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Abstract

Mice from susceptible mouse strains die from hemorrhagic encephalomyelitis
following infection with mouse adenovirus type 1 (MAV-1). MAV-1 susceptibility
quantitative trait locus, Msq 1, was identified based on its strong linkage to the high brain
viral load phenotype (a surrogate measure of susceptibility) following MAV-1 infection.
Msql accounts for ~40% of the phenotypic trait variance between resistant BALB/c and
susceptible SJL mice after MAV-1 infection. To study the in vivo contribution of Msql,
we bred an interval-specific congenic mouse strain (C.SJL-Msql1®'™), in which the SJL-
derived allele MsqI*" is introgressed onto a BALB/c background. MsqI*’* accounts for
the high brain viral titers and blood-brain barrier disruption, yet does not account for the
total extent of brain pathology, edema, inflammatory cell recruitment or mortality in SJL
mice. In comparison, BALB/c mice showed no signs of disease in these assays. Infection
of SJL- and C.SJL-Msq1>"-derived primary mouse brain endothelial cells resulted in loss
of barrier properties, whereas BALB/c-derived cells retained their barrier properties.
These results validate Msq/ as an important host factor in MAV-1 infection, and refine
the major role of the locus in development of MAV-1 encephalitis. They further suggest
that additional host factors or gene interactions are involved in the mechanism of

pathogenesis in MAV-1-infected SJL mice.
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There are 14 Ly6 or Ly6-related genes in Msql, which spans from 74.68 to
75.43 Mb on mouse chromosome 15. Ly6 genes are good candidate genes for MAV-1
susceptibility because their gene products are expressed on both myeloid and lymphoid
cells and because they can be upregulated by both type I and II interferons. In addition,
they have been identified as important host factors in other viral infections, including
HIV, West Nile virus and Marek’s disease virus. To identify the specific Ly6 gene(s) that
influence MAV-1 infection, transgenic mouse strains were made using bacterial artificial
chromosomes derived from Msql'?****¥"_ Thus far, 7 of the 8 transgenic mouse strains
were phenotypically resistant to MAV-1 infection. Efforts to interpret the resistant

phenotype are currently ongoing.
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Chapter |
Introduction
Human adenoviruses

Human adenoviruses were first isolated from adenoid tissues in 1953 (Hilleman
and Werner, 1954; Rowe et al., 1953). Adenovirus serotype classifications are
determined based on the ability of different antisera to neutralize known human
adenoviruses (Fields et al., 2007). However, recent whole genome sequencing of
adenoviruses revealed the unreliability of using low-resolution techniques such as serum
neutralization and hexon sequencing for adenovirus classifications (Singh et al., 2012;
Walsh et al., 2010; Zhou et al., 2012). Accordingly, whole genome sequencing has now
become the standard of adenovirus classification. To date, over 60 adenoviruses have
been formally recognized based on a combination of serology, phylogenetics and whole
genome sequencing (Singh et al., 2012).

Adenoviruses all share a similar structure to adenovirus 5 (Ad5), which was
resolved to near atomic resolution in 2010 by cryo-electron microscopy (Liu et al., 2010)
and x-ray crystallography (Reddy et al., 2010). Adenoviruses are medium-sized, non-
enveloped, double-stranded DNA viruses that contain genomes ranging in size from 26 to
45 kb (Davison et al., 2003; Fields et al., 2007). Each viral particle has a diameter of
~90 nm, and a protein shell that consists of three major (hexon, penton, and fiber) and
four minor (Illa, VI, VIII, and 1X) capsid proteins. The viral core includes four additional

proteins (V, VII, Y, and terminal protein) and DNA.



Human adenoviruses are responsible for ~5 to 10% of early childhood respiratory
infections (Fields et al., 2007). They have also been associated with acute respiratory
disease in military recruits, who are susceptible to infection from the combination of
overcrowding and exhaustion. In addition, adenoviruses can cause a variety of other
clinical syndromes, including most commonly, keratoconjunctivitis and gastroenteritis
(Goncalves et al., 2011; Sambursky et al., 2007). In immunocompetent hosts, human
adenovirus infections are usually mild and self-limiting, or asymptomatic. However, in
immunocompromised individuals, such as transplant, cancer, immunodeficient or AlDs
patients, adenoviral infections often become disseminated and cause a broad range of
clinical disease (Krilov, 2005). These include hemorrhagic cystitis, myocarditis, hepatitis,
pneumonia, and encephalitis.

Encephalitis caused by human adenoviruses occurs most often in children during
acute respiratory disease outbreaks and is most commonly associated with adenovirus
type 7 (Gabrielson et al., 1966; Sakata et al., 1998; Simila et al., 1970). Other human
adenoviruses that have been associated with central nervous system (CNS) disease
include adenoviruses type 2 (West et al., 1985), type 3 (Okamoto et al., 2004), type 5
(Chatterjee et al., 2000), type 11 (Osamura et al., 1993), type 32 (Roos et al., 1972), type
31 and 49 (Schnurr et al., 1995). Although human adenovirus molecular biology has been
extensively studied (Fields et al., 2007), we know little of the mechanisms of adenovirus
neuroinvasion and brain pathogenesis, and even less about the contribution of host factors
to susceptibility to adenoviral disease. Knowledge of these may help the development of

therapeutic interventions to decrease disease severity.



Experimental animal models of human adenoviruses

Due to the species-specificity of adenoviruses, study of human adenoviruses has
lacked good animal models (Wold and Horwitz, 2007). Human adenoviruses can infect
cells of other species, including the mouse, but only at very high multiplicities of
infection that are not physiologically relevant (Blair et al., 1989; Ganly et al., 2000;
Jogler et al., 2006; Ternovoi et al., 2005; Younghusband et al., 1979). Human adenovirus
infection is inhibited even in monkey cells, and requires either coinfection with SVV40 or
key adenovirus mutations to overcome the host-range barrier (Klessig and Grodzicker,
1979; Rabson et al., 1964). The exception to this species-specificity is porcine primary
cell cultures, in which Ad5 is able to establish robust replication (Jogler et al., 2006).
Nevertheless, animal models have been explored to study human adenovirus biology and
pathology. Because mice are not permissive hosts for human adenovirus infections
(Ginsberg et al., 1991), the suitability of other small laboratory rodents, including the
cotton rat (Pacini et al., 1984) and the Syrian hamster (Hjorth et al., 1988), has been
pursued.

The cotton rat has been used as a model organism for many human respiratory
tract infections (Sadowski et al., 1987). Cotton rats are susceptible to at least 4
adenovirus types, including types 1, 2, 5, and 6 (Pacini et al., 1984). In addition, when
adenovirus type 5 (Ad5) is intranasally inoculated into the cotton rat, pneumonia
develops, similar to that seen in humans (Pacini et al., 1984; Prince et al., 1993). When a
cotton rat fibrosarcoma cell line is compared with a human lung carcinoma cell line
(A549) with regard to susceptibility to Ad5 infection, high progeny release is seen in

A549 cells, while virus progeny release from the cotton rat fibrosarcoma cell line is 2 log



units lower (Toth et al., 2005). In addition, injection of an oncolytic adenovirus vector
into tumors establishes infection in the tumors but not in normal tissues of the cotton rat;
no viral progeny is detectable in blood, liver, or lung tissues by 2 days post injection.

The Syrian hamster is also permissive for Ad5 infection in the lung (Hjorth et al.,
1988). In addition, Ad6 is able to establish a persistent infection in the brains of young
adult hamsters (Yabe et al., 1988). A comparison study of a Syrian hamster kidney cell
line with A549 cells revealed only a 1 log unit difference in viral replication between the
cell lines, with lower virus yield in the Syrian hamster kidney cells (Thomas et al., 2006).
Also, following intratumoral infection of the oncolytic adenovirus vector into hamster
tumors, viral progeny was detected in blood, liver and lungs up to 7 days post injection.
In another study, primary cell cultures from different laboratory animal species (including
the cotton rat and the Syrian hamster) were infected with Ad5 and compared using a
single-cycle virus burst assay (Jogler et al., 2006). Cotton rat primary cells required a one
log unit higher virus inoculation than Syrian hamster cells for the production of infectious
viral particles.

The results from these studies suggest that Syrian hamster cells and hamsters are
more permissive to adenovirus infection than are cotton rats and cells derived from cotton
rats. Therefore, Syrian hamsters seem to be a better animal model for human
adenoviruses. However, a study examining parallel intracranial infections of cotton rats
and Syrian hamsters with Ad5 and a glioma-targeting conditionally replicative
adenovirus demonstrated that cotton rats are much more susceptible than Syrian hamsters

(Sonabend et al., 2009). The different conclusions reached from these studies may result



from the differences in inoculation route and sensitivity of the assays used to detect

presence of virus.

Mouse adenoviruses

Adenoviruses have also been isolated from other vertebrates besides humans.
There are four different genera in the current adenovirus classification: Mastadenovirus,
Aviadenovirus, Atadenovirus, and Siadenovirus (Davison et al., 2003; Harrach and
Benkd, 2007). An additional fish adenovirus (obtained from white sturgeon) falls into a
fifth clade, which may subsequently be classified as a separate genus. Non-human
adenoviruses provide alternative approaches to studying adenoviral pathology in the
natural host. Mice in particular are a convenient and powerful experimental model
organism for in vivo study of adenovirus pathogenesis and the genetic components
mediating susceptibility to adenoviruses. This is due to the availability of resources that
include inbred mouse strains, immunological tools, and mouse cell lines that can be
biochemically, immunologically and genetically manipulated.

Despite numerous independent isolations, only three mouse adenovirus types have
thus far been identified, mouse adenovirus type 1 (MAV-1) (Hartley and Rowe, 1960),
mouse adenovirus type 2 (MAV-2) (Hashimoto et al., 1966), and mouse adenovirus type
3 (MAV-3) (Klempa et al., 2009). Mouse adenoviruses cause different pathologies.
MAV-1 causes a disseminated infection and in particular, replicates to high titers in the
CNS and spleen of susceptible mouse strains (Charles et al., 1998; Guida et al., 1995;
Kajon et al., 1998; Kring et al., 1995). MAV-2 mainly infects cells of the gastrointestinal

tract (Takeuchi and Hashimoto, 1976), while MAV-3 predominantly infects heart tissues



(Klempa et al., 2009). Why there are significant differences in mouse adenovirus
pathologies is currently unknown.

Like human adenoviruses, mouse adenoviruses belong to the Mastadenovirus
genus (Davison et al., 2003); mouse adenoviruses have a similar structure and genomic
organization to human adenoviruses (Hemmi et al., 2011; Klempa et al., 2009; Spindler
et al., 2007). Phylogenetic and genetic analyses reveal that MAV-1 and MAV-3 are more
similar to each other than to MAV-2 (Hemmi et al., 2011; Klempa et al., 2009). This is
surprising given that MAV-1 and MAV-2 were both isolated from the house mouse (Mus
musculus), while MAV-3 was isolated from the striped field mouse (Apodemus agrarius).
Cross-neutralization of mouse adenoviruses is only partially effective. MAV-2 antisera
are able to neutralize both MAV-2 and MAV-1. MAV-1 antisera neutralize MAV-1, but
its neutralization of MAV-2 and MAV-3 is much weaker (Klempa et al., 2009; Lussier et
al., 1987; Wigand et al., 1977). MAV-3 antisera neutralize MAV-3, but show no cross-
neutralization of MAV-1 (Klempa et al., 2009). Cross-neutralization experiments with
MAYV-2 and MAV-3 have yet not been performed.

MAV-1 was first identified in 1960 as a contaminant in Friend murine leukemia
cultures, and it has subsequently been successfully used in in vivo adenovirus
pathogenesis studies (Spindler et al., 2007). MAV-1 infects both inbred and outbred
strains of mice and targets endothelial cells and cells of the monocytic lineage, causing
acute and persistent infections. Disease outcome of MAV-1 infection is dependent on the
administered dose of virus, the route of infection, and the age and strain of mice (Guida et
al., 1995; Kring et al., 1995; Spindler et al., 2001). In neonatal and suckling mice,

MAV-1 infection results in a disseminated infection, resulting in death. MAV-1 can



cause fatal disease in both newborn and adult mice with inocula as low as 1 PFU (Hartley

and Rowe, 1960; Spindler et al., 2001).

Host immune response to MAV-1 infection

Resistance to MAV-1 infection is thought to be mediated by host immune
response. Exposure of resistant C3H/HeJ mice to a sublethal dose of gamma irradiation
renders them susceptible to MAV-1 (Spindler et al., 2001). RAG” mice on a C57BL/6
background that are deficient for mature T- and B-cells succumb more readily to MAV-1
infection than wild-type C57BL/6 controls (Moore et al., 2003). SCID mice on a BALB/c
background (BALB/c are a MAV-1-resistant strain) are also highly susceptible to
MAV-1 infection and develop diffuse hepatic damage similar to that seen in human Reye
syndrome (Charles et al., 1998; Pirofski et al., 1991).

Mice lacking o/f T cells develop high brain viral loads and eventually succumb to
MAV-1 infection by 9 to 12 weeks post infection (Moore et al., 2003). In contrast, wild-
type C57BL/6 control mice are able to clear viral infection. These data demonstrate that
T cells are required for long-term viral clearance. However, MHC class I-deficient, MHC
class 1l deficient, CD8", CD4™, and perforin-deficient mice are able to clear virus,
demonstrating that having either CD4" or CD8" T cells present is sufficient for viral
clearance. Despite their increased susceptibility to MAV-1, mice lacking o/f T cells do
not develop encephalomyelitis in response to MAV-1 infection, demonstrating that T
cells contribute to the brain immunopathology. Mice lacking MHC class | and perforin do
not show signs of acute disease and have less MAV-1-induced brain pathology. In

contrast, MHC class Il-deficient mice have similar pathology to infected susceptible



wild-type mice. These data suggest that CD8" T cells contribute significantly to MAV-1
encephalomyelitis.

Mice that are genetically deficient in NK cells and mice that are lacking both NK
and T cells do not differ from wild type control mice in either viral loads or survival
following MAV-1 infection. C57BL/6 and BALB/c mice that were depleted of NK cells
and infected with MAV-1 have similar brain viral loads as mice that had not been
depleted of NK cells, and no differences in survival were seen (Welton et al., 2008).
Therefore, NK cells do not appear to have a role in control of MAV-1 replication in the
brains of mice.

B cell-deficient mice are also highly susceptible to MAV-1 infection; they die
earlier than T cell-deficient mice, suggesting that B cells (but not T cells) are required at
the acute phase of infection (Moore et al., 2004). Bruton’s tyrosine kinase knockout mice
(Btk-/-), which have reduced serum immunoglobin and decreased levels of conventional
B cells and peritoneal B-1 cells, also succumb to MAV-1 infection early in infection.
Finally, treatment with MAV-1 immune serum (containing T cell independent antiviral
IgM) protects Btk-/- mice against lethal infection.

Macrophages are recruited to the brains of C57BL/6 mice after MAV-1 infection
(Gralinski et al., 2009). Macrophage depletion by treatment with clodronate-loaded
liposomes results in increased spleen viral loads in treated BALB/c mice compared to
untreated mice, suggesting that macrophages play a role in control of MAV-1 infection in
the spleens of BALB/c mice (Ashley et al., 2009). However, high brain and spleen viral
loads are seen in both treated and untreated SJL mice. These data suggest that

macrophages do not control the dissemination of virus in SJL mice.



The blood-brain barrier (BBB) and MAV-1 encephalitis

The BBB is a highly regulated interface that separates the brain parenchyma from
the peripheral circulation (Abbott et al., 2010). The exclusion of an intravenously injected
dye from brain tissue was first observed by Paul Ehrlich in 1885. The BBB serves a
critical function because the regulation of the extracellular environment of neurons is
essential for their function. Concentrations of ions, chemicals and other solutes are
normally controlled within very narrow ranges, and disruption of these levels can have
neurotoxic effects.

A key component of the BBB is the endothelial cells that line the brain
microvasculature. These cells are different from endothelial cells in the periphery due to
the presence of intercellular tight junctions (Kniesel and Wolburg, 2000), the lack of
fenestrations (Fenstermacher et al., 1988), increased mitochondrial count (Oldendorf et
al., 1977), and the low rate of endocytosis (Sedlakova et al., 1999). Other cells that make
up the BBB are astrocytes, pericytes, and neurons, which can modulate the integrity of
the barrier by the secretion of cellular factors (Hawkins and Davis, 2005). With the
addition of the extracellular matrix, these components make up the “neurovascular unit.”

In certain cases, increased BBB permeability can be a pathological effect of the
disease, such as during ischemic stroke (llzecka, 1996). In other diseases, BBB disruption
may be the cause of pathology, such as in multiple sclerosis (Minagar and Alexander,
2003). Failure of the BBB during CNS disease has a critical effect on disease outcome.
Increased permeability of the BBB has harmful consequences, such as the influx of
neurotoxic compounds and fluid from the peripheral circulation. In addition, disruption of

the BBB due to disease, such as from an encephalitic viral infection, is usually
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accompanied by large immune cell infiltrate into the CNS (Charles et al., 2001; Dorries,
2001; Irani and Griffin, 1996). Inflammatory cell presence in the CNS is low in healthy
individuals and limited to immune cell surveillance; influx of inflammatory cells into the
brain parenchyma is usually a sign of disease (Wekerle et al., 1986). At this time, the
mechanisms by which immune cells cross the BBB have not been well-defined, although
immune cells are known to passage through and between brain endothelial cells (refer to
Spindler and Hsu, 2012; Chapter I11).

Key factors controlling BBB permeability include matrix metalloproteinases
(MMPs) (Candelario-Jalil et al., 2009). MMPs are endoproteinases whose primary
function is the remodeling of extracellular matrix. In the healthy individual, MMPs
participate in repair and regenerative processes such as angiogenesis and tissue repair.
However, during CNS disease, MMPs play a role in the degradation of basement
membrane and extracellular matrix, as well as tight junction proteins, thereby facilitating
leukocyte infiltration into the brain parenchyma (Hartung and Kieseier, 2000; Jin et al.,
2010; Keogh et al., 2003; Reijerkerk et al., 2006; Wang et al., 2008). Uncovering the
pathways by which BBB disruption occurs (e.g., through the regulation of the expression
or degradation of tight junction proteins) has significant potential for the treatment of
disease and the delivery of drugs to the CNS.

