucose-starved mice suffered from severe weight loss, and the ensuing
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hypoglycemia may have possibly caused a downregulation or inhibition of insulin
production. Thus it may be speculated that the loss of insulin production in mice infected
with the diabetogenic E2 viral strain can be attributed to two pathogenic events: a) the
irreversible destruction of pancreatic acinar tissue, which results in hypoglycemia; and b)
direct viral-induced pathology of beta cells plus an additional role for persistent viral
dsRNA triggering apoptotic death of beta cells (Kibler et al., 1997; Liu et al., 2001). As an
attempt to differentiate between these two possibilities, a dose-response experiment was
performed to test whether lowering the dosage of E2 inoculum would lead to reduced
injury in the acinar pancreas, thereby allowing for glucose digestion. Experimental data
show that a lower dose of E2 virus somewhat lessens exocrine damage, but still results in
diminished insulin production. Thus E2 infection causes direct functional damage to beta
cells of SJL/J mice, conceivably via the antiviral and cell death pathways triggered by
persisting dsRNA molecules, thereby resulting in insulin deficiency, glucose dysregulation
and ultimately, type I diabetes.

The pathogenesis of CVB4-induced type I diabetes in the murine model characterized in
this thesis generally mimics the disease process observed in the 10-year-old boy from
whom E2 was originally isolated (Yoon et al., 1979). This patient had a family history of
type I diabetes, and had had mumps and chickenpox years earlier. Before admission into
the hospital, the patient developed a flu-like illness, lethargy, polyuria and polydipsia.
After five days of treatment for diabetic ketoacidosis, he finally succumbed to diabetic
coma. Pathological examination of the patient's pancreas post-infection revealed depletion
of islet cell mass, degenerated and misshapen cells, and inflammatory involvement
throughout the remaining acinar tissue. These observations are not dissimilar to those seen
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in the E2-infected SJL/J mice described in this thesis.

However one major difference

between the human case and our murine model of infection is that the patient developed
hyperglycemia and died of its complications, whereas the SJL/J mice were hypoglycemic
even in the long-term. This apparent hypoglycemia, as discussed above and in Chapter
Five, may be linked to the loss of exocrine tissue and hence the absence of exocrine
enzymes necessary for digestion. One way of confirming this is by reducing the extent of
acinar damage caused by E2 infection. However the dose-response experiment (in which a
dose as low as 10 pfu of E2 was used as inoculum) still showed that E2 destroys the
2

exocrine pancreas. Preliminary results of an ongoing experiment in our laboratory
involving E2 infection of another susceptible mouse strain, D B A , show less damage in the
acinar pancreas and development of hyperglycemia. In this regard it may be possible that
E2 is simply too virulent a strain to use in the extremely susceptible SJL/J mice. Indeed
infection with such a virulent and diabetogenic virus is rare in human case studies. In
contrast, infection of SJL/J mice with the less virulent J V B virus appears to be a better
model for type I diabetes induction in humans, since it does not have the extreme effects of
E2 infection in the exocrine pancreas. Although non-diabetogenic, the J V B strain can still
replicate in beta cells and cause acute damage as seen in Fig. 5.1. However unlike E2
infection, the acinar pancreas is restored after the acute stage of J V B infection - a more
common observation in human cases as well. J V B infection causes transient hyperglycemia
in SJL/J mice on day 3 p.i. as seen in Fig. 5.16. In addition Fig.5.14 shows that pancreatic
insulin content diminished by 50% ten days after J V B infection, but ongoing islet
neogenesis enabled the beta cell mass to stabilize, thus allowing the mice to maintain
normoglycemia. It has been reported that C V B 4 infection of susceptible mice produced
abnormal glucose tolerance and transient hyperglycemia, but the incidence of glucose
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dysregulation diminished with time, indicative of a repair process within the pancreas
(Ramsingh et al., 1997). This suggests that multiple injurious events may be required to
sustain the process of beta cell destruction.

Aclrnimstration of streptozotocin, a drug

cytotoxic to beta cells, to mice prior to C VB infection resulted in prolonged hyperglycemia,
suggesting that once beta cell damage had been initiated, CVB infection could sustain the
process of destruction (Toniolo et al., 1982). Conceivably multiple viral infections during
the lifetime of an individual possessing the correct combination of diabetes-susceptibility
genes may slowly but effectively culminate in beta cell damage to a degree sufficient to
precipitate the onset of type I diabetes.