Viruses are the most common causes of encephalitis; encephalitic viruses disrupt
the BBB through a variety of means (refer to Spindler and Hsu, 2012; Chapter III).
MAV-1 causes a fatal encephalomyelitis in mice, its natural host (Guida et al., 1995;
Kring et al.,, 1995). The occurrence of hemorrhagic encephalitis following MAV-1

infection is dependent on both the dose of MAV-1 inoculum and the mouse strain.
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MAV-1 induces a dose-dependent breakdown of the BBB during acute infection of
C57BL/6 mice, which have an intermediate susceptibility to MAV-1, but not in similarly
infected (resistant) BALB/c mice (Gralinski et al., 2009; Guida et al., 1995). Lethal
MAV-1 encephalitis is associated with high brain viral loads, accompanied by a large
influx of inflammatory cells in the brain, followed by vascular dysfunction, leading to
death (Guida et al., 1995; Moore et al., 2003; Spindler et al., 2001).

The primary site of MAV-1 infection in the brain is the endothelial cells of the
microvasculature (Charles et al., 1998; Kajon et al., 1998). The infection of primary
mouse brain endothelial cells results in the downregulation of tight junction mRNA and
protein expression, which could be the precipitating event leading to BBB disruption
(Gralinski et al., 2009). It had previously been suggested that there is a receptor for
MAV-1 that is only expressed in the CNS of susceptible mouse strains (Charles et al.,
1998). However, MAV-1 can also be detected in brain endothelia of resistant C3H/Hel
mice, although levels are higher in susceptible SJL mice (Spindler et al., 2001). In
addition, MAV-1 replicates equally well in the brains of both susceptible SJL and
resistant BALB/c mice after intracerebral inoculation (Spindler et al., 2007). These data
suggest that the difference in mouse strain susceptibility cannot fully be accounted for by
a difference in MAV-1 receptor expression in the brain endothelia of resistant and
susceptible mouse strains.

Increased infiltration of CD4" and CD8" T cells, B cells, neutrophils, and
macrophages is seen in brains of C57BL/6 mice after MAV-1 infection (Gralinski et al.,
2009). However, the increased BBB permeability following MAV-1 infection appears to

be largely independent of inflammation. Infection of C57BL/6 mice with a mutant early
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region 3 (E3) null virus results in reduced cellular infiltrate, but have similar levels of
blood-brain barrier breakdown compared to MAV-1-infected mice. Likewise, perforin-/-
mice do not have visible inflammatory infiltrate in their brains following MAV-1
infection; however, levels of BBB breakdown are also comparable to that seen in wild-
type C57BL/6 controls. These data suggest that BBB disruption during MAV-1 infection
IS not due to the presence of infiltrating inflammatory cells. Conversely, there is evidence
that CD8" cytotoxic T cells are critical to the pathogenesis of MAV-1 in the brain during
acute infection; mice lacking MHC class | genes do not show signs of acute disease
(Moore et al., 2003). However, whether increased BBB permeability occurs in these mice
is currently unknown.

Studies were performed to determine whether the difference in MAV-1 outcome
is due to a difference in cytokine response between the two strains. In particular, MAV-1-
susceptible C57BL/6 and MAV-1-resistant BALB/c mice mount Thl and Th2 cytokine
responses, respectively (Gorham et al., 1996). Following activation, naive CD4" T cells
differentiate into two types of functionally distinct effector cells, Thl or Th2 cells
(Mosmann et al., 2005). Thl cells induce cell-mediated immunity, while Th2 cells
mediate humoral immunity through antibody production. However, analysis of cytokine
gene expression following MAV-1 infection did not show any significant differences
between BALB/c and C57BL/6 mice in the nature of the cytokines induced in the two
strains (Charles et al., 1998).

Genetic differences in chemokines and/or chemokine receptors can also underlie
susceptibility to viral infection. Chemokines function as chemoattractants, recruiting

specific leukocytes to the site of infection (Baggiolini, 1998). MAV-1 infection results in
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an upregulation of the mRNA levels of chemokine receptors in both strains (Charles et
al., 1999). However, IFNy-induced protein 10 (CXCL10), monocyte chemoattractant
protein 1 (CCL2), and T cell activation gene 3 (CCL1) steady-state mRNA levels are
increased in the CNS of susceptible C57BL/6 mice but not in resistant BALB/c mice.
These data suggest a role of chemokines in MAV-1-induced encephalitis. Even so, it has
yet to be determined whether the observed chemokine expression differences contribute
to the development of pathogenesis, or if they are merely a representation of a difference
in the innate immune response brought about as a result of a productive viral infection in
C57BL/6 mice.

CCL2 is a chemokine that decreases tight junction protein expression, resulting in
loss of endothelial cell barrier properties (Song and Pachter, 2004; Stamatovic et al.,
2005). CCL2 is involved in increasing blood-brain barrier permeability during HIV and
dengue virus infections (Eugenin et al., 2006; Lee et al., 2006). However, treatment with
anti-CCL2 does not prevent loss of barrier properties of an ex vivo BBB model in
response to MAV-1 infection (Gralinski et al., 2009). In addition, infection with a
MAV-1 early region 3 (E3) null mutant causes BBB disruption despite a lack of CCL2
induction. These data indicate that MAV-1-induced BBB disruption is CCL2-

independent.

Ex vivo BBB model
The technique for the isolation of cerebral endothelial cells was first developed in
1973 (Joo and Karnushina, 1973). It remains a labor-intensive procedure involving the

immediate removal of brains following euthanasia, separation of cerebellum from
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cortexes, and the isolation of brain capillaries involving mechanical homogenization,
density gradient separation, and enzymatic digestion (detailed protocol in Chapter V1). In
addition, primary cultures are susceptible to bacterial contamination due to the many
handling steps.

However, the major advantage of using primary brain endothelial cell cultures is
that they mimic in vivo endothelial cell properties more closely than immortalized
endothelial cell lines (Cecchelli et al., 1999). Primary brain endothelial cells grown to a
confluent monolayer on a transwell membrane express complex tight junctions and
achieve high transendothelial electrical resistance. Immortalized cell lines usually lack
the necessary restrictive barrier properties that would allow us to perform permeability
screening experiments (Roux and Couraud, 2005). However, the tightness of the
endothelial cell barrier seen ex vivo still differs greatly from what is seen in vivo (Malina
et al., 2009). This is because when endothelial cells are removed from their in vivo
environment, they rapidly lose their characteristics (Risau and Wolburg, 1990).
Co-cultures of primary endothelial cells with either glial cells (Malina et al., 2009) or
astrocytes (Cecchelli et al., 1999) can increase the barrier properties of endothelial cells.

Data gathered from ex vivo studies should therefore not be directly compared to
data from in vivo models. However, the ex vivo model still provides key insight into the
effects of MAV-1 infection on brain endothelial cells, and specifically, their barrier
properties, in the absence of other neural cell types. In addition, we can also control the
subsequent introductions of specific cell types into ex vivo cell culture, which can help
elucidate the contribution of each cell type to the loss of BBB integrity during MAV-1

infection.
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Host determinants of susceptibility to pathogens

There are host genetic contributions to many infectious diseases, leading to
diversity in rate of disease progression and outcome. However, the identification of the
underlying genes has not been straightforward. While pathogen-specific genetic
determinants of infection severity (virulence genes) have been widely studied, less is
known about host determinants. Obtaining a better understanding of cellular and host
pathways involved in susceptibility to infection may lead to a wider range of therapeutic
options. There are a variety of methods to identify host genetic factors involved in viral
infection (refer to Hsu and Spindler, 2012; Chapter II).

Although the majority of susceptibility loci have yet to be identified, significant
progress has been made to identify genes involved in infection outcome through the
development of powerful genetic tools. Quantitative trait locus/loci (QTL) mapping is a
common approach used to identify genes involved in complex phenotypes, which include
disease outcome (Flaherty et al., 2005). This is a “hypothesis-free” approach; a specific
genomic region(s) that is strongly linked to a specific phenotype is isolated without prior
knowledge of the functions of the genes contained within the region. This strategy allows
researchers to dissect a complex phenotype without having to know the mechanism of the
process. Although identifying a QTL does not identify the specific gene(s) involved in
the complex trait, this approach drastically reduces the number of candidate genes
involved. Identification of the gene(s) underlying the QTL requires further narrowing of
the QTL for positional cloning to be feasible. A functional relationship between the

candidate gene and the QTL will then need to be demonstrated. In addition, to understand
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the molecular pathways that are influenced by the QTL, functional analyses of the
gene(s) will need to be performed.

Resistance to Mycobacterium bovis and other Mycobacterium species, Salmonella
typhimurium and Leishmania donovani was mapped to a single gene encoding the natural
resistance associated macrophage protein 1 (Nrampl, now annotated as solute carrier
family 11 member 1 [Slc11al]) gene in mice via positional cloning (Bradley, 1977; Plant
and Glynn, 1976; Skamene et al., 1982; Skamene et al., 1984; Vidal et al., 1993).
Susceptible inbred mouse strains have a glycine to aspartate substitution, and this single
amino acid change is sufficient to impair Slc1lal folding and processing, leading to loss
of function of the protein (Malo et al., 1994). In comparison, in humans the contribution
of Slcllal is modest due to the increased genetic complexity of the human background
and the likely contribution of additional genes (Remus et al., 2003).

Genes controlling resistance to viruses, such as the 2'5'-oligoadenylate
synthetase 1b gene associated with West Nile virus susceptibility (Lucas et al., 2003;
Mashimo et al., 2002; Perelygin et al., 2002), and Ly49H, associated with mouse
cytomegalovirus susceptibility (Brown et al., 2001; Lee et al., 2001), were also identified
through positional cloning. Recently, expression quantitative trait loci that are associated
with differences in host response phenotype were identified using mice that exhibit

extreme phenotypic responses to influenza virus infection (Bottomly et al., 2012).

Mouse adenovirus type 1 susceptibility quantitative trait locus (Msgl)
Using the MAV-1/mouse model, we examined the genetic parameters for viral

infection outcome. In adult mice, the 50% lethal dose (LDs) difference between resistant
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and susceptible mice can be on the order of >5 log units (Spindler et al., 2001). For
example, SIL mice have an LDsg of 10%%, while the LDs, of BALB/c mice is >10**.
Other resistant strains include C3H/HeJ, DBA/J, A/J and 129/J; other susceptible strains
include SWR, 129S6/SvEv and PL/J mice (Spindler et al., 2001; Spindler et al., 2010).
High viral loads are found in the spleen and brains of susceptible mouse strains after
MAV-1 infection, while significantly lower viral loads are found in the respective organs
of resistant mice.

An unbiased genetic approach was used to identify the QTL underlying
susceptibility to MAV-1 infection. Backcross mice were generated for mapping analysis
and phenotyped for MAV-1 infection outcome (Welton et al., 2005). Results from the
initial crosses between inbred mouse strains suggest that the susceptibility phenotype is
semi-dominant. Crosses between resistant and susceptible mice produce F; progeny that
have an intermediate susceptibility to MAV-1. To identify QTL, F; mice were genotyped
for simple sequence length polymorphism markers distributed evenly throughout the
genome. QTL were mapped by identifying genomic markers that are linked to the high
brain viral load phenotype. Since we need to determine the susceptibility of individual
mice, LDsp assays cannot be used for mapping studies. Therefore, brain viral load is used
as a surrogate measure of susceptibility.

Through this process we identified a major QTL on mouse chromosome 15 (Chr
15) and another minor effect modifier on Chr 5 that are strongly linked to the
susceptibility (high brain viral load) phenotype. The Chr 15 QTL has a logarithm of odds
score of 21, and it contributes to ~40% of the trait variance (brain viral load) between

resistant BALB/c and susceptible SIL mice. The Chr 15 major QTL is designated Msq1.



18

Additional analysis of recombinant and backcross mice allowed further reduction of
Msqgl from ~2.5 Mb to 0.75 Mb; currently Msqgl spans from 74.68 to 75.43 Mb on Chr
15 (Fig. 1.1).

Distinguishing the effects on susceptibility due to Msgl from effects caused by
other genes within the SJL background can be difficult. We wanted to be able to examine
the role of the QTL in isolation of other contributing variables in the mouse strain that

1 into the

may also affect susceptibility. We accomplished this by introgressing Msq
genome of resistant BALB/c mice, to create an interval-specific congenic mouse strain
for the QTL (Fig. 1.2). We investigated the in vivo contribution of the introgressed locus
to MAV-1 infection outcome in Chapter 1V.

Since the congenic strategy does not help decrease the number of candidate genes,
we used bacterial artificial chromosome (BAC) transgenesis to further reduce the size of
Msqgl. BAC transgenesis has been successfully used to reduce the size of QTLs and to
identify and confirm genes of interest (Ferraro et al., 2007; Hillebrandt et al., 2005;
Tomida et al., 2009; Vidal et al., 1993). Using the BAC transgenesis approach, relatively
large segments (150 to 200 kb) of donor mouse genetic material can be introduced as

transgenes into a recipient strain. We describe results from the BAC transgenesis

approach in Chapter V.

Transgenic mice
The term “transgenic” was coined to refer to mice that were genetically modified
by the stable introduction of foreign genetic material into early stage embryos (Gordon

and Ruddle, 1981). This technique was first demonstrated in 1981, almost concurrently,
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Figure 1.1. Msql. SSLP and SNP markers used in fine mapping backcross progeny are
indicated in the top line, in parentheses are the physical positions of each marker. The
number of backcrossed mice with genotypic recombination are indicated with an “X” at
their respective locations. The lower line is an expansion of the deduced critical interval
with predicted candidate genes (figure taken from Spindler et al., 2010).
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Figure 1.2. Genotype of C.SJL-Msql mice.
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by multiple labs (Brinster et al., 1981; Costantini and Lacy, 1981; Gordon and Ruddle,
1981; Harbers et al., 1981; Wagner et al., 1981). Transgenic mice are an important and
powerful tool that can be used for a number of applications, including the study of gene
function and regulation in the context of a whole animal (Deal et al., 2006; Dunnick et
al., 2005; Jones et al., 2003; Oliver et al., 2004).

Genetic material, usually entire genes or large genetic regions, is microinjected
into the male pronuclei of fertilized embryos (Fig. 1.3) (Nagy, 2003). The embryos are
then implanted into the uterus of foster mothers and carried to term. Separate transgenic
mouse lines are established from each transgenic founder mouse. This is done because no
two transgenic founders are the same. Integration of the transgene into the genome is a
random event; the transgene in each transgenic founder mouse is integrated at a unique
chromosomal location. Also, copy numbers of integrated transgenes can differ among
transgenic founders. In general, transgenes tend to be inserted in multiple copies and
form head-to-tail concatmers (Brinster et al., 1981; Gordon and Ruddle, 1981).

To clone a transgene, it must first be in a vector that will enable it to be taken up
by a cell. The vector can also contain other useful properties, such as an origin of
replication or a selective marker for propagation in a non-mammalian host. There are
many different types of vectors that have varying DNA carrying capacities. One cloning
system that has been used to create transgenic mice is yeast artificial chromosomes
(YACs) (Burke et al., 1987). However, several limitations exist, including the difficulty
of isolating intact YAC DNA, and the high levels of chimerism and clonal instability in

the system (Bauchwitz and Costantini, 1998; Gnirke et al., 1993).
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Figure 1.3. Production of transgenic mice by microinjection of exogenous DNA into

the pronuclei of fertilized eggs (figure taken from Richardson et al., 1997).
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Alternatively, bacterial artificial chromosomes are large-insert DNA clones (based on the
Escherichia coli fertility plasmid) that can stably accommodate up to 300 kb of genomic
DNA for over 100 generations of growth in E.coli without the occurrence of
rearrangements (loannou et al., 1994; Monaco and Larin, 1994; Shizuya et al., 1992).
Isolation of BACs is also easier than YACs, because the BAC plasmids are supercoiled in
E.coli and are thus resistant to shearing.

BACs usually hold ~150 to 200 kb of genomic DNA. Therefore, they are thought
to contain all the necessary regulatory elements needed to confer physiological transgene
expression, with similar developmental timing and expression patterns as endogenous
genes (Giraldo and Montoliu, 2001). Thus, they are usually informative with regard to the
physiological effects of candidate genes. In studies examining BAC transgene expression,
~80% of BACs produce detectable transgene expression (Van Keuren et al., 2009).
However, for the small number of genes that exceed 200 kb, transgene expression is less
consistent.

BACs were initially used for genome sequencing projects; many organisms that
have been sequenced, including humans and mice, have dense BAC contigs that cover
the majority of their genomes (Hoskins et al., 2000; McPherson et al., 2001; Mozo et al.,
1999; Osoegawa et al., 2000). For that reason, an investigator can obtain a selection of
BACs that covers a region of interest from public repositories with relative ease. In
addition, the development of recombineering methods to modify BAC DNA has
increased the usefulness of the technique (Court et al., 2002; Yang et al., 1997);

researchers can now achieve inducible transgene expression and target the expression of
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BAC transgenes to specific cell types (Belteki et al., 2005; Okita et al., 2007; Sun et al.,

2003).

Chapter outlines

We included two previously published review articles as chapters of this
dissertation to provide background for our work. Chapter 11, Identifying host factors that
regulate viral infection, reviews state-of-the-art high-throughput techniques that are
currently used to identify the role of host factors during viral infection (Hsu and Spindler,
2012). Chapter 111, Viral disruption of the blood-brain barrier, gives a broad overview of
the types of viruses that cause encephalitis, and what we know about the mechanisms by
which they do so (Spindler and Hsu, 2012).

In Chapter VI, susceptible SJL, resistant BALB, and an interval-specific congenic
strain containing SJL-derived Msqgl introgressed onto a BALB/c background were
infected with MAV-1 and assayed for known MAV-1 disease manifestations in the brain.
These include survival, viral loads, blood-brain barrier disruption, edema, mouse brain
endothelial cell barrier properties, pathology and inflammatory cell recruitment. We
determined the extent to which Msgl influences each of these MAV-1 infection
phenotypes. We also examined whether the susceptibility difference seen between strains
is due to a difference in MAV-1 receptor expression through use of primary mouse brain
endothelial cells derived from resistant and susceptible mice. Our results showed that
Msql is a critical host genetic factor that controls many, but not all, aspects of MAV-1

infection.
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In Chapter V, we describe our attempt to narrow the Msql susceptibility QTL
through a BAC transgenesis approach. We introduce BAC transgenes, generated from a
susceptible 129S6/SvEv background, into a resistant strain background to produce
transgenic founder lines for each BAC. This was done for 8 different BACs. The
transgenic progeny were then phenotyped to determine if the susceptibility phenotype can
be complemented. If the susceptibility phenotype is conferred to the resistant
background, this would provide formal genetic proof that the gene(s) of interest have
been transferred.

Finally, in Chapter VI, we summarize the work in this dissertation and discuss

implications. We also propose future directions for the research.
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Chapter 11
Identifying host factors that regulate viral infection
The host side of viral infection

One goal of virology research is to identify viral and host factors involved in
infection, in order to develop antiviral therapies. Drugs targeting viral proteins have
certain key disadvantages. They often affect only a specific viral species or subtype
(Anderson et al., 2009). Also, the low-fidelity polymerases of many medically important
viruses, including HIV and influenza, make them prone to rapid mutations leading to
development of drug resistance. Consequently, combination therapy is a standard
pharmacological regimen for some viral diseases. However, combination therapy
increases the cost of treatment and the number of side effects, which can lead to poor
patient compliance. In addition, viruses encode few proteins, limiting the number of
available targets.

Targeting host proteins is a practical alternative. Viruses use host proteins at
multiple stages of their life cycles. Identifying host functions subverted by viruses will
further our understanding of viral life cycles and may provide a catalog of novel drug
targets that are unlikely to mutate following therapy. Furthermore, targeting the host may
result in therapies with a broader range than traditional antivirals. Exciting progress has
been made in recent years in this field; the development of new genomic and proteomic

tools enables identification of interacting host factors at an unprecedented scale and level
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of detail. Together with the use of bioinformatics, these approaches hold promise for

accelerating our understanding of virus-host interactions.

Genomics techniques to identify host factors

Host genetic background can significantly influence the outcome of viral
infection. Genetic studies identify host factors required for successful viral infection
through phenotypic effects such as susceptibility. The ability to manipulate experimental
animals has expanded our knowledge of host factors involved in infection. For example,
inbred mice that exhibit inherent phenotypic differences in their susceptibility profiles
can be bred to generate progeny whose genotypes and phenotypes can be determined.
Linkage analysis tools can then be used to identify a candidate region, and potential
disease susceptibility genes can be prioritized for positional cloning.

Through genetic mapping, mouse cytomegalovirus (MCMYV) susceptibility was
determined to be associated with the loss of an activating natural killer cell receptor
(Brown et al., 2001; Lee et al., 2001). A genetic approach was also used to identify the
Flv gene, subsequently identified as Oaslb, a member of the OAS/RNASEL innate
immune system, which is responsible for controlling resistance to West Nile virus
infection in mice (Mashimo et al., 2002; Perelygin et al., 2002). A quantitative trait locus
(QTL) strongly linked to susceptibility to mouse adenovirus type 1 was identified and
reduced rapidly from a 18 Mb region to only 0.75 Mb through positional cloning
involving backcross mice, polymorphic markers and single nucleotide polymorphism
haplotype identity (Welton et al., 2005). To develop a genetically diverse panel of inbred

mouse strains, a community effort was made to create the Collaborative Cross (CC),
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(Collaborative Cross Consortium, 2012). In a recent study, 44 pre-CC mouse strains were
used to identify 21 QTLs associated with regulation of host response to influenza
infection (Bottomly et al., 2012). Pre-CC mice are in the process of becoming inbred CC
strains; this study clearly demonstrates that CC mice have greater phenotypic diversity
than standard inbred mouse strains. Pre-CC mice were also used to create Diversity
Outbred (DO) mice (Svenson et al., 2012). DO mice are maintained through outcrossing
to maintain allelic diversity; CC mice are inbred to generate stable clones.
Complementary use of CC and DO mice will allow researchers to identify genes
important in complex traits such as susceptibility to viral infection. These strategies
identify pre-existing variants in host susceptibility genes.

In contrast, novel germline mutations can be created using mutagens, such as
N-ethyl-N-nitrosourea (Crozat et al., 2006). MCMV resistant mice were mutagenized and
selected for susceptibility to MCMV. Genes associated with resistance were then
identified through positional cloning and sequencing. This same approach was recently
used to identify a mouse gene, Eif2ak4 (encoding GCN2), involved in susceptibility to
MCMYV and human adenovirus (Won et al., 2012).

Efforts to determine human homologs of susceptibility genes identified in mouse
models are underway to translate these findings to human disease. In humans, genome-
wide linkage analysis studies have been limited to chronic infectious diseases, due to the
difficulty in recruiting families with multi-case acute viral infections. A whole genome
scan conducted with Gambian families identified a major susceptibility locus to chronic
hepatitis B infection that contains a cluster of cytokine receptor genes (Frodsham et al.,

2006).
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Genome-wide association studies (GWAS) have been used to identify human
susceptibility loci. Whole genomes of a large human population can be scanned to
identify genetic variations frequently associated with susceptibility to infection by a
particular pathogen or with severity of disease. The HLA-viral peptide interaction was
identified through GWAS as a major genetic factor responsible for HIV control (Pereyra
et al., 2010). GWAS have limited ability to detect variants with small effect or low
frequencies. However, next generation sequencing is likely to enable identification of

rare mutations associated with host susceptibility (Moorhouse and Sharma, 2011).

Direct protein-based techniques to identify host factors

Many methods can be used to identify physical interactions between viral and
host proteins. One of the earliest of these was co-immunoprecipitation of viral and
cellular protein complexes with specific antisera to viral and host proteins. The tumor
suppressor protein pS3 was first identified by co-immunoprecipitation in complexes with
adenovirus E1B 55kDa protein and in complexes with SV40 large T antigen (Sarnow et
al., 1982). The tumor suppressor protein Rb co-immunoprecipitates with adenovirus E1A
protein (Harlow et al., 1986). These findings provided critical evidence that oncogenic
viruses promote tumorigenesis by inactivating tumor suppressor proteins.

Additional techniques used to detect interactions of viral and host proteins include
yeast-two-hybrid (Y2H), tandem affinity purification, virus overlay protein binding assay
(VOPBA), glutathione S-transferase protein purification, and co-immunoprecipitation
followed by mass spectrometry analysis. Y2H is amenable to high-throughput screening

and has identified host-viral protein interactions for a variety of viruses, including HIV
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(Lake et al., 2003) , hepatitis C virus (Flajolet et al., 2000), herpesviruses (Uetz et al.,
2006) and T7 bacteriophage (Bartel et al., 1996). When the Y2H approach is adapted to
high-throughput format, a single “bait” can be tested against multiple “preys” for
physical interaction. VOPBA screens for interacting proteins by electrophoresing cellular
contents, blotting to a membrane, and “probing” with virus. VOPBA has been used to
identify virus receptors for human adenovirus (Wu et al., 2001), respiratory syncytial
virus (Tayyari et al., 2011), lymphocytic choriomeningitis virus and Lassa fever virus
(Cao et al., 1998). Results from Y2H and VOPBA can be validated by
co-immunoprecipitations of co-transfected proteins, but the techniques are limited to
direct protein-protein interactions.

Gene silencing techniques can assist in defining effects of cellular factors on viral
infection that are both direct and indirect. Genome-scale RNA interference (RNAI)
screening is a high-throughput method used to investigate diverse biological processes,
including host factors involved in viral pathogenesis. One study identified >250 host
factors involved in HIV infection (Bushman et al.,, 2009). However, because it is
technically challenging to develop complete RNAi libraries of the human genome,
important candidates may be missed (Shan, 2010). RNAi screens are highly sensitive to
experimental variation, and the overlap of positive hits between similar studies can vary
(Goft, 2008). Also, because RNAI screens are resource intensive, often few time points
are examined, limiting knowledge of dynamic changes during viral infection.

Molecular imaging techniques are increasingly being used to visualize transient or
dynamic interactions. Live cell imaging microscopy techniques have advanced

significantly, allowing detection of single molecules in the absence of artifacts caused by
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fixation methods. Events of influenza entry were dissected using real-time microscopy,
providing new insights into cellular endocytic pathways (Lakadamyali et al., 2003). Two
different host proteins that interact with the Sindbis virus at different stages of infection
were identified using a GFP-tagged viral protein, further demonstrating the usefulness of

imaging approaches (Cristea et al., 20006).

Data repositories

Data generated from high-throughput techniques have furthered our
understanding of the virus-host interface, and efforts are being made to identify and
analyze candidate drug targets. To maximize the benefits of these screens, data need to be
accessibly stored and modeled into networks. Several online repositories, including
VirHostNet (Navratil et al., 2009), VirusMINT (Chatr-aryamontri et al., 2009) and
BiologicalNetworks (Baitaluk et al., 2006), enable modeling of current data to gain broad
understanding of protein and gene networks involved in viral infection. Multi-scale data
integration approaches allow for simultaneous analysis of different datasets, such as
phylogeny, literature searches, virulence and epidemiological data. However, there has

been no standardization of where data should be deposited, and participation is voluntary.

Concluding remarks

Various techniques have facilitated identification of host factors involved in viral
infection. Verification of these candidates through biochemical, genetic and
immunological methods may progressively become the rate-limiting step. Virologists will

increasingly need to collaborate with other scientists to realize the full potential of the
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collected data. Use of simulations and models will enable better depiction of infection
events. Structural biology can also be used to visualize protein interfaces at high
resolution. The identification of host proteins through the many approaches described in
this review is only a starting point for exploring function and mechanism, with the aim of
uncovering cellular pathways affecting viral replication that can be targeted for drug

development.

Notes

This work was reprinted with permission from:
Hsu, T.-H., and K.R. Spindler. Identifying host factors that regulate viral infection. 2012.
PLoS Pathogens. doi:10.1371/journal.ppat.1002772
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Chapter I11
Viral disruption of the blood-brain barrier

Abstract

The blood-brain barrier (BBB) provides significant protection against microbial
invasion of the brain. However, the BBB is not impenetrable, and mechanisms by which
viruses breach it are becoming clearer. In vivo and in vitro model systems are enabling
identification of host and viral factors contributing to breakdown of the unique BBB tight
junctions. Key mechanisms of tight junction damage from inside and outside cells are
disruption of the actin cytoskeleton and matrix metalloproteinase activity, respectively.
Viral proteins acting in BBB disruption are described for HIV-1, currently the most

studied encephalitic virus; other viruses are also discussed.

Viral entry to the brain

Viral encephalitis is a potentially deadly sequela of viral infection for which there
are few treatment options. It is frequently associated with blood-brain barrier (BBB; see
Table 3.2. Glossary) disruption, enabling entry of virus, inflammatory cells, and
deleterious molecules into the brain parenchyma. Members of at least 11 virus families,
including DNA viruses, retroviruses, and RNA viruses, cause encephalitis with
significant morbidity and mortality (Knipe and Howley, 2007). There are a variety of
means by which viruses enter the brain, primarily via neuronal transport or by crossing of

one of several barriers to the central nervous system (CNS), including the BBB or the
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blood-cerebrospinal fluid barrier (choroid plexus). Several recent reviews covered viral
entry via axonal transport and the resulting neuronal damage (Griffin, 2011; McGavern
and Kang, 2011; Salinas et al., 2010). This review will focus on CNS entry mechanisms
used by viruses that breach the BBB. Cell culture and animal studies of viral encephalitis
have recently progressed through approaches used in studies of pathogenic conditions of
the CNS such as ischemic stroke and multiple sclerosis. We first present background
information on the structure, function, and disruption of the BBB, followed by a

discussion of specific mechanisms by which viruses breach the BBB.

Components of the BBB

The BBB is a physical, metabolic, and transport barrier between the peripheral
circulation and the CNS (Abbott et al., 2010). The function of the barrier is contributed
by features specific to brain microvascular endothelial cells, which form the walls of
brain capillaries, and the interactions of these cells with other components of the
neurovascular unit (NVU), especially astrocyte endfeet and extracellular matrix (Hawkins
and Davis, 2005). The NVU also includes pericytes, microglia, and neurons (Fig. 3.1).
Brain endothelial cells form extremely tight cell-cell junctions that are distinct from tight
junctions of endothelia and epithelia elsewhere in the body, due to brain endothelial cells’
morphology, biochemistry, and interactions with other cells of the NVU (Abbott et al.,
2010; Engelhardt and Sorokin, 2009; Hawkins and Davis, 2005). Brain endothelial cells
lack fenestrations, have high numbers of mitochondria, are very thin, and have a low rate
of pinocytosis, characteristics that relate to their specialized function. For example, high

mitochondrial content in the NVU relative to other tissues is likely important for the
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Figure 3.1. The neurovascular unit and junctions between endothelial cells. Top,
cross-section of a brain microvessel, showing cells of the neurovascular unit. Neurons
and their contacts with astrocytes are not shown. Cells in the lumen (bloodstream)
include red blood cells, lymphocytes, monocytes, and neutrophils (not shown). Note the
two basement membranes; the space between them is known as the perivascular space.
Bottom, enlargement of an endothelial cell-cell junction. Major molecules of the tight
junction and adherens junction are shown; no order of the tight junction proteins within
the tight junction is implied by the figure. Abbreviations: JAMs, junctional adhesion
molecules; ESAM, endothelial cell-selective adhesion molecule; CAR, Coxsackie and
adenovirus receptor; ZO, zona occludens. The figure is based on figures in (Engelhardt
and Sorokin, 2009; Francis et al., 2003).
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energy required to maintain the structure and function of the BBB. Endothelial cells and
associated pericytes are ensheathed by an endothelial cell basal lamina (vascular
basement membrane). The composition of the endothelial basement membrane is distinct
from that of a second basal lamina, the parenchymal basal lamina. This parenchymal
basal lamina together with the astrocyte endfeet is termed the glia limitans. The
perivascular space has been compared to a castle moat, between the vascular basement
membrane (outer castle wall) and the glia limitans (inner wall) (Engelhardt and Coisne,
2011). Leukocytes accumulate in this cerebrospinal fluid-filled perivascular space (moat),
where immune surveillance occurs. When leukocytes are presented with their cognate
antigens, they are activated and cross the glia limitans into the brain parenchyma. Brain
endothelial cells have active transporters expressed on their apical and basal surfaces that
exclude potentially detrimental molecules or enable passage of essential nutrients such as
glucose and amino acids into the brain parenchyma. Intact brain endothelium in vivo is
characterized by a very high transendothelial electrical resistance (TEER) due to its
complex tight junctions, which result in both the effective block of passage of
macromolecules and restricted diffusion of ions and polar solutes. The consequence of
these features of brain endothelial cells is a restrictive barrier with controlled entry of

plasma components.

Tight junctions in the brain
The complexes holding brain endothelial cells together are adherens junctions and
tight junctions (Fig. 3.1) (Abbott et al., 2010). The adherens junctions, composed of

transmembrane cadherin proteins linked to the cell cytoskeleton by catenins, provide
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structural support and are important for the development of tight junctions. Tight junction
complexes consist of both integral transmembrane proteins and peripheral membrane
proteins. The integral transmembrane tight junction proteins include occludin, claudins,
junctional adhesion molecules (JAMs), endothelial cell-selective adhesion molecule
(ESAM), and the Coxsackie and adenovirus receptor (CAR) (Abbott et al., 2010; Lehner
et al., 2011). Occludin and claudins have external loops that mediate intercellular
adhesion by interaction with occludin and claudins of neighboring cells (Hawkins and
Davis, 2005). The tight junction proteins that span the gap between cells can be altered in
their localization or cleaved during BBB damage resulting from viral infections and other
pathological conditions.

Cytosolic tails of the transmembrane tight junction proteins are associated with
any of a large number of peripheral membrane (cytosolic) tight junction proteins, which
can serve adaptor, scaffolding, signaling, or transcriptional activator functions (Lehner et
al., 2011). In particular, claudins and occludin interact with zona occludens (ZO)-1, -2,
and -3, which in turn link to the actin cytoskeleton. The endothelial cytoskeleton is
critical for integrity of tight junctions: actin stress fibers and microtubules contribute to
tension force and isometric cellular contraction required for barrier function (Stamatovic
et al., 2008). Disruption of the endothelial cytoskeleton can contribute to or be a result of
tight junction dysfunction. Disruption of occludin, claudin-5 and ZO-1 is an indicator of
functional breakdown of the BBB (Candelario-Jalil et al., 2009). The mechanisms that

specific viruses use to alter tight junction proteins are discussed below.
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BBB disruption by viruses

BBB disruption can be both a cause and effect of viral and non-viral CNS disease
such as stroke, cancer, traumatic brain injury, and multiple sclerosis (Hawkins and Davis,
2005). Viruses known to cause disruption of the BBB or endothelial junctions include
HIV-1, human T-cell leukemia virus (HTLV-1), lymphocytic choriomeningitis virus
(LCMV), West Nile virus (WNV), and mouse adenovirus type 1 (MAV-1) (Table 3.1)
(Afonso et al., 2008; Gralinski et al., 2009; Knipe and Howley, 2007; Strazza et al.,
2011). HIV-1, simian immunodeficiency virus (SIV-1), feline immunodeficiency virus,
and WNV are thought to invade the brain parenchyma by a ‘Trojan horse’ mechanism,
through diapedesis of infected
immune cells that either cross the BBB paracellularly (between cells) or transcellularly
(through cells) (Fletcher et al., 2011; Ivey et al., 2009a; Verma et al., 2009). WNV cell-
free viruses and virus-like particles (VLPs) may transit human endothelial cells via a
transcellular pathway that does not affect the integrity of the BBB (Hasebe et al., 2010;
Verma et al., 2009). Important mechanisms of BBB disruption associated with
paracellular entry of viruses that are discussed in this review include alterations in
expression or phosphorylation of tight junction proteins, disruption of the basal lamina,
and disruption of the actin cytoskeleton. Only in a few cases have viral gene products
been directly implicated in BBB disruption (e.g., HIV-1, see below); in the absence of
such mechanisms, indirect effects of viruses on the immune system are likely causes of
barrier disruption.

There are many modulators of transcellular and paracellular BBB permeability,
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Virus Effects on BBB Ref
Herpes simplex virus Increased MMP2 and MMP9 activity 71
HIV-1 Alteration of tight junction protein 12,
expression, which is likely CCL2-dependent | 33,
35,
36
Increased MMP2 and MMP9 expression in in | 33
vitro culture supernatants
Activation of Ras signaling 41-44
Inhibition of tight junction protein expression | 45,
with concomitant increase in MMP9 cleavage | 46
of tight junction proteins due to Tat
Higher vessel permeability due to presence of | 47
secreted gp120
Increased expression of MMP2 and MMP9 49
with decreased expression of claudin-5 and
laminin due to oxidative stress
HTLV-1 Alteration of tight junction protein expression | 14
Increased barrier permeability of cells and 14
higher migration of infected lymphocytes in
in vitro co-culture model
Japanese encephalitis virus (JEV) Increased MMP9 expression 60
Lymphocytic choriomeningitis CD8'T cell-dependent BBB disruption 68
virus (LCMV)
Mouse adenovirus type 1 (MAV-1) | Alteration of tight junction protein expression | 13
Rabies virus CD4" T cell-dependent BBB disruption 60,
67
SIV Alteration of tight junction protein expression | 39
associated with increased FAK expression
Theiler’s virus Alteration of tight junction protein expression | 68,
69
West Nile virus (WNV) Increased tight junction protein expression 16
Increased MMP expression and activity 59,
62
Increased TLR3-dependent inflammatory 61
response leading to increased BBB disruption
Various viruses Increased ROS and RNS production 27
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including vasogenic factors, growth factors, cytokines and chemokines, matrix
metalloproteinases (MMPs), free radicals, and lipid mediators (Stamatovic et al., 2008).
Accordingly, the mechanisms used by infectious agents to compromise the BBB vary. In
some cases BBB disruption may be caused directly by microbial products, but in most
cases, multiple factors are likely to play a role. For example, induction of cytokines and
chemokines upon viral infection of brain cells and leukocytes homing to the brain could

cumulatively contribute to BBB disruption.

Disruption of tight junctions and basal lamina by secreted MMPs

MMPs are key mediators of tight junction protein alterations leading to BBB
dysfunction (Feng et al., 2011; Yang et al., 2007). These zinc-dependent enzymes have
proteolytic activity that acts on the extracellular matrix, such as basal laminae in the
NVU. MMP activity induced in pathological conditions causes BBB disruption not only
by basement membrane degradation, but also by cleavage of tight junction proteins
occludin and claudin-5 (Bojarski et al., 2004; Giebel et al., 2005; Gurney et al., 2006;
Reijerkerk et al., 2006). MMPs can also cleave cytokines, modulating their activity and
thus inflammation (Candelario-Jalil et al., 2009). MMPs are synthesized as inactive
enzymes (zymogens), and their activity is regulated at four levels: gene expression,
activation of proenzyme, enzyme inactivation by association with endogenous inhibitors
(tissue inhibitors of metalloproteinases, TIMPs), and cellular compartmentalization
(Lehner et al., 2011). Activation of MMPs occurs by cleavage by other MMPs or
proteases, or by direct or indirect exposure to oxidative stress.

Increased production of reactive oxygen species (ROS) correlates with increased
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MMP activity during brain injury, and markers of oxidative stress colocalize with active
MMPs (Wakisaka et al., 2010). Non-viral inducers of ROS alter tight junction protein
expression and phosphorylation, stimulate increased MMP activity, and increase
permeability of the BBB (Haorah et al., 2007). Viral infections of the CNS can directly
increase ROS and reactive nitrogen species (RNS) through stimulation of intracellular
signaling by virion components or cytotoxic effects of viral nonstructural proteins (Valyi-
Nagy and Dermody, 2005). The host inflammatory response to viral infection can also
generate ROS and RNS, which in turn stimulate inflammatory cytokines and MMP
secretion by cells of the NVU. Thus viral infections of the CNS have the potential to
cause BBB disruption by inducing oxidative damage that alters MMP activity.

Some MMPs are membrane-bound (membrane-type MMPs, MT-MMPs), with
extracellular catalytic domains (Yang et al., 2011). However, most MMPs are secreted,
although they may stay localized to the cell surface by association with MT-MMPs or
other cell surface molecules. In the neuroinflammatory response, the primary secreted
MMPs are MMP2, MMP3, and MMP9 (Candelario-Jalil et al., 2009). MMP9 and MMP3
are inducible MMPs involved in inflammatory responses in the brain, whereas MMP2 is
constitutively expressed by astrocytes, present in zymogen form throughout the brain,
and activated upon host response to injury. MMP2, MMP3, and MMP9 all cleave tight
junction proteins (Bojarski et al., 2004; Giebel et al., 2005; Gurney et al., 2006). All cell
types in the NVU are able to produce MMPs, and in pathological conditions (including
viral infections), alterations in MMP mRNA and enzymatic activity have been found in
endothelial cells, astrocytes, and microglia of the NVU, and in macrophages and

neutrophils recruited from the circulation (Yang et al., 2011).
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Disruption of tight junctions by alterations to the actin cytoskeleton and peripheral
membrane tight junction protein complexes

Tight junctions can also be disrupted from within cells. Changes to the actin
cytoskeleton are likely to occur upon alterations to the tight junction proteins, resulting in
paracellular permeability changes (Lai et al., 2005; Stamatovic et al., 2008). ROS play a
role in disrupting tight junctions from within cells, by induction of the small GTPase
RhoA, PI3 kinase and protein kinase B (PKB/Akt) signaling pathways with a
concomitant rearrangement of the actin cytoskeleton, altered localization of occludin and
claudin-5, and altered BBB integrity (Schreibelt et al., 2007). Other evidence that BBB
disruption can be initiated from within cells is that alteration of the actin cytoskeleton
induced by hypoxic stress is correlated with changes in BBB permeability and ZO-1
localization (Hicks et al., 2010). Furthermore, the tight junction proteins occludin, ZO-1,
Z0-2, and claudin-5 are phosphoproteins; changes in their phosphorylation result in
changes in localization and/or interaction, affecting BBB permeability (Stamatovic et al.,
2008). Expression of monocyte chemoattractant protein-1 (CCL2) alters the actin
cytoskeleton and localization of tight junction proteins in brain endothelium, disrupting
the BBB (Stamatovic et al., 2003). HIV-1 alteration of tight junction proteins is
dependent on CCL2 (Eugenin et al., 2006). Many virus infections alter the integrity of the
cytoskeleton (Taylor et al., 2011), but the role of this in viral disruption of the BBB has

not been well studied.

Breaching of the BBB by retroviruses

HIV-1 is one of the most-studied viruses with respect to viral and host processes
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involved in encephalitis and disruption of the BBB. Accordingly, for HIV-1 encephalitis
there are data for many of the mechanisms of barrier disruption described above,
particularly alterations of tight junction protein expression (Strazza et al., 2011). Both
transcellular and paracellular diapedesis of infected leukocytes are involved in HIV-1
transit across the BBB (Ivey et al., 2009a). Retroviral-associated neural disease caused by
human T cell leukemia virus (HTLV-1) is also characterized by alteration of tight
junction protein expression (Afonso et al., 2008).

Alteration of BBB function by HIV-1 infection is seen both in patients and in
vitro models. Post-mortem brain samples of HIV-1-positive patients with encephalitis or
HIV-1-associated dementia show increased monocyte infiltration and fragmented or
reduced expression of the tight junction proteins ZO-1, occludin, and claudin-5; such
disruption is not seen in controls (HIV-1 patients without encephalitis, HIV-1
seronegative patients, or cases who die of non-HIV-1 causes) (Boven et al., 2000;
Dallasta et al., 1999). In vitro culture systems for HIV-1 infection studies use primary
human brain-derived microvascular or umbilical vein-derived endothelial cells, often co-
cultured across transwell inserts with astrocytes (Eugenin et al., 2006). Compared with
uninfected activated peripheral blood mononuclear cells, HIV-1-infected cells introduced
into culture systems cross the endothelial cell monolayers, altering tight junction protein
expression and increasing permeability and MMP2 and MMP9 expression.

An important recent development in the study of human encephalitic pathogens,
particularly lentiviruses, has been the use of the immortalized, well-characterized brain
endothelial cell line hCMEC/D3, obtained by expressing human telomerase reverse

transcriptase (h"TERT) and simian virus 40 (SV40) large T antigen (Weksler et al., 2005).
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This new cell line recapitulates important characteristics of primary human brain
endothelial cells and has been successfully used in in vitrro BBB studies with pathogenic
microbes (Afonso et al., 2008; Fletcher et al., 2011; Zougbédé et al., 2011). For example,
hCMEC/D3 cells infected by co-culture with a HTLV-1-producing cell line have higher
permeability than when co-cultured with a control line not producing viral particles; and
migration of infected lymphocytes across hCMEC/D3 cells is higher than migration of
control lymphocytes (Afonso et al., 2008). Another culture system is Rhesus macaque
brain microvessels, which when incubated with SIV-infected leukocytes show a
significant loss of ZO-1 expression associated with increased expression of focal
adhesion kinase (FAK) (Ivey et al., 2009b).

In addition to host components, viral proteins contribute to changes in BBB
function during HIV-1 infection (Strazza et al., 2011). Three HIV-1 proteins have been
implicated in altering BBB integrity, Tat, gp120, and Nef. Tat is a multifunctional viral
protein that acts as a transactivator, enhancing initiation and elongation of viral
transcription. Tat is secreted from infected cells, and it can enter other cells and affect
their function. There is evidence for several mechanisms by which Tat contributes to
BBB disruption. A key target of Tat is vascular endothelium, where it activates
inflammation and angiogenesis. Specifically, Tat acts on endothelial cells, inducing
proliferation, expression of adhesion molecules, release of proteolytic enzymes, and
adhesion to the extracellular matrix via focal adhesions (Avraham et al., 2004).
Introduction of Tat into human brain microvascular endothelial cells results in altered
expression of tight junction proteins and activation of Ras signaling (Andras et al., 2005;

Gandhi et al., 2010; Mahajan et al., 2008; Zhong et al., 2008). Similarly, injection of Tat
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into mice results in altered expression of tight junction proteins occludin and ZO-1,
accumulation of inflammatory cells, and activation of mitogen-activated protein kinase
(MAPK) (Strazza et al., 2011). Tat interacts with MMP pathways, and may thus alter
BBB function during HIV infection. For example, Tat was recently reported to inhibit
endothelial cell occludin expression and promote its cleavage by MMP9, by a RhoA-
dependent pathway (Xu et al., 2011). MMP9 mRNA, protein, and enzymatic activity
levels are increased when astrocytes are treated with Tat (Ju et al., 2009). This
upregulation of expression is dependent on MAPK, NF-kB (nuclear factor-kappa B) and
Tat-induced tumor necrosis factor-alpha production. It should be noted that the
physiological relevance of effects of Tat seen in vitro is controversial, because it is not
clear whether sufficient levels of extracellular Tat in the circulation are achieved, even in
microenvironments (Strazza et al., 2011).

Another HIV-1 protein that affects BBB integrity is gp120, a virion envelope
protein (Strazza et al., 2011). gp120 can be found in patient serum, and it crosses brain
endothelial cells in culture by adsorptive endocytosis, giving it access to cells in the
NVU. A transgenic mouse model in which gp120 is secreted was used to examine the
role of circulating gpl120 (Toneatto et al., 1999). Compared to wild-type controls,
transgenic mice had more brain blood vessels with permeability to albumin, indicating
damage to the BBB. Additional experiments with endothelial cells from both transgenic
or control mice, incubated with serum from transgenic mice, showed that the effect is
gp120-dependent (Cioni and Annunziata, 2002). In another animal model, injection of
gp120 alters the BBB in rats, increasing expression of MMP2 and MMP9 and decreasing

expression of claudin-5 and laminin, a component of the BBB basal lamina; oxidative
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stress is implicated as a contributing mechanism (Louboutin et al., 2010). A role for
gp120 in BBB disruption is also supported by in vitro evidence that gpl20 added to
cultured human brain endothelial cells enhances monocyte migration, increases
permeability, decreases TEER, and disrupts expression of tight junction proteins ZO-1,
Z0-2, and occludin (but not claudins or actin) (Kanmogne et al., 2005; Kanmogne et al.,
2007). A proteasomal mechanism 1is apparently involved in the gp120-induced
degradation of the ZO proteins, but how that is initiated and the mechanism for
degradation of other tight junction proteins remain unknown (Nakamuta et al., 2008).
Taken together, these in vivo and in vitro data suggest that circulating gp120 in HIV-
infected humans may contribute to BBB disruption.

Nef is a third HIV-1 protein implicated in damage of the BBB. Nef is a
pleiotropic accessory protein, whose best characterized activities are alteration of antigen
presentation by major histocompatibility complex class I (MHC-I) and downregulation of
CD4 (Wonderlich et al., 2011). Nef is expressed in astrocytes of AIDS patients,
particularly those with moderate to severe dementia (Ranki et al., 1995). Nef expression
activates cultured astrocytes, elevating expression of markers associated with brain
inflammation (Kohleisen et al., 1999). Nef also increases sensitivity of cultured
astrocytes to hydrogen peroxide, a ROS (Masanetz and Lehmann, 2011). It is
hypothesized that Nef may contribute to pathology in HIV-1-infected people through this
mechanism, particularly in the absence of adequate functional glutathione peroxidase.
HIV-1 infection of astrocyte cultures in an endothelial cell co-culture model increases
permeability of the endothelium, causing endothelial cell apoptosis, altered astrocyte

endfoot formation, and signaling between uninfected and infected cells in a gap junction-
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dependent mechanism (Eugenin et al., 2011). This bystander effect of HIV-1-infected
astrocytes on neighboring cells has in vivo support from experiments with astrocytes of
SIV-infected macaques. HIV-1 infection of astrocytes also increases their production of
pro-MMP2 and pro-MMP9 (Ju et al., 2009; Lévéque et al., 2004). Due to the importance
of astrocyte endfeet in BBB integrity, it will be interesting to learn whether Nef is
responsible for these reported HIV-1 effects in astrocytes, thereby contributing to
disruption of BBB integrity. Taken together, studies on Tat, gp120, and Nef indicate that
BBB disruption during viral infection can be attributed to specific viral proteins. Similar
analysis of viral protein involvement for other viruses will increase our understanding of

virus-host interations in encephalitis.

Breaching of the BBB by RNA viruses

Flaviviridae are among the best-studied RNA viruses that compromise the BBB.
As described above, WNV traffics across the BBB both by a Trojan horse mechanism
and as a cell-free virus (Verma et al., 2009). Remarkably, transit of cell-free virus or
VLPs does not alter permeability of the BBB, and rather than a decrease in tight junction
protein expression in cultured brain endothelial cells (as seen in other virus infections),
there is an increase at the time of peak viral replication (Hasebe et al., 2010; Verma et al.,
2009). WNV infection of cultured brain cortical astrocytes, but not endothelial cells,
increases MMP mRNA, protein, and activity, and increases expression of TIMPs (Verma
et al., 2010). Incubation of WNV-infected astrocyte supernatant with brain endothelial
cells results in degradation of tight junction proteins, with a concomitant loss of TEER

and barrier integrity. Infection of cultured rat astrocytes with another flavivirus, Japanese
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encephalitis virus (JEV), increases MMP9 expression in a NF-kB-, MAPK- and ROS-
dependent manner (Tung et al., 2010).

In vivo, WNYV infection of wild-type mice results in BBB permeability that is
greater than in mice deficient for Toll-like receptor 3 (TLR3) (Wang et al., 2004). The
Tir3" mice are more resistant to lethal WNV infection, indicating that the TLR3-
mediated inflammatory response increases the ability of WNV to enter the brain. WNV
infection increases activity and mRNA expression of MMP9 in mouse brains; and from
experiments with MMP9-/- mice, MMP9 has been shown to disrupt the BBB and lead to
virus entry into the brain (Wang et al., 2008). This study also showed that MMP9 protein
is elevated in cerebrospinal fluid of WNV-infected patients compared to uninfected
controls. Interestingly, lethal WNV infection in some mouse strains or hamsters occurs
without BBB breakdown (Morrey et al., 2008). The mechanism for this is not understood,
but the authors note that lymphocytic cells may traffic to the CNS by routes other than
the BBB. As with WNV, infection of mice with JEV results in deformation of tight
junctions and increased permeability of Evans blue dye in the brain (Liu et al., 2008).

The dissociation of BBB permeability from lethality occurs in infection by
another RNA virus, rabies virus. Rabies virus is a neurotropic negative-sense RNA virus
that enters the brain via retrograde axonal transport rather than by disrupting the BBB
(Knipe and Howley, 2007). Nonetheless, in rabies virus infections of mice, increased
BBB permeability and inflammation occur differentially in various parts of the brain,
accompanied by clearance of virus and a lack of neurological sequelae (Phares et al.,
2006). The BBB disruption is dependent on CD4" T cells, and mice in which there is

more extensive BBB permeability and CNS inflammation survive a lethal rabies virus
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infection better (Phares et al., 2007; Roy and Hooper, 2007). This indicates that in rabies
virus infection, BBB disruption enables infiltration of immune effectors critical for
survival.

Effects of two other RNA viruses on CNS vascular pathology have recently been
reviewed. Some strains of Theiler’s murine encephalomyelitis virus, a positive-sense
RNA virus, induce acute encephalitis with alterations in tight junction protein expression
(Kang and McGavern, 2010; Suidan et al., 2008). In meningitis caused by LCMV, a
negative-sense RNA virus, virus-specific CD8" T cells are required for induction of
disease; they are recruited into the CNS, resulting in increased vascular permeability and
BBB disruption (Kang and McGavern, 2010). However, uncal herniation due to
ventricular leakage and edema, rather than the BBB damage, appear to be the cause of the
fatal choriomeningitis (Kang and McGavern, 2010; Matullo et al., 2010). Thus, similar to
WNV and rabies, LCMV-induced BBB disruption itself is not lethal; instead ventricular

failure is likely responsible for mortality.

Breaching of the BBB by DNA viruses

The mechanisms that DNA viruses use to enter the brain include both neural
spread and breaching of the BBB. Herpes simplex virus-1 (HSV-1) causes rare but severe
encephalitis, responsible for the majority of sporadic fatal viral encephalitis cases in the
United States (Sellner et al., 2006). Similar to rabies virus, HSV-1 enters the brain via a
neuronal route, and in HSV-1 encephalitis (HSE) BBB damage is seen. In a mouse model
of HSE, MMP2 and MMP?9 activity are increased, and in situ zymography indicates that

MMPO activity is centered around meninges and parenchymal blood vessels in the brain
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(Sellner et al., 2006).

MAV-1 causes a fatal encephalomyelitis in susceptible strains of mice, its natural
host (Guida et al., 1995; Kring et al., 1995). The virus infects endothelial cells and causes
significant histopathology in brain vasculature (Guida et al., 1995; Kajon et al., 1998;
Kring et al., 1995). MAV-1 infection induces increased BBB permeability that is largely
independent of inflammation (Gralinski et al., 2009). Primary mouse brain endothelial
cells infected with MAV-1 have decreased TEER, tight junction mRNA and protein
levels compared to mock-infected cells. MAV-1 replication in the brain is limited to
perivascular regions, leading to the hypothesis that the virus crosses the BBB by direct
endothelial cell infection. However, entry into the CNS by a Trojan horse mechanism via
monocytes, which are also infected by MAV-1, cannot be ruled out (Ashley et al., 2009;
Kajon et al., 1998). Although MAV-1 infection results in inflammatory cell infiltration in
the brain, in infected mice in which inflammation is greatly reduced, BBB disruption is
equivalent to that in control mice (Gralinski et al., 2009). MAV-1 may thus stimulate an
innate host response in infected endothelial cells that induces BBB disruption prior to
and/or independent of cellular inflammation, possibly by increasing MMP activity of

cells in the NVU and circulation.

Other virus-tight junction interactions: comparative lessons

Endothelia and epithelia share some features, such as tight and adherens
junctions, although their permeabilities vary. For example, skin epithelium is a tighter
barrier than intestinal epithelium (Moens and Veldhoen, 2012); and due to the unique

properties of brain endothelial cells discussed above, the complex tight junctions of brain
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endothelium are nearly impenetrable compared to other less structurally organized
endothelia. Some aspects of tight junction regulation are shared between endothelia and
epithelia, including modulation by phosphorylation and oxidative stress (Liu et al., 2012).
The protein compositions of tight junctions of endothelia and epithelia are generally
similar. However, BBB tight junctions have specific claudins (i.e., claudins 3, 5, and 12)
that are key to maintenance of barrier function (Abbott et al., 2010; Hawkins and Davis,
2005; Nitta et al., 2003).

Viruses interact not only with tight junctions in the brain, but also tight junctions
of airway and intestinal epithelial cells (Bergelson, 2009). Some components of tight
junctions or adherens junctions are viral attachment receptors or entry factors. For
example, JAM-1 is a receptor for reovirus (Barton et al., 2001) and feline calicivirus
(Makino et al., 2006); occludin is required for Coxsackievirus B3 entry (Coyne et al.,
2007); and claudin-1 and occludin are hepatitis C virus (HCV) entry factors (Evans et al.,
2007; Ploss et al., 2009). Nectin-4, an adherens junction protein, was recently identified
as an epithelial cell receptor for measles virus (Miihlebach et al., 2011; Noyce et al.,
2011). Some proteins were first identified as viral receptors and subsequently shown to
be components or possible regulators of tight junctions, including CAR (Cohen et al.,
2001) and the receptor for human hepatitis A virus, respectively (Martin et al., 2011).
Why viruses use tight junction proteins as attachment or entry receptors is poorly
understood (Bergelson, 2009). However, in the setting of the BBB, targeting of tight
junctions may enable viral access to the brain parenchyma. For example, recently HCV
RNA has been demonstrated to be present in brain tissues of infected individuals, and in

vitro brain endothelial cell infection by HCV appears to be claudin-1-dependent (Fletcher
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etal.,2011).

Despite use of tight junction components as receptors by a number of viruses few
correlations have been made with junctional damage upon virus binding. However, there
is ample evidence for disruption of tight junctions of non-neural vasculature or epithelia
at mucosal surfaces as a direct or indirect result of viral infection. For example, HCV
infection promotes expression of vascular endothelial growth factor, which alters tight
junction integrity and polarity of hepatocytes (Mee et al., 2010). Hemorrhagic hantavirus
infection of renal epithelial and endothelial cells results in redistribution and reduction in
tight junction protein ZO-1 and reduced transepithelial electrical resistance (Krautkrdmer
et al., 2011). Dengue virus infection increases vascular permeability, particularly in
severe dengue hemorrhagic fever and dengue shock syndrome. It does so at least in part
by inducing macrophage migration inhibitory factor, which causes redistribution of the
tight junction protein ZO-1 (Chuang et al., 2011). In cases of severe influenza, in which
there is multi-organ failure with edema and high levels of cytokine production, there is
increased vascular permeability that is associated with loss of ZO-1 (Wang et al., 2010).
Given the variety of viruses that utilize tight junction and adherens junction proteins as
attachment receptors or entry factors, and the known disruption of tight junctions outside
the CNS by viruses, a fruitful area of study will be to investigate junctional damage that

results in the BBB as a result of specific virus-host protein interactions.

Concluding remarks
The interplay between viruses and their hosts at the BBB is complex. From

HIV-1, we have learned that specific viral genes affect (i) signaling pathways that lead to
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oxidative stress, (il) expression of enzymes such as MMPs that disrupt the structure of
tight junctions, iii) cytokines that affect inflammation, and (iv) proteasomal degradation
of tight junction proteins from within cells. The cumulative effects of these are BBB
damage. Much less is known about other encephalitic viruses, but accumulating evidence
demonstrates that they too use a variety of mechanisms to breach the BBB. Many viruses
disrupt the actin cytoskeleton as part of their life cycle (Taylor et al., 2011), and since
cytoskeletal integrity is essential for BBB function, these effects on the cytoskeleton
likely play an underappreciated role in BBB disruption.

Much knowledge about BBB disruption by viruses has been gained by extending
studies of non-viral CNS disease pathogenesis, including ischemic stroke and multiple
sclerosis. Comparing and contrasting viral infections that alter tight junctions in the brain
with those that do so in the respiratory, gastrointestinal, or genital tracts will also be
informative in future research investigating both viral genes and host response involved
in tight junction disruption. Similarly, we can also learn from studies of parasites that
breach or damage the BBB, such as Plasmodium spp., Toxoplasma gondii, and
trypanosomes, which alter permeability by modifying expression of tight junction
proteins and MMPs (Kang and McGavern, 2010; Lacerda-Queiroz et al., 2011; Prato et
al., 2011; Zougbédé et al., 2011).

The development of good in vitro models, such as immortalized endothelial cells
that retain key endothelial properties (Weksler et al., 2005), holds promise for exciting
new developments in the study of encephalitic viruses and how they disrupt the BBB
(Box 1). Infections of small animals with viruses are important in vivo models that

provide insight into virus-host interactions at the whole animal level. Moreover,



69

expanded use of genetically altered mice, particularly knockouts in innate immune
system components such as TLRs and inflammasome components, will enable studies of
the impact of the host response to BBB disruption that are not possible in vitro. The use
of sensitive in situ zymography to detect active MMPs (Engelhardt and Sorokin, 2009),
and live cell imaging, including intravital microscopy (McGavern and Kang, 2011), will
extend the use of in vivo and in vitro models. Currently we have a basic knowledge of
how viruses disrupt the BBB. Advances in understanding virus-host interactions are
likely to be forthcoming as researchers apply powerful genetic, immunological,

biochemical, and cell biology approaches to this inquiry.

Box 1. Outstanding questions

1. To what extent do virus-induced cytoskeletal changes in brain endothelial cells
contribute to BBB disruption?

2. What is the sequence of events in BBB damage by encephalitic viruses, i.e., disruption
from within the cell, or degradation of basal lamina or tight junction proteins from
outside? How does this differ among viruses?

3. What viral gene products or host responses induce changes in tight junction protein
expression in endothelial cells, leading to tight junction protein relocalization, altered
phosphorylation, and/or degradation? What mechanisms are involved?

4. To what extent do viral interactions with non-endothelial cells of the NVU (e.g.,
astrocytes) contribute to BBB disruption?

5. What is the biological significance of viral CNS infection? What is the advantage to

the virus of infecting this site?
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Table 3.2. Glossary
Adherens junctions Protein complexes located at cell-cell contacts in
endothelium and epithelium. Adherens junctions
are essential for formation of tight junctions and
are anchored on actin cytoskeletons.
Astrocytes Cells with long processes (‘star’ shaped) that

comprise of the majority of neuroglial cells in the
brain and spinal cord. Astrocytes are important for
development and/or maintenance of BBB
characteristics.

Blood-brain barrier (BBB)

The interface between the brain and peripheral
circulation. It is composed of specialized
capillaries and adjoining cells that function to
strictly regulate substances entering the brain from
the peripheral circulation.

Central nervous system (CNS)

The part of the nervous system that contains the
brain and the spinal cord. Responsible for the
control and coordination of the entire body.

Claudins A family of small transmembrane proteins
important for tight junction formation.

Endothelial cells Cells forming the main structural component of
blood vessels.

Junctional adhesion molecules Members of the immunoglobulin family involved

(JAMs) in cell-cell adhesion.

Lymphocytes A subset of white blood cells of the immune

system that includes T cells, B cells and NK cells.

Neurovascular unit (NVU)

An association of endothelium, extracellular
matrix, astrocytes, pericytes, microglia, and
neurons that contributes  structurally and
functionally to permeability of the
microvasculature.

Matrix
(MMPs)

metalloproteinases

Zinc-dependent endopeptidases that are involved
in a variety of processes including tissue repair,
angiogenesis, cell division, apoptosis and host
immunity. These proteins can be soluble, matrix-
bound or cell-associated.

Microglia

Resident macrophages of the brain and spinal
cord. They are the initial and main host immune
system responders in the CNS.

Occludin

Transmembrane tight junction protein.

Paracellular transport

Transport of substances between or around cells

Reactive oxygen and
species (ROS, RNS)

nitrogen

Highly reactive molecules or free radicals that
contain oxygen or nitrogen, respectively. These
chemicals can mediate cellular damage by
attacking biological molecules.
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Tight junctions

Protein complexes that include transmembrane and
cytoplasmic proteins. Tight junctions are located
in intercellular clefts and form close associations
that restrict the passage of molecules.

Tissue inhibitors of MMP (TIMPs)

Natural regulators of MMPs.

Transcellular transport

Transport of substances through a cell.

Zona (or zonula) occludens (ZO)
proteins

A family of intracellular scaffolding proteins
important for the structural integrity of
intercellular tight junctions.




72

Notes

This work was reprinted with permission from Spindler, K.R., and T.-H. Hsu.
Viral disruption of the blood-brain barrier. 2012. Trends Microbiol.
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Chapter 1V
Contribution of a Single Host Genetic Locus to Mouse Adenovirus Type 1 Infection and

Encephalitis

ABSTRACT

Susceptibility to mouse adenovirus type 1 (MAV-1) is mouse-strain dependent;
susceptible mice die from hemorrhagic encephalomyelitis. The MAV-1 susceptibility
quantitative trait locus Msqgl accounts for ~40% of the phenotypic (brain viral load)
variance that occurs between resistant BALB/c and susceptible SJL mice after MAV-1
infection. Using an interval-specific congenic mouse strain (C.SJL-Msql1®'™), in which
the SJL-derived allele Msq/*" is present in a BALB/c background, we demonstrate that
MsqI™" controls the development of high brain viral titers in response to MAV-1
infection, yet does not account for the total extent of brain pathology or mortality in SJL
mice. C.SJL-Msq1®"" mice had disruption of the blood-brain barrier and increased brain
water content after MAV-1 infection, but these effects occurred later or were not as
severe, respectively, as those noted in infected SJIL mice. As expected, BALB/c mice
showed minimal pathology in these assays. Infection of SJL- and C.SJL-Msq1>"-derived
primary mouse brain endothelial cells resulted in loss of barrier properties, whereas
BALB/c-derived cells retained their barrier properties despite being equally capable of
supporting MAV-1 infection. Finally, we provide evidence that organ pathology and

inflammatory cell recruitment to the brain following MAV-1 infection were both



83

influenced by Msql. These results validate Msq/ as an important host factor in MAV-1
infection, and refine the major role of the locus in development of MAV-1 encephalitis.
They further suggest that additional host factors or gene interactions are involved in the

mechanism of pathogenesis in MAV-1-infected SJL mice.

IMPORTANCE

A successful viral infection requires both host and viral factors; identification of host
components involved in viral replication and pathogenesis is important for development
of therapeutic interventions. A genetic locus (Msq!) controlling mouse adenovirus type 1
(MAV-1) brain infection was previously identified. Genes in Msq/ belong to the same
family of genes associated with susceptibility to other encephalitic viruses, HIV-1 and
West Nile virus. We constructed an interval-specific congenic mouse strain to examine
the contribution of Msqgl to MAV-1 susceptibility and brain morbidity. We compared
infected resistant, susceptible and congenic mice regarding known MAV-1 disease
manifestations in the brain (survival, viral loads, blood-brain barrier disruption, edema,
mouse brain endothelial cell barrier properties, pathology and inflammatory cell
recruitment) to determine the extent to which Msq/ influences MAV-1 infection
outcome. Our results showed that Msq! is a critical host genetic factor that controls many

aspects of MAV-1 infection.

INTRODUCTION
Viruses from at least eleven different virus families can cause encephalitis (Fields

et al., 2007). These include DNA viruses, RNA viruses and retroviruses. The mechanisms
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of pathogenesis by encephalitic viruses are not well understood and likely multifactorial
(Chaturvedi et al., 1991; Dallasta et al., 1999; Getts et al., 2008; Gralinski et al., 2009;
Ivey et al., 2009; Verma et al., 2010). However, many encephalitic viral infections share
certain common features, including recruitment of inflammatory cells, altered production
of cytokines and chemokines, and modulation of tight junction protein and cell adhesion
molecule expressions leading to blood-brain barrier (BBB) disruption (Chaturvedi et al.,
1991; Dallasta et al., 1999; Getts et al., 2008; Gralinski et al., 2009; Ivey et al., 2009;
Verma et al., 2010).

The BBB is composed of a specialized layer of microvascular endothelial cells
joined by complex tight cell-cell junctions, a basement membrane, and the foot processes
of perivascular astrocytes (Abbott et al., 2010; Coisne and Engelhardt, 2011; Hawkins
and Davis, 2005). It is a highly regulated physical, transport, and biochemical interface
that functions to maintain and protect normal brain activity by controlling the passage of
ions, macromolecules, and other solutes from the peripheral circulation to the central
nervous system (CNS). The BBB also strictly restricts infiltration of immune cells into
the CNS; consequently, accumulation of leukocytes in the CNS is usually a sign of
pathologic inflammatory processes.

Viral infection and inflammation of the CNS can lead to perturbations in function
of the BBB, compromising its ability to exclude harmful substances and immune cells
from the brain parenchyma. Changes in BBB permeability can also have significant
effects on CNS tissue homeostasis, including changes in intracellular and extracellular
water content that may lead to electrolyte imbalance (Klatzo, 1987). In some instances of

CNS viral infection, these disruptions have devastating outcomes, including acute
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neuroinflammation and neurodegeneration (Getts et al., 2008; Kanmogne et al., 2005;
Lee et al., 2006; Major et al., 1992).

Human adenoviruses can infect the CNS of immunocompromised individuals
who suffer from disseminated infections (Carrigan, 1997; Echavarria, 2008; Tebruegge
and Curtis, 2010). However, the study of human adenovirus brain pathogenesis has been
limited by the species-specificity of adenoviruses and inherent difficulties in collecting
samples from ongoing human CNS infections. In contrast, mouse adenovirus type 1
(MAV-1) is a well-characterized non-human adenovirus that enables in vivo study of a
natural encephalitic viral infection in a convenient small animal model. MAV-1 infection
causes fatal hemorrhagic encephalomyelitis with BBB disruption in susceptible mouse
strains (Gralinski et al., 2009; Guida et al., 1995; Kring et al., 1995). The MAV-1/mouse
model enables comparison of mouse strains to identify host factors that play a role in
MAV-1 infection and encephalitis. Knowledge of the role that host factors play in viral
encephalitis will inform future design of therapeutic strategies. Antiviral drugs that
interfere with host factors essential for viral replication are under development for several
viruses. For example, inhibitors that interfere with cyclophilins are being developed to
counter hepatitis C virus (HCV) infection. A cyclophilin A inhibitor, currently in Phase
IIT studies, has potent anti-viral activity with low incidence of adverse effects (Flisiak et
al., 2008). Another example of host-targeting drugs in development are CCRS
antagonists, which have been shown to be effective at decreasing HIV’s entry into host
cells (Gilliam et al., 2011). Thus, identifying host cell pathways that are important for

viral replication is important for treatment of viral diseases.
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Susceptibility to MAV-1 is mouse strain-dependent and is inherited as a dominant
trait (Charles et al., 1998; Guida et al., 1995; Kring et al., 1995; Spindler et al., 2001;
Welton et al., 2005); SJL mice are highly susceptible to MAV-1 infection, while BALB/c
mice are resistant (Spindler et al., 2001). Using a positional cloning approach to identify
host genes that contribute to MAV-1 infection and encephalitis, we identified a 0.75 Mb
locus on mouse chromosome 15 that is strongly linked to brain viral loads, mouse
adenovirus type 1 susceptibility quantitative trait locus 1 (Msql) (Spindler et al., 2001;
Spindler et al., 2010; Welton et al., 2005). This locus contributes ~40% of the variation in
brain viral loads of (BALB/cxSJL)FXxBALB/c backcross mice and is the single most
significant determinant of susceptibility between resistant BALB/c and susceptible SJL
mice.

In this study, we tested the genetic contribution of Msql to the outcome of
MAV-1 infection using an interval-specific congenic strain. We show that Msq/ controls
MAV-1 brain infection and contributes significantly to strain susceptibility. These
findings corroborate our positional cloning results identifying Msq/ as a major genetic
host factor for MAV-1 infection. We also compared BALB/c, SJL and C.SJL-Msql1>'™
mice, and primary mouse brain endothelial cells derived from these strains, for a number
of parameters following MAV-1 infection, including BBB exclusion of small and large
molecule dyes from the CNS, edema, transendothelial electrical resistance (TEER), brain
pathology, and leukocyte recruitment. Our data demonstrate that Msq/ is an important
factor for a subset of physiological components of MAV-1-induced encephalitis.
Additionally, differences between infected C.SJL-Msql®>"™ and SJL mice suggest that

other host factors are involved in MAV-1-induced brain pathology.
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RESULTS

1L, To determine the

Construction of the congenic mouse strain C.SJL-Msq
in vivo contribution of Msql to the outcome of MAV-1 infection, we bred a congenic
mouse strain (C.SJL-Msq1®'") that contains the SJL-derived Msq! susceptibility locus on
the BALB/c background. After 11 generations of backcrossing, >99.9% of the
C.SJIL-Msq1®'" congenic mouse genome is of the recipient (BALB/c) genome, while the

remaining <0.1% includes Msql*"

and other scattered loci from the donor (SJL) strain
that may remain in the congenic background. Progeny homozygous for Msql were used
to initiate a homozygous congenic strain. Heterozygotes were also mated to produce

littermates of the following genotypes: heterozygous for Msql (C.SJL-MsqlPAMB/5)

homozygous for BALB-derived Msq! (C.SJL-Msql®*"®), and homozygous for SJL-
derived Msql (C.SJL-Msq1®"). Because Msq! is an important contributor to MAV-1-
susceptibility, and susceptibility to MAV-1 is dominant, we expected both

C.SJIL-Msq1%"™ and C.SJL-Msq1®**®5"" mice to be susceptible.

C.SJL-Msq1*"" mice have brain viral loads comparable to those of SJL mice
but increased survival rates. We performed infection experiments with the congenic
mice to determine their susceptibility to MAV-1. Previous studies showed that
susceptible mouse strains develop high brain viral loads at 8 days post infection (dpi)
when infected at 10° PFU MAV-1; brain viral loads at this time point were used in our
positional mapping studies to identify the Msq! locus (Spindler et al., 2001; Welton et al.,
2005). We used the 10° PFU MAV-1 dose and assayed congenic mice and controls for

brain virus loads 8 dpi.
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MAV-1 infected C.SJL-Msq1®" mice had significantly higher brain viral titers
than their C.SJL-Msq1®*"® littermates (Fig. 4.1A) (P < 0.0001). These data indicate that
high viral loads seen in C.SJL-Msq1®'" mice were due to the contribution of Msql and
not other minor scattered loci. C.SJL-Msq1®*"" mice had viral loads similar to resistant
parental BALB/c mice. The brain viral loads of C.SJL-Msql®™" mice were comparable to
those of SJL mice infected in parallel. SJL brain viral loads were consistent with levels
assayed in previous experiments (Welton et al., 2005) and were also significantly higher
(P<0.0001) than those seen in C.SJL-Msql®*® mice. Congenic littermate mice
heterozygous for Msql, C.SIL-Msql1®**®5" had brain viral loads comparable to
C.SJIL-Msq1®™" brain viral loads. This demonstrates that the Msql locus acts as a
dominant trait, and that a single copy of Msq! is sufficient to confer the brain viral load
phenotype on an otherwise resistant mouse background. On the other hand,
C.SJL-Msq1P*"®™ brain viral loads were significantly different from SJL brain viral
loads (P=0.0017). Infrequently, MAV-I-infected SJL, C.SJL-Msql®*" and
C.SJL-Msq1P*"®3™ mice had low brain viral titers. This is consistent with previous
experimental results for MAV-1 infection of SJL and other MAV-1-susceptible mouse
strains. Anomalous infections among these genetically uniform animals are likely due to
variability in the infection process or environmental factors. Congenic mice that survived
MAV-1 infection showed no clinical signs of disease, and virus was not detected in their
brains at 21 dpi by capture ELISA (Fig. 4.1C).

We challenged C.SJL-Msql®"™ and SJIL mice with either 10* or 10* PFU to
compare their survival over time (Fig. 4.1B). Survival of C.SJL-Msql®"" and SJL mice

were significantly different at doses of both 10> and 10* PFU. At 10* PFU, all SJL mice
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Figure 4.1. Congenic mice are susceptible to MAV-1 infection. (A) Mice of the
indicated strains were infected with 10° PFU MAV-1, and brains were harvested 8 dpi.
Viral loads in brain homogenates were measured using capture ELISA. Each symbol
represents the mean of three measurements per homogenate for an individual mouse; the
number of mice is indicated below the axis. The mean and standard deviation (SD) are
indicated. Statistical significance was calculated by two-tailed Mann-Whitney. OD450,
optical density at 450 nm. (B) SJL and C.SJL-Msq1®"" (designated C.SJL-Msq1 here and
in subsequent figures) mice were infected with either 10> PFU or 10* PFU of virus. The
numbers of mice in each group are indicated. For SJL mice infected at 10> PFU versus
C.SJIL-Msql infected at 10> PFU, P=0.0001; for SJIL mice infected at 10* PFU versus
C.SJIL-Msql infected at 10* PFU, P=0.0022. Statistical significance for survival curves
were calculated by the log-rank (Mantel-Cox) test. (C) C.SJL-quISJL,
C.SJL-Msq1P*"®3™ and BALB/c mice were infected with the indicated viral doses, and
brains were harvested at the end of the survival curve experiment (21 dpi). Brain viral
loads were measured using capture ELISA. Each symbol represents the mean of three
measurements per homogenate for an individual mouse; the number of mice is indicated
below the axis. The mean and standard deviation (SD) are indicated.
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died by 8 dpi, while more than half of C.SJL-Msql®>" mice survived. At 10> PFU,
C.SJL-Msq1®™" mice were resistant to MAV-1 infection up to 21 dpi, while all SJL mice
died between 8 and 10 dpi.

C.SJL-Msql mice were then infected with MAV-1 doses ranging from 10* to 10’
PFU to determine their 50% lethal dose (LDso). The LDs of C.SJL-Msql®™" mice was
determined to be 10*” PFU; C.SJL-Msq1®*"®'“ mice, which have only a single copy of
MsqI*", had an LDsy of 10°® PFU. The time of death was dose-dependent for both
strains of mice. C.SJL-Msq1%"™ and C.SJL-Msq1®*"®*"" mice given 10’ PFU died by 3 to
4 dpi, while those that succumbed to lower doses died later, by 9 dpi. All of the
C.SJIL-Msq1%™™ mice and 7 of 8 C.SJL-Msq1®**®*"" mice survived MAV-1 infection at
the lowest dose tested (10 PFU). Congenic mice that survived MAV-1 infection showed
no clinical signs of disease, and virus was not detected in their brains at 21 dpi by capture
ELISA (Fig. 4.1C).

BALB/c mice were previously assayed to have an LDs, value of >10** PFU; we
hypothesized that the actual LDso value is likely higher; 10** PFU was the maximum
dose achievable at the time of the study (Spindler et al., 2001). In order to accurately
determine the LDsy of BALB/c mice, we infected them with MAV-1 doses that exceed
10** PFU (i.e., up to 10°° PFU). The LDsy of BALB/c was calculated to be 10°* PFU.
With this new calculation of the BALB/c LDsy, we determined that the LDsy for
C.SJIL-Msq1®"" mice was ~3 log units lower than that of BALB/c mice. These results
confirm that Msq/ is a major genetic determinant of brain viral loads and also of host

susceptibility to MAV-1.
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Increased BBB permeability in SJL and C.SJL-Msql®" infected mice.
MAV-1 causes encephalitis in susceptible mouse strains (Charles et al., 1998; Guida et
al., 1995; Kring et al., 1995; Spindler et al., 2001). MAV-1 infection results in dose-
dependent encephalomyelitis and breakdown of the BBB in susceptible C57BL/6 mice
(Gralinski et al., 2009; Guida et al., 1995). Similarly, SIL mice infected with 10° PFU of
virus at 8 dpi also show changes to the endothelial cell vasculature, including mild
perivascular edema and inflammatory cell infiltration (Spindler et al., 2001). In addition,
positive endothelial cell staining in both SJL and C3H/HeJ mice is seen using in situ
hybridization with a MAV-1 early region 3 riboprobe (Spindler et al., 2001), indicating
that MAV-1 replicates in the vascular endothelium of both susceptible and resistant mice.
However, high brain viral loads and brain pathology following MAV-1 infection are seen
only in susceptible mouse strains. We investigated the role of Msq/ in MAV-1-induced
BBB pathology since the locus contributes significantly to the brain viral load phenotype.

We infected BALB/c, C.SJL-qulBALB, SJL, and C.SJL-qulSJL mice to
examine whether there was evidence of increased BBB permeability. BALB/c mice were
included in this study to act as a negative control; these mice are resistant to MAV-1-
induced encephalitis and BBB disruption (Guida et al., 1995). Sodium fluorescein was
used as a small tracer molecule to probe the integrity of the BBB in SJL and
C.SJIL-Msq1®'" mice after MAV-1 infection (Gralinski et al., 2009). A functional BBB
would restrict entry of small molecules into the brain parenchyma, while a compromised
BBB would result in sodium fluorescein dye leakage into the CNS.

Increased BBB permeability was seen in MAV-l-infected SJL and

C.SJIL-Msq1®™ mice, but not infected BALB/c or C.SJL-Msql1®*"® mice at 6 dpi
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(Fig. 4.2). The brains of infected SJL mice had a 3.9 (& 2.5)-fold increase over mock in
the amount of brain sodium fluorescein, while infected C.SJL-Msq1*"™ mouse brains had
a 2.7 (£ 1.6)-fold increase over mock-infected mice. At that time point, the difference
between SJL and C.SJL-Msql®" mice was not significant (P = 0.17). The increase in

15" mice than

BBB permeability was significantly higher in infected SJIL and C.SJL-Msq
in infected BALB/c mice and C.SJL-Msql®*® mice. Neither BALB/c nor
C.SIL-Msq1P"® infected littermate mice had increased BBB permeability that could be
detected by this assay. These data corroborate prior studies that showed degenerative

vascular changes and increased permeability in susceptible mice (Gralinski et al., 2009;

Guida et al., 1995; Spindler et al., 2001).

BBB disruption is delayed in C.SJL-Msq1>"" mice compared to SJL mice. To
investigate when BBB disruption begins following MAV-1 infection and whether strain
differences in timing and/or severity exist, we measured BBB permeability at 1-day
intervals after infection. Brain viral loads of these mice were also measured in parallel. In
the time course studies, Evans blue, which is a larger molecule compared to sodium
fluorescein (M;=961 and 376, respectively), was used to evaluate the permeability of
BBB to macromolecules (Patterson et al., 1992). In addition to its higher molecular
weight, Evans blue has a high affinity for albumin in the serum and forms large dye-
albumin complexes, which under normal circumstances would be excluded from the CNS
(Rawson, 1943). Accordingly, the presence of Evans blue dye in the brain indicates
substantial BBB disruption and is a better indicator of damage that could have biological

relevance.
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Figure 4.2. Increased BBB permeability seen in SJL and C.SJL-Msq1®'" mice.
BALB/c, C.SJL-qulBALB, SJL, and C.SJL-qulSJL mice were either mock infected or
infected with 10* PFU of MAV-1, and brains were harvested 6 dpi. Sodium fluorescein in
the brains and serum were measured in duplicate; the average amount of brain sodium
fluorescein was normalized to average levels in serum for each mouse. After
normalization, the amount of sodium fluorescein in brains of infected mice of the
appropriate strain was determined and is represented as a ratio to the amount of dye in
mock-infected brains. Each data point represents an individual mouse; numbers of mice
in each group are indicated below the respective samples. For SJL versus C.SJL-
Msq1P*® mice, P=0.008; for C.SJL-Msql®"" versus C.SJL-Msq1®*"®, P=0.034. Means
and SDs are indicated. Statistical significance was calculated by one-way analysis of
variance (ANOVA) (Kruskal-Wallis) with Dunn's multiple comparison test.
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We did not detect increased high viral loads or BBB permeability with Evans blue
following MAV-1 infection in BALB/c mice from 3 to 6 dpi (Fig. 4.3). These results are
consistent with our previous data using sodium fluorescein to measure BBB permeability
(Fig. 4.2). Virus was detectable in SJL. mouse brains at 3 dpi (Fig. 4.3A), and SJL mice
had progressive BBB disruption beginning at 4 dpi (Fig. 4.3B); BBB permeability was
significantly different between BALB/c and SJL mice by 4 dpi. In contrast, BBB

15"Y mice. We do not

disruption was seen one day later, at 5 dpi in infected C.SJL-Msq
show data for 6 dpi using this assay because when we attempted to measure BBB
permeability in SJL mice at this time, 9 out of 10 SJL mice died or had to be euthanized
following Evans blue injection. The deaths of these mice were not surprising given our
survival data and previous findings (Fig. 4.1B, (Spindler et al., 2001)).

Despite the 1-day delay between SJL and C.SJL-Msq1®"" mouse BBB results, the
levels of BBB disruption reached were similar. The levels of increased BBB permeability
seen in SJL mice (1.2 fold increase) at 4 dpi and C.SJL-Msql®™" mice at 5 dpi (1.7 fold
increase) were not significantly different, nor was the difference between the levels of
increased BBB permeability seen in SJL (1.7 fold increase) and C.SJL-Msq1>’" mice at 5

dpi significant. These results indicate that this pathological change (BBB permeability to

large macromolecules) is in part controlled by Msq! following MAV-1 infection.

Edema seen in MAV-1 infected SJL and C.SJL-Msql1®" mice. Significant
alterations in vascular permeability can lead to cerebral edema. Edema occurs when there
is an increase in brain water content due to accumulation of intracellular or extracellular
fluid, leading to an increase in brain volume (Kempski, 2001; Klatzo, 1987). The healthy

BBB strictly limits exchange of fluid between brain tissues and blood, providing an
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Figure 4.3. Onset of BBB disruption is delayed in C.SJL-Msq1*"" mice. Mice were
either mock infected or MAV-1 infected at 10* PFU and assayed for BBB disruption
using Evans blue dye at 3, 4, 5 and 6 dpi. (A) Viral loads of individual infected mouse
brains were measured by capture ELISA. Each symbol represents the mean of three
measurements per homogenate. (B) The amount of Evans blue dye in infected mouse
brains is represented as a ratio to the amount of dye found in mock-infected brains for
each individual strain. Each symbol represents the average of duplicate measurements for
an individual mouse; numbers of mice in each group are indicated. Means and SDs are
indicated. Statistical significance was calculated by a two-tailed Mann-Whitney test.
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optimal homeostatic environment for the brain. However, this regulation can be disrupted
due to BBB damage during pathological conditions such as viral CNS infections. Since
increased BBB permeability was seen in susceptible mice but not resistant mice, it is
possible that the development of cerebral edema could contribute to differences in strain
susceptibility. We tested whether the delay in onset of increased BBB permeability in
C.SIL-Msq1®™™ mice compared to SJL mice resulted in reduced edema, thus helping to
explain the observed susceptibility difference.

The brains of both SJL and C.SJL-Msql®" mice infected with MAV-1 had
significantly increased percentages of water content compared to mock-infected brains at
8 dpi, whereas infected BALB/c brains had no measurable change in water content
(Fig. 4.4A). However, the increase in water content was significantly greater in SJL mice
than C.SJL-Msq1®" mice. We also measured Na" and K" ion contents of these brains.
Alteration of the levels and ratios of these major brain cations can be an important
indicator of edema. In particular, leakage of high-sodium, low-potassium plasma contents
into the brain following damage to the vasculature is commonly associated with vascular
edema (Klatzo, 1987).

We observed significantly higher brain sodium levels in infected than mock-
infected SJL mice (Fig. 4.4B, P = 0.0004). Conversely, no significant difference in

sodium was measured for either C.SJL-Msql®'™

or BALB/c mice upon infection.
Potassium levels were essentially unchanged for all tested strains (Fig. 4.4C). These data

are consistent with development of vascular edema following MAV-1 infection for SJL

mice but not C.SJL-Msq1*"" or BALB/c mice.



98

> > > >
> P >

A BALB/c SJL C.SJL-Msq1
P<0.0001 P<0.0001

- 84

c A

2 !

582 " :

o P=0.002

| .

g

]

3

2

N ®
® .

Bk T g W

Mock Inf Mock Inf Mock Inf
n=15 n=14 n=15 n=22 n=10 n=19

B
~ 500, BALBIc = SJL  C.SJL-Msq1
o)

Ik

3 400
€ 300]
Z 200| o8B oo | M2 AN e Mg

1
Mock Inf Mock Inf Mock Inf
n=15 n=14 n=15 n=22 n=10 n=19

m

a+ (

C
__ 9907 BALB/c i SJL iC.S.JL—qu1
4 S
75500- | A aA

0o° | Al | oo $
: £
eSS L
< | |

400 Mock Inf Mock Inf Mock Inf

n=15 n=14 n=15 n=22 n=10 n=19

Figure 4.4. Edema in MAV-1 infected mouse strains. Mice of the indicated strains
were either mock infected or MAV-1 infected (Inf) with 10* PFU MAV-1 and assayed 6
dpi. (A) Brain weights were determined prior to and after dehydration. Percentage water
content was calculated as described in Materials and Methods. (B and C) Ion contents
from the same brains shown in (A) were measured by flame photometry. Ion contents
were then normalized to individual mouse brain weights. Each symbol is from a single
mouse. Numbers of mice, means and SDs are indicated. Statistical significance was
calculated by a two-tailed Mann-Whitney test.
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MAV-1 infection of C.SJL-Msq1*’""- and SJL-derived primary mouse brain
endothelial cells (pmBECS) results in loss of barrier properties. Endothelial cells and
the tight junctions they form are critical for BBB function (Abbott et al., 2010). MAV-1
infects endothelial cells (Guida et al., 1995; Kajon et al., 1998), and MAV-1 infection
decreases barrier properties of C57BL/6 pmBECs by altering tight junction protein
expression (Gralinski et al., 2009). To determine whether brain endothelial cells from
resistant and susceptible mouse strains respond differently to MAV-1 infection, pmBECs
were prepared from BALB/c, SIL and C.SJL-Msql®"" mice and cultured on transwells,
allowed to form tight junctions, and infected with MAV-1. We used TEER values as a
measure of tight junction integrity in the pmBECs; a monolayer of pmBECs with intact
tight junctions has high TEER, while a compromised barrier has decreased TEER
(Gaillard et al., 2001).

pmBECs from all tested strains were able to establish equally high TEER levels.
By 2 dpi, there was a drop in TEER in both infected SJL- or C.SJL-Msql-derived
pmBECs (Fig. 4.5B, C). Infected BALB/c-derived pmBECs did not have a drop in
TEER, indicating that tight junctions in the BALB/c wells remained intact up to 3 dpi
(Fig. 4.5A). Mock-infected pmBECs derived from all the different strains maintained

their TEER levels up to 3 dpi.

Increased MAV-1-associated pathology is not due to a difference in ability of
virus to replicate in cells of different mouse strains. To determine whether the

difference in abilities of pmBECs to maintain TEER was due to a difference in ability of
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Figure 4.5. SJL- and C.SJL-Msql-derived pmBECs lose BBB properties after
MAV-1 infection. pmBECs from (A) BALB, (B) SJL or (C) C.SJL-Msql mice were
isolated, grown to confluence and infected with MAV-1 at an MOI 5. TEER measured on
the day of infection was normalized to 100%. After infection, measurements were taken
at 24 h intervals in each sample well. Means and SDs at each time point are shown. Data
for each graph are combined from 3 independent experiments.
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the virus to grow in endothelial cells from different mouse strains, we isolated pmBECs
and tested their capabilities to support MAV-1 growth. Differences in viral growth would
suggest that there are strain differences at the cellular level in ability to support MAV-1
infection, such as expression levels of virus receptors or host factors involved in viral
replication. MAV-1 replicated to similar levels in C.SJL-Msq1>"-, SJL- and BALB/c-
derived pmBECs (Fig. 4.6). This suggests that cell-autonomous differences between
strains in the ability to support replication do not account for the differences in
susceptibility. These results are consistent with previous data suggesting that strain
differences in susceptibility to MAV-1 are systemic (e.g., at the level of the tissue) rather

than cellular (Spindler et al., 2001).

SJL brain lesions are more severe than in C.SJL-quISJL mice. We examined
the pathology of MAV-1 infection in BALB/c, SIL and C.SIL-Msql®" mice to
investigate whether strain differences could be seen in the distribution or severity of
lesions in different organs. We observed no significant lesions in BALB/c mice for any of
the organs analyzed. The majority of lesions found in SJIL and C.SJL-Msql1®'" infected
mice were in the brain. SJL and C.SJL-Msq1®"" infected mice had similar brain lesions,
consisting of lymphoid meningitis, vasculitis, scattered microhemorrhages and
perivascular edema, which mostly affected the cerebellum. Molecular and granular layer
capillaries were surrounded by scattered red blood cells and infrequent small numbers of
neutrophils and mononuclear cells.

Although the types of lesions were similar, the extents and distributions of

pathology seen in the brains of SJIL mice were more severe than those seen in
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Figure 4.6. Growth curves of MAV-1 in SJL-, C.SJL-Msql- and BALB/c-derived
pmBECs. pmBECs from SJL, C.SJL-Msql or BALB/c mice were isolated and infected
at a MOI 5. Cells were harvested at 0, 2 and 5 dpi and assayed for viral titers. Data are
combined from at least 2 experiments. Virus yields were determined by plaque assays
performed in triplicate. Means and SDs are shown.
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C.SIL-Msq1®"" mice (Fig. 4.7A). Only 2 of 5 infected SJL mice survived to 6 dpi. Both
surviving mice had perivascular hemorrhages and edema. In one mouse, the vascular

lesions were centered primarily in the cerebellum and brain stem. In the other, the
vascular lesions were present throughout the brain. In contrast, 5 of 5 infected
C.SJL-Msq1*™" mice survived, and 3 of 5 had only mild lymphoid meningitis. The fourth
mouse had multifocal vasculitis and microhemorrhages in all brain regions, and another
had vasculitis with microhemorrhages in the cerebellum and brain stem. When brains
were scored, SJL brains showed more severe signs of disease than C.SJL-Msq1®>'" brains.
Because the number of mice per group used in these studies was low, we did not

determine statistical significance.

Increased inflammatory cell recruitment to brains of SJL- and C.SJL-Msq1®'"-
infected mice. We used flow cytometry to identify and quantify immune cells whose
recruitment to the brain in response to MAV-1 infection is directly or indirectly affected
by the presence of Msql. After MAV-1 infection, there was a large increase in the
number of infiltrating leukocytes (CD45™) in SJL and C.SJL-Msql®"™ mice, and low
recruitment in BALB/c mice (Fig. 4.8). We further characterized the CD45™ cell
population for cell-type-specific markers. There was an obvious increase in the total
number of T cells (CD3"), and both CD4" (CD3", CD4") and CD8" (CD3", CD8") T cells
recruited to the brain of SJL mice following MAV-1 infection. There were also increases
in the CD3", CD4" and CD8" T cell populations in infected C.SJL-Msq1*" mice and
BALB/c mice, but to lesser extents. The same was true for neutrophils (CD11b", LY6G")

and inflammatory monocytes (CD11b", LY6C™). However, for macrophages (F4/80"),
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Figure 4.7. Increased pathology in brains of C.SJL-Msq1®'" and SJL mice after

MAV-1 infection. (A) Cerebellum sections from BALB/c, SJL and C.SJL-Msql mice
infected with 10* PFU of virus at 6 dpi were stained with hematoxylin and eosin. Top
panel, cerebellum from mock infected BALB, SJL and C.SJL-Msql. Bars, 100 um.
Middle panel, cerebellum from virus infected BALB, SJL and C.SJL-Msql. Bars, 50 um.
Bottom panel, high magnification of MAV-1-infected BALB, SJL and C.SJL-Msql
showing vasculitis in the latter two images. Bars, 20 um. (B) Histological changes were
assigned scores and then totaled. Presence of vasculitis, microhemorrhages, perivascular
edema, focal lesions, and meningeal lymphoid infiltrates each received a score of 1.
Multifocal lesions received a score of 2. Each symbol represents the score of a single
mouse. There were 5 mice per infected group, but 3 SJL mice died prior to analysis. Due
to the small sample size, we did not determine whether differences between groups were
statistically significant.
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Figure 4.8. Increased inflammatory cell recruitment to brains of C.SJL-Msq1*'"

and SJL mice after MAV-1 infection. Mice from the indicated strains were infected
with 10> PFU MAV-1, and mice were euthanized 8 dpi. Cells isolated from brains were
isolated and pooled from either mock-infected or MAV-1 infected mice and stained with
relevant antibodies. The numbers of experiments for each group are indicated on the
graphs. For the CD45™ population, the numbers of cells were determined independently
in at least 2 separate tubes per experiment.
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the increased recruitment of cells following MAV-1 infection was similar between SJL
and C.SJL-Msq1®"" mice. No increase was seen in macrophage recruitment in brains of

infected versus mock-infected BALB/c mice. No change in the numbers of brain B cells
(major histocompatiability complex [MHC] class II', CD19") was seen for any of the

mouse strains after MAV-1 infection.

DISCUSSION

We demonstrate here that Msq! is a major genetic determinant of susceptibility to
MAV-1, confirming the localization of the quantitative trait locus. Not only do
C.SIL-Msq1®"" mice develop high brain viral loads after MAV-1 infection, but also the
presence of Msql alone on a resistant strain background is sufficient to confer a ~3 log
unit decrease in LDso compared to the parental BALB/c strain. However, Msq/ does not
account for the entire difference in susceptibility between the two strains, since the LDsos
for SJL and C.SJL-Msq1®"" mice are different. This is consistent with previous results
from genetic mapping studies, from which it was calculated that Msq/ contributes to
~40% of the phenotypic variation between BALB/c and SJL mice (Welton et al., 2005).
The data indicate that susceptibility to MAV-1 is a polygenic trait; there are additional
quantitative trait loci for susceptibility that were identified in the mapping study. It is
likely that a combination of genetic and environmental factors is needed to deliver the
full susceptibility phenotype of SJL mice.

We observed that SJL and C.SJL-Msql®™ mice differ significantly in
susceptibility (survival and LDsg), despite detection of similar levels of brain viral loads

in the two strains. In previous studies, death and low LDs, values correlated well with
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high viral loads in the brain for a number of mouse strains, making viral loads a good
predictor of susceptibility (Spindler et al., 2001; Spindler et al., 2010; Welton et al.,
2005). Strains with low LDs, values have high brain viral loads after 8 dpi with 10* PFU
MAV-1; strains with high LDs, values have low brain viral loads. Mice that displayed
signs of disease (including ruffled fur, lethargy, squinty eyes, hunched posture, and
seizures), or those that were discovered dead also had high brain titers of MAV-1.
Therefore, in our identification of Msql, we used brain viral loads as a quantifiable
measure of susceptibility (Spindler et al., 2010; Welton et al., 2005), because it is not
possible to use LDsy assays to determine individual mouse susceptibility. Our data
demonstrate that high brain viral titers are not sufficient to cause death. Thus it is likely
that other host factors contribute to mortality. It is also possible that the capture enzyme-
linked immunosorbent assay (ELISA) method used is not sensitive enough to distinguish
modest differences in viral loads between SJL and C.SJL-Msql>"" infected mouse brains
that are crucial in determining survival. These possibilities are not mutually exclusive.
MAV-1 infection of susceptible C57BL/6 mice results in BBB disruption
(Gralinski et al., 2009), and we found here that BBB permeability also occurred in
infection of two other susceptible mouse strains, SJL and 129SvEv/S6 (Ashley and
Spindler, unpublished data), but not in BALB/c mice. Msq! contributed critically to the
breakdown of the BBB in the susceptible strains. BBB disruption in C.SJL-Msql®™" mice
as assayed by sodium fluorescein was similar to that seen in SJL mice at the peak of
infection, either 6 dpi at 10 PFU or 8 dpi at 10° PFU (Fig. 4.9). Strain differences
regarding the timing of the onset of BBB permeability to macromolecules were detected

through time course experiments using Evans blue. We attempted to measure BBB



108

10+ P<0.05
P<0.05

AA

Fold change in sodium
fluorescein over mock

BALB sJL C.SJL-Msq1
n=5 n=11 n=4

Figure 4.9. Increased BBB permeability seen in SJL and C.SJL-Msq1*'" mice at
10° PFU. BALB/c, SIL, and C.SJL-qulSJL mice were either mock infected or infected
with 10> PFU of MAV-1, and brains were harvested 8 dpi. Sodium fluorescein in the
brains and serum were measured in duplicate; the average amount of brain sodium
fluorescein was normalized to average levels in serum for each mouse. After
normalization, the amount of sodium fluorescein in brains of infected mice of the
appropriate strain was determined and is represented as a ratio to the amount of dye in
mock-infected brains. Each data point represents an individual mouse; numbers of mice
in each group are indicated below the respective samples. Means and SDs are indicated.
Statistical significance was calculated by one-way analysis of variance (ANOVA)
(Kruskal-Wallis) with Dunn's multiple comparison test.
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disruption using Evans blue at peak viral infection; however, at 6 dpi, 9 out of 10 SJL
mice died or had to be euthanized after being injected with Evans blue. For both SJL and
C.SIL-Msq1®™" mice, there was a wide range of dye permeability and viral loads in
response to MAV-1 infection. Phenotypic variability is also seen in other mouse models
of virus-induced BBB damage (Matullo et al., 2010; Morrey et al., 2008) and may result
from variability in biological response due to environmental causes. Comparable high
levels of brain viral loads and BBB breakdown were seen in SJL and C.SJL-Msql>'"
mice, and yet there were differences in MAV-1-induced mortality and edema between the
strains. The correlation we see between brain viral loads and BBB disruption is consistent
with previous published observations (Gralinski et al., 2009). However, there is not a
clear connection of BBB disruption or viral loads with mortality.

It is possible that mortality following MAV-1 infection is associated with
development of cerebral edema as a consequence of BBB disruption, since cerebral
edema was observed in histopathological assessments of MAV-1-infected brains (Guida
et al., 1995; Spindler et al., 2001). For another virus, lymphocytic choriomeningitis virus,
data suggest that mortality in mice is caused by edema and ventricular failure rather than
BBB damage (Matullo et al., 2010). We found evidence of vasogenic edema in the brains
of MAV-1-infected SJL mice, but only a modest increase in brain water content of
C.SJL-Msq1®™™ mice. Our observations also suggest that mice that are sicker have more
severe edema; edema appeared to develop close to the time of death for SJL mice
(Figs. 4.1B and 4.4). These results are significant, because SIL and C.SJL-Msql1*"" had
similar brain viral loads and BBB permeability at the time of assay. These data suggest

that viral loads and the extent of BBB permeability at 6 dpi are insufficient in
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C.SJIL-Msq1®™" mice to trigger the more severe increase in brain water content in SJL
mice and that additional host factors outside the Msg/ locus contribute to the
development of vasogenic edema in SJL mice during MAV-1 infection. The data support
the hypothesis that vasogenic edema correlates with mortality following MAV-1
infection.

MAV-1 infects endothelial cells, which are important structural components of
the BBB (Charles et al., 1998; Spindler et al., 2001). We observed a loss of endothelial
cell barrier integrity upon MAV-1 infection, as demonstrated by a drop in TEER in
infected SJL- and C.SJL-Msql-derived pmBECs. Loss of TEER during MAV-1 infection
correlates with reduced tight junction protein mRNA and protein expression in pmBECs
(Gralinski et al., 2009). Msq! includes 14 members of the Ly6 gene-family (Spindler et
al., 2010), which may play a role in MAV-1 BBB pathogenesis at the level of barrier
structure. In Drosophila, members of the Ly6/CD49 family, Coiled and Boudin, mediate
cell-cell adhesion by controlling structural organization of septate junction proteins in the
BBB and the trachea, respectively (Hijazi et al., 2009). It is possible that MAV-1 causes a
reorganization of tight junction proteins in C57BL/6-, SJL- and C.SJL-Msql*"-derived
pmBECs, leading to increased barrier permeability (Gralinski et al., 2009). The observed
decrease in TEER in SJL- and C.SJL-Msql-derived pmBECs upon infection is consistent
with increases we observed in BBB permeability in vivo, but does not correlate with the
marked alterations in vasogenic edema that we noted only in SJL mice. Identification of
genetic loci that control vasogenic edema in MAV-1 infections and the molecular

processes involved will require additional experiments and backcrosses.
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Ly6 gene products are cell surface proteins, which makes them potential candidate
viral receptors. We observed differences in the expression levels of two of three LY6
proteins that we examined on pmBECs from BALB/c and SJL mice (Fig. 4.10). Such
expression variation might lead to differences in ability to support viral infection.

However, results from infecting endothelial cells ex vivo suggest that differences
in susceptibility to MAV-1 seen in vivo are not attributable to LY6 protein expression in
endothelial cells. Viral yields were similar between pmBECs derived from SJL,
C.SJIL-Msq1®'", and BALB/c mice. This is consistent with infection data of other cell
types; MAV-1 infection of mouse embryonic fibroblasts and primary bone marrow
macrophages (another target of MAV-1 infection in vivo) derived from resistant
(C3H/HeJ) and susceptible (SJL) mouse strains also yield equivalent amounts of virus
(Spindler et al., 2001). We cannot, however, rule out strain-specific differences in
additional cell types we have not tested.

The difference in strain susceptibility to MAV-1 in vivo was not reflected in the
ability of pmBECs to support virus growth ex vivo, leading us to investigate strain
differences at the systemic level. We did not find differences between SJL and
C.SJIL-Msq1®™" mice in the distribution of lesions in organs we collected, and in both
strains of mice, the majority of lesions were found in the brain. In comparison, in infected
BALB/c mice, no significant lesions were found in any of the organs collected. These
data suggest that Msql is responsible for the development and organ localization of
MAV-1 pathology. However, we observed that the pathology found in the infected SJL
brains was more severe than that found in C.SJL-Msq1®'" brains, suggesting that other

host factors likely contribute to the severity of MAV-1 brain pathology.
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Figure 4.10. Higher Ly6A and Ly6G expression levels on SJL pmBECs. pmBECs
from SJL and BALB/c mice were isolated and either mock infected or infected at a MOI
of 5. Cells were harvested at 2 dpi and stained with the relevant antibodies. Ly6G (PE,
clone 1A8), Ly6A/E (PE, clone D7), and Ly6C (FITC, clone AL21). Data are from one

experiment.
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Our studies revealed that SJL and C.SJL-Msq1®" mice had large increases in the
numbers of infiltrating cells, whereas BALB/c mice had a comparatively smaller infiltrate
of cells. LY6 proteins have known and putative immune functions; therefore it is likely
that Msq! is involved in immune cell recruitment to the brain. LY6A and LY6C proteins
affect lymphocyte development, activation, adhesion and homing (Bamezai et al., 1995;
Cray et al., 1990; Flood et al., 1990; Hénninen et al., 1997). In addition, upregulation of
LY®6 proteins, in particular LY6C, is linked to increased chemokine secretion (Flanagan
et al., 2008). Finally, a human LY6 antigen, E48 (highly homologous to mouse LY6D),
regulates the release of chemoattractant factors from human umbilical vein endothelial
cells that induce monocytes to migrate across an endothelial cell layer (Eshel et al.,
2002).

MAV-1 infects cells of the monocytic lineage (Ashley et al., 2009; Kajon et al.,
1998), which could lead to the hypothesis that these cells are involved in viral spread. We
observed an increase in macrophage and inflammatory monocyte recruitment for both
C.SJL-qulSJL and SJL mice, but not BALB/c mice, after MAV-1 infection. However,
clodronate-loaded liposome depletion of liver, spleen, lymph node and peritoneal
macrophages does not affect brain viral titers in either SJL or BALB/c mice (Ashley et
al., 2009). It is therefore unlikely that infected macrophages are responsible for
dissemination of the virus to the brain. The depletion treatment also results in increased
spleen viral loads in BALB/c mice, suggesting that macrophages have a role in
controlling MAV-1 infection. However, despite the large numbers of recruited
macrophages in SJL and C.SJL-Msql™" mouse brains, viral loads were high. It is

possible that the recruitment of macrophages was delayed in SJL and C.SJL-Msql®'™
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mice and thus unable to control the infection. Alternatively, we hypothesize that the large
increase in inflammatory monocytes at the BBB may result in increased secretion of
chemokines or proteases, such as matrix metalloproteinases (Goetzl et al., 1996),
resulting in opening of the BBB and leading to further cell recruitment. A systematic
examination of the kinetics of cell recruitment after MAV-1 infection will be informative
to explain strain differences in susceptibility.

Numbers of all analyzed cell types, with the exception of B cells, were increased
in the brain following MAV-1 infection of all strains. B cells are crucial for survival from
acute MAV-1 infection (Moore et al., 2004). Infected mice lacking Bruton’s tyrosine
kinase, and B cell-deficient mice on both C57BL/6 and BALB/c backgrounds suffer from
disseminated infection with high brain and spleen viral loads and death. Our data suggest
that B cells do not play a role in MAV-1-induced brain pathology in SJL mice, and that B
cell recruitment is not influenced by Msql. However, given the crucial role of B cells in
controlling MAV-1 infection, it is likely that they influence the progression of MAV-1
infection of SJIL mice in other organs or in the brain at different time points.

T cells are responsible for much of the acute pathology attributed to MAV-1
infection, and, they are important for survival, control of MAV-1 replication and
clearance (Moore et al., 2003). Mice on a C57BL/6 background are intermediate in
susceptibility between BALB and SJL mice (Guida et al., 1995; Spindler et al., 2001),
and the T-cell immune-deficient mice we have previously examined are on this
background. Mice that lack T cells do not develop encephalomyelitis, but have detectable
brain viral loads following MAV-1 infection (Moore et al., 2003). Furthermore, MAV-1-

infected T cell-deficient mice have little or no immunopathology, suggesting that the
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acute histopathology is due to T cells. More T cells were recruited to the brains of SJL
than C.SJL-Msq1™" MAV-1-infected mice, suggesting that the large number of recruited
T cells in SJL mice causes irreparable damage, leading to higher mortality. The fact that
we see higher numbers of recruited T cells after MAV-1 infection in SJL than
C.SJL-Msq1®™" mice, but similar high brain viral loads in both strains, is consistent with
previous data that T cells do not control brain viral loads (Moore et al., 2003).

Although the total numbers of CD45™ cells were similar between SJL and
C.SIL-Msq1®™" mice, there were significant differences in the numbers of cells between
strains in each of the immune cell subpopulations we examined. The numbers of cells
were lower for all subpopulations except macrophages and B cells in C.SJL-Msql1®'"
mice than in SJL mice. As a result, the combined number of immune cells from the
subpopulations that we looked at corresponded well with the total number of infiltrating
cells (CD45™) in SIL but not C.SJL-Msq1®™™ mice. There appears to be a population(s)
of missing cells that do not express any of the markers that we examined, such as NK
cells, dendritic cells and mast cells, which we did not analyze.

In addition to our results here, Ly6 gene family members have also been identified
as important host factors influencing viral replication in several other viruses, some of
which cause viral encephalitis (Kenzy et al., 1973; Mims, 1957; Turtle et al., 2012; Wiley
et al., 1991). Chicken LY6E is a candidate for susceptibility to Marek’s disease, an avian
herpesvirus, and interacts with viral protein US10 in two-hybrid assays (Liu et al., 2003;
Morgan et al., 2001). Four mouse Ly6 genes are more highly upregulated during infection
by highly neuroinvasive West Nile virus strains than by strains that are less neuroinvasive

(Venter et al., 2005). More recently, human LY6E was shown to affect West Nile virus
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infection in a small interfering RNA screen (Krishnan et al., 2008). In addition, human
LY6E increases viral replication of another flavivirus, yellow fever virus, in vitro
(Schoggins et al., 2011). Finally, the human Ly6 locus, Ly6 and Ly6-related genes were
also implicated in two separate screens for HIV susceptibility factors (Brass et al., 2008;
Loeuillet et al., 2008). These results indicate that Ly6 genes are susceptibility factors for
diverse RNA and DNA viruses. Future studies of the function and interaction partners of
LY6 proteins may lead to the identification and characterization of common pathways
leading to vascular damage and/or mortality in encephalitis and may yield new
therapeutic targets.

In summary, Msql is an important genetic contributor to the pathogenesis of
MAV-1 encephalitis, but does not account for the full susceptibility phenotype seen in
SJL mice. Our data confirmed that Msq/ regulated brain viral loads and that it
contributed significantly to strain susceptibility. We demonstrated that the presence of
MsqI™" correlated with increased permeability of the BBB to both small and large tracer
molecules, and differences in ability of infected pmBECs to maintain high TEER. Msq/
also controlled the development of brain lesions caused by MAV-1 infection. The data
reveal that other factors (environmental or genetic) likely contributed to the onset of
increased BBB permeability and the development of vasogenic edema. We also show that
Msql mediated recruitment of certain subsets of inflammatory cells to the brain but not
others. This difference in inflammatory cell infiltrate may help explain the difference we
see in MAV-1 susceptibility and pathogenesis in SJL and C.SJL-Msql®" mice.

Experiments are in progress to identify the major susceptibility gene(s) within Msq!.
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MATERIALS AND METHODS

Generation of congenic strain. C.SJL-Msql™"

congenic mice were developed by
backcrossing the SJL-derived Msq! locus onto a BALB/c background for 11 generations
(N11). Progeny mice heterozygous for Msql were then intercrossed to initiate a
homozygous congenic strain. Genotyping was performed by polymerase chain reaction
with tail DNA. Simple sequence length polymorphism markers were used to differentiate
between SJL- and BALB/c-derived Msql genomic interval. The flanking region loci
genotyped were DI15Spnl01 and D15Spn54 (Spindler et al., 2001). PCR products were

electrophoresed in 7% acrylamide gels and visualized by ethidium bromide staining.

Virus and mice. Wild type MAV-1 was obtained from S. Larsen (Ball et al., 1991). 3- to
4-week old and 4- to 5-week old BALB/c and SJL male mice were obtained from
Jackson Laboratory and used for primary cell preparations and infection experiments,
respectively. 3- to 4- week old and 3- to 8-week old male and female congenic mice were
used for primary cell preparations and infection experiments, respectively. Mice were
infected via intraperitoneal (i.p.) injection in volumes of 100 pl, with doses that ranged
from 10° to 10’ PFU of virus. Virus was diluted in 10-fold serial dilutions in endotoxin-
free Dulbecco's phosphate-buffered saline (DPBS; Lonza). Mock-infected mice were
injected with conditioned media similarly diluted in DPBS. Mice were monitored at least
twice daily for signs of disease and were euthanized by CO, asphyxiation if moribund.
The animal care and use complied with both federal and university guidelines. Food and

water were provided to the mice ad libitum.
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Determination of MAV-1 loads by capture ELISA. Whole brains were aseptically
collected from euthanized mice. Brain homogenates were prepared as previously
described (Welton et al., 2005) and assayed for MAV-1 viral load by capture ELISA
(Welton and Spindler, 2007). In each assay, an undiluted MAV-1 virus stock, PBS, and
conditioned media were included as controls. Quantification of virus particles by ELISA

correlates with infectious virus levels measured by plaque assay (Welton et al., 2005).

Determination of LDso. Experiments were carried out with 4- to 6-week-old
C.SJIL-Msq1®™" mice. Serial dilutions of virus were prepared, and groups of five to
twenty-one mice were infected with each dose; three or six doses were used in LDsg
determination of BALB/c and C.SJL-Msql mice, respectively. LDsos were determined
using the Reed and Muench method (Reed and Muench, 1938). Mice were euthanized if

moribund, or at the conclusion of the experiment.

Measurement of brain water and ion content. After euthanasia, brains were rapidly
removed and weighed to obtain wet weight. Dry weight was determined after drying the
brains for 24 h at 100°C. Percentage water content was calculated as:
[(wet weight-dry weight)/wet weight] x 100. Na” and K" contents were measured using a
flame photometer (Model IL 943, Instrumentation Laboratory, Inc.) after reconstituting

the dried brains in 0.1 M nitric acid for 72 to 144 hours at room temperature.

BBB permeability assay. Sodium fluorescein and Evans blue are small-molecule tracers
used to assess permeability of the BBB. Mice were injected with either 200 pl of 2%

Evans blue dye (Sigma-Aldrich) in DPBS 4 hours prior to euthanasia, or 100 pl of 10%
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sodium fluorescein (Sigma) in DPS 10 minutes prior to euthanasia. Mice were euthanized
by CO, asphyxiation. Cardiac blood was collected in heparinized syringes into tubes
containing 50 pl 1 mg/ml heparin and placed on ice. Mice were immediately perfused
transcardially with 30 ml of ice-cold PBS. Brains were collected and snap frozen until
use.

Evans blue staining in brains was quantified as previously described (Matullo et
al., 2010). Briefly, brains were thawed and photographed, then homogenized in
N,N-Dimethylformamide (Sigma) at a concentration of 300 mg/ml and incubated at 50°C
for 48 hours. Samples were centrifuged (3000 x g, 10 min) and absorbance of the
supernatant was measured on a multidetection microplate reader (Biotek Instruments) at
620 nm. The amount of Evans blue in the brain of each infected mouse is represented as a
fold change from the average measurement in brains of mock-infected mice of the
respective strain.

Sodium fluorescein in brain and plasma were determined as previously described
(Gralinski et al., 2009; Phares et al., 2006). Fluorescence levels were measured on a
multidetection microplate reader (Biotek) with 485-nm excitation and 530-nm emission.
Standards were used to calculate the sodium fluorescein content of brain and plasma
samples. Brain values were normalized to their respective plasma dye values to allow
comparison among mice. The amount of sodium fluorescein in each infected mouse brain
is represented as a fold change from the average uptake in brains of mock-infected mice

of the respective strain.
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pmBEC preparation. pmBECs were isolated similarly to methods previously described
(Gralinski et al., 2009). For each primary cell preparation, we used 30 mouse brains from
3- to 4-week old BALB/c, SJL or C.SJL-Msql®"" mice. The cortexes were isolated and
major blood vessels were removed based on visual inspection. Brains were minced and
mechanically homogenized in Hanks’ balanced salt solution (HBSS; Gibco Life
Technologies) using a Dounce homogenizer. Cells were pelleted (205 x g, 5 min) and
resuspended in 18% dextran solution (USB Products). The suspension was centrifuged
(11,726 x g, 10 minutes, 4°C) using the Sorvall SA-600 rotor. Myelin and liquid was
aspirated, and erythrocytes and microvessels were resuspended in HBSS. The suspension
was layered onto the top of pre-centrifuged (26,793 % g, 1 h, SW41 rotor, Sorvall
ultracentrifuge) 46.5% Percoll (GE Healthcare) gradients and then centrifuged (1,800 x g,
10 min) in a Jouan benchtop centrifuge. Microvessels form a distinct red band in the
density gradient and were carefully transferred to a 50-ml tube and washed with HBSS.
Microvessels were repelleted (205 x g, 5 min). The pellet was resuspended in 1 mg/ml
collagenase/dispase (Roche Diagnostics) and incubated at 37°C for 20-40 minutes. The
enzyme solution was then inactivated with the addition of 2 to 3 volumes of HBSS.
Microvessels were repelleted (205 % g, 5 min). Supernatant was aspirated and the
remaining cells were resuspended in growth media, which consists of DMEM (Gibco),
pH 7.2 containing 10% fetal bovine serum, 10% newborn calf serum, 0.1 mg/ml
endothelial cell growth supplement (BD Biosciences), 0.1 mg/ml heparin (Sigma), 2 mM
glutamine, Pen/Strep (Gibco), antimycotic/antibiotic (Gibco), nonessential amino acids

(Sigma) and 20 mM HEPES (Sigma). The cells were plated onto collagen IV-coated
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plates (BD). 4 pg/ml of puromycin was added 24 hours post isolation for 48 hours total to
inhibit growth of fibrocytes. Before use, cells were passed once at 1:2 or 1:3 with

Accutase (EMD Millipore corporation) to release them from the plate.

Growth curve. pmBECs were isolated and plated in collagen IV-coated wells of a 12-
well transwell plate (Corning Inc.) and infected at a multiplicity of infection (MOI) of 5.
After 1 hour adsorption at 37°C, the cells were washed 2 times with PBS before media
was replenished. At 0, 2, and 4 or 5 dpi, supernatant, scraped cells and membrane were
collected. Samples were freeze-thawed 3 times to release intracellular virus; infectious

virus was quantified by plaque assay.

Measurement of TEER. After initial isolation, pmBECs were plated onto collagen IV-
coated 12-well 0.4-um pore transwells (Corning). Media was supplemented with 500
ng/ml hydrocortisone and 50-80% astrocyte-conditioned media to aid in the formation of
tight junctions. Astrocyte-conditioned media was obtained from primary astrocytes
prepared as described (Stamatovic et al., 2005). The percentage of astrocyte-conditioned
media was gradually reduced to 20% once tight junctions had formed. TEER values
(Q-cm”) were determined by subtraction of a blank well containing media alone and
multiplying by the surface area of the transwell membrane. Cells were allowed to reach
confluence over 7 to 10 days from time of plating, until TEER levels reached 20 to 50
Q-cm’. TEER was measured using an Endohm-12 electrical resistance apparatus (World
Precision Instruments Inc). Cells were either mock infected or infected with MAV-1 at a

multiplicity of infection (MOI) of 5. TEER was measured on the day of infection and at
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24-h intervals thereafter. Data are presented as percentages of the initial (d0) TEER

reading.

Histology. Mice were either mock infected or infected with MAV-1. Mice were perfused
with PBS following euthanasia, and organs were collected for histopathology. Organs
(thymus, lung, heart, brain, liver, kidney and spleen) were immersion-fixed in 10%
neutral-buffered formalin for 24 h, embedded in paraffin, sectioned at 5 um and stained
with hematoxylin and eosin. Blinded and randomized samples were scored by a board-

certified pathologist.

Isolation and staining of cells for flow cytometry. Mice were mock infected or infected
with MAV-1 in groups of 5. On the day of harvest, mice were euthanized and
immediately perfused with 30 ml of PBS prior to organ collection. Brains were pooled in
DMEM (Gibco) containing 10% fetal bovine calf serum, and cells were mechanically
isolated using a cell strainer. Cells were pelleted and resuspended in 70% isotonic Percoll
(GE) in a final volume of 15 ml; 37% isotonic Percoll in DMEM and 30% isotonic
Percoll in HBSS were sequentially overlaid on top of the cells (15 ml each) in a 50-ml
conical tube. Samples were centrifuged for 20 min at 500 x g, and cells at the 37:70
interface were collected. Cells were stained with fluorescently labeled antibodies to
CD45.1/CD45.2 (PerCP-Cy5.5, clones A20 and 104 for CD45.1 and CDA45.2,
respectively), CD3 (FITC, clone 145-2C11), CD8 (PE, clone 53-6.7), CD4 (biotin, clone
GK1.5), CD44 (PE-Cy7, clone IM7), CD62L (APC, clone MEL-14), CD19 (APC, clone

1D3), MHC Class II (PE, clones M5/114.15.2 and OX-6 for BALB/c and SJL,
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respectively), CD11b (FITC, clone M1/70), CD1lc (PE-Cy7, clone N418), PDCA
(biotin, clone eBi0927), LY6G (PE, clone 1A8), LY6C (biotin, clone AL-21), F4/80
(APC, clone BMS), and biotinylated antibodies were detected with APC-eFluor 780
strepavidin. All antibodies were obtained from eBioSciences, except CD3, CDS§, CDI19,
MHC Class II clone M5/114.15.2, LY6C and LYG were from BD; MHC Class II clone
OX-6 was from Abcam and F4/80 was from Caltag Laboratories Invitrogen. Stained
samples were analyzed using a FACSCanto'" flow cytometer (BD) and Flowjo software

(Tree Star, Inc.).

Statistical analysis. Statistical analysis was carried out using Microsoft Office Excel and

Graph Pad Prism 5 software. Specific statistical tests are denoted in each figure legend.

Notes

This work was reprinted and modified with permission from Hsu, T.-H.,
Althaus, I. W., Foreman, O., & Spindler, K. R. (2012). Contribution of a Single Host
Genetic Locus to Mouse Adenovirus Type 1 Infection and Encephalitis. mBio, 3(3),
doi:10.1128/mBi0.00131-12.
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Chapter V
Narrowing of mouse adenovirus type 1 susceptibility quantitative trait locus 1

through use of BAC transgenesis

ABSTRACT

Susceptibility to mouse adenovirus type 1 (MAV-1) is controlled by a major
quantitative trait locus, Msql, on mouse chromosome 15 (Chr 15). Msql contributes to
~40% of the brain viral load phenotype, which is a surrogate measure of susceptibility to
MAV-1. The 0.75 Mb interval contains 15 predicted candidate genes, 14 of which belong
to the Ly6 gene superfamily. We used bacterial artificial chromosome (BAC) transgenesis
to reduce the number of candidate genes by attempting to complement the susceptibility
phenotype in resistant mice. Thus far none of the transgenic mice carrying any single one
of seven different BAC constructs was susceptible to MAV-1, as measured by brain viral
loads. One mouse strain containing both 1-F09 and 1-D09 BAC constructs was also not
susceptible to MAV-1. Analysis of whether the inserted BAC constructs are intact and
whether expression of transgenes can be detected is currently ongoing. Preliminary
findings reveal that at least one of the BACs (1-F07) is not intact and that expression
levels of transgenes in another BAC (1-F09) is different between the two established
transgenic lines. Apart from their susceptibility phenotypes to MAV-1, obtaining this
panel of transgenic mice will provide a useful future resource for functional studies of the

Ly6 gene superfamily and to examine their transcriptional regulation.
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INTRODUCTION

The mouse adenovirus type 1 (MAV-1)/mouse experimental model is a
convenient and powerful tool for in vivo dissection of genetic components that are
responsible for the outcome of an encephalitic viral infection. Due to the lack of a known
in vitro assay to determine susceptibility or resistance to MAV-1 infection, our group
initiated genetic mapping using backcross and recombinant mice to identify markers that
are most closely linked to a high brain viral load phenotype (Welton et al., 2005). For the
genetic mapping, we used brain viral loads as a quantifiable surrogate measure of
susceptibility, because it is not possible to assay LDsps of individual mice. We
determined that the ability of MAV-1 to replicate to high levels in the brain in susceptible
mice is controlled in large part by a single 0.75 Mb locus on mouse Chr 15, designated
mouse adenovirus type 1 susceptibility quantitative trait locus 1 (Msql) (Spindler et al.,
2010; Welton et al., 2005).

We previously introgressed the SJL-derived Msgql onto an otherwise resistant
BALB/c background to create the C.SJL-Msql®" congenic mouse strain (Hsu et al.,

2012). We used these interval-specific congenic mice to investigate the contribution of

15t 159t

Msql>" to MAV-1 susceptibility. The presence of a single allele of Msql1™" is sufficient
to confer the high brain viral load phenotype in the absence of additional susceptibility
loci. The presence of the susceptible allele of Msql also contributes to the disruption of
the blood-brain barrier in vivo and ex vivo, recruitment of certain leukocyte subsets to the
brain, and brain pathology following MAV-1 infection. However, C.SJL-Msq1>" mice

lSJL

are not as susceptible to MAV-1 infection. In summary, although Msgl>" cannot account

for the entire susceptibility phenotype and brain pathology of MAV-1 infection in SJL
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mice (indicating that susceptibility to MAV-1 is likely under multigenic control and/or
influenced by environmental factors), it contributes significantly to key aspects of
MAV-1 pathogenesis.

Msql includes 14 members of the Ly6 gene superfamily (Spindler et al., 2010).
The Ly6 gene complex has two known haplotypes, which correspond to two lymphocyte
specificities, Ly6.1 and Ly6.2 (Potter et al., 1980). Ly6.2 mouse strains correspond to
strains susceptible to MAV-1 infection, while Ly6.1 mouse strains correspond to
MAV-1-resistant strains (Spindler et al., 2010). Ly6 genes are highly homologous and are
thought to have arisen through gene duplication (Bamezai, 2004; Gumley et al., 1995).
Ly6 gene products are cysteine-rich glycosylphosphatidylinositol (GPI)-anchored
proteins which share similarities in structure and the position of conserved cysteine
residues. However, despite structural similarities, LY6 proteins are involved in a myriad
of diverse functions. Each LY®6 protein is thought to bind a unique ligand.

Members of the Ly6 gene family have a role in susceptibility to other DNA and
RNA viruses. Susceptibility to an oncogenic avian herpesvirus, Marek’s disease virus,
maps to the Ly6 locus, and there have been efforts to elucidate the role of Ly6E as a
putative resistance gene to Marek’s disease virus (Liu et al., 2003; Morgan et al., 2001).
In addition, four mouse Ly6 genes, Ly6C, Ly6E, Ly6F, and Ly6A are more highly
upregulated following infection by highly neuroinvasive West Nile virus strains than
during infection by less neuroinvasive strains (Venter et al., 2005). Human LYG6E protein
was shown to contribute to West Nile virus infection in a small interfering RNA screen
(Krishnan et al., 2008). Human LYG6E also increases in vitro viral replication of yellow

fever virus (Schoggins et al., 2011). Finally, the human Ly6 locus was identified as a HIV
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susceptibility factor through genetic and siRNA dependency factor analyses (Brass et al.,
2008; Loeuillet et al., 2008).

To reduce the 0.75 Mb Msqgl interval, we generated transgenic mice using
bacterial artificial chromosomes (BACs) from a 129S6/SvEv BAC library, with the goal
of complementing the susceptibility phenotype in a resistant mouse background.
Susceptibility to MAV-1 in 129S6/SvEvTac mice maps to the same interval on Chr 15 as
susceptibility to SJL mice (Spindler et al., 2010). Msq1*2*5%&"Ta accounts for 54% of
the brain viral load phenotype. This allowed us to use a readily available BAC library
generated from the spleen of a 129S6/SvEvTac female mouse.

The BACs contain 150 to 200 kb genomic inserts derived from Msgl'2%%¢&

ona
bacterial F’' plasmid vector. Because BACs are relatively large molecules, they are
thought to include the necessary regulatory elements needed for the expression of
transgenes at endogenous levels (Giraldo and Montoliu, 2001). In addition, BACs have
high clonal stability and a low rate of chimerism (Shizuya et al., 1992). Finally, BAC
contigs were developed for a variety of organisms for the purpose of whole genome
sequencing, including humans and mice (Hoskins et al., 2000; McPherson et al., 2001;
Mozo et al., 1999; Osoegawa et al., 