In our murine model of CVB4 infection, the predominant damage to the pancreas is
observed in the exocrine tissue, both in mice infected with JVB or E2 virus. Several
laboratories have demonstrated that CVBs have a greater tropism for the acinar pancreas
than for the islet cells. Vella et al. showed that CVB4 infection of nine out of ten different
mouse strains showed acute infection of the exocrine pancreas, with viral titres peaking 3-4
days p.i., and lesions almost exclusively confined to the exocrine cells (Vella et al., 1992).
Another group has recently demonstrated that the coxsackievirus-adenovirus receptor
(CAR) is expressed primarily in acinar cells and only minimally in islets (Mena et al,
2000). Since CAR expression is a major determinant of virus tropism, it is not surprising
that CVB causes extensive injury to the exocrine pancreas. Enteroviruses, particularly
CVB, have been implicated in 20-34% of human pancreatitis cases (Ozsvar et al., 1992). In
animal models, there is unequivocal proof that CVB causes pancreatitis (Vuorinen et al.,
1989). All these data suggesting that CVB4 infection causes extensive acute damage to the
exocrine rather than the endocrine pancreas does not preclude the possibility that infection
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with a diabetogenic C V B 4 virus can persist in the islet cells and initiate functional damage
in the long-term. More recent studies have shown that type I diabetes can simultaneously
develop following acute pancreatitis (Inoue et al., 2001).

The encephalomyocarditic virus (EMCV) is another virus that causes type I diabetes in
animal models.

E M C V infection induces a diabetes-like syndrome characterized by

hypoinsulinemia, hyperglycemia, polyphagia, and polydipsia (Boucher et al., 1973). It has
been reported that E M C V infection of whole islets isolated from mice resulted in a
significant decrease in insulin biosynthesis as early as 2 hrs after infection. At 44 hours
p.i., glucose-induced insulin biosynthesis was found to be inhibited, and islet insulin
content displayed a marked reduction (Ward et al., 1990).

In addition, the immune

mediators of EMCV-induced type I diabetes have been characterized by several research
groups. Studies have indicated that macrophages are the main immune cells involved in the
destruction of beta cells in mice infected with E M C V - D , the diabetogenic variant of E M C V
(Baek et al., 1990; Hirasawa et al., 1996).

While macrophages are the predominant

immune mediators in early infection, a mixed population of immunocytes including C D 4 ,
+

C D 8 T lymphocytes and macrophages play a role during intermediate and late stages of
+

infection (Baek et al., 1990).

Macrophage depletion resulted in an almost complete

inhibition of beta cell destruction in EMCV-D-infected mice (Baek et al., 1991). Soluble
mediators of cell death such as I L - i p , TNF-ct and iNOS are produced by macrophages
upon activation, and were found to be expressed during early stages of insulitis until the
onset of diabetes in this murine model. Mice treated with inhibitors of these cytokines as
well as iNOS displayed a diminished incidence of type I diabetes (Hirasawa, et al., 1997).
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Although T cells do not play a large role in EMCV-induced type I diabetes, since depletion
of T cells does not alter the incidence of disease, T cells are critical players in the
development of autoimmune diabetes in the non-obese diabetic (NOD) mouse. N O D mice
develop diabetes spontaneously, in which insulitis precedes beta cell destruction, which
culminates in hypoinsulinemia and hyperglycemia. In this model, autoimmune diabetes is
found to depend upon the delicate balance of cytokines produced by macrophages and T
cells. For example, autoimmune-mediated beta cell destruction may be enhanced i f the
balance is tipped in favor of inflammatory cytokines (IL-1, T N F - a , IFN-y). However,
protective cytokines such as TGF-P may inhibit the cytotoxic process when the balance is
tipped in their favor (Han et al., 1996).

Although this thesis does not include characterization of the types of immune cells present
during C V B 4 infection as displayed in Fig.5.4, another laboratory has done preliminary
work on this. Ramsingh et al. compared two variants of C V B 4 , namely CVB4-P which
caused acute pancreatitis followed by repair of exocrine tissue (similar to J V B virus), and
C V B 4 - V which induced chronic pancreatitis resulting in extensive destruction of exocrine
pancreas (similar to E2 virus). They found that the cell types in the inflammatory infiltrates
taken from CVB4-V-infected pancreases consisted of B cells (35-75%), T cells (10-30%),
natural killer cells (4-8%) and macrophages (0-9%). Their data suggested that differential
recruitment of T and B cells may be attributed to altered antigenic sites between the two
viruses (Ramsingh et al., 1997). Another study examined the role of natural killer (NK)
cells in the early immune response to C V B 4 , and showed that lesions in the exocrine
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pancreas were least extensive in mouse strains having the highest endogenous NK cell
activity (Vella et al., 1992). When the mice had been depleted of NK cells prior to CVB4
infection, resistance to infection was completely abolished; hence the mice developed
pancreatitis. This suggests that NK cells play a key role in resistance to infection, possibly
by limiting viral access to the pancreas and viral replication in the exocrine tissue (Vella et
al., 1992).

Taken together, the findings in this thesis support the concept that a diabetogenic strain of
CVB4 can induce a derangement in glucose regulation and disrupt insulin production in
beta cells of the virus-induced diabetes-susceptible SJL/J mouse.

Understanding the

precise role of the virus in the initiation and perpetuation of beta cell destruction is crucial
in developing therapeutic methods to intervene with the virus-induced tissue damage. This
may be directed towards vaccine production and limitation of viral damage during
infection, or to treatments that promote islet and acinar cell regeneration after the acute
stage of virus-induced damage.
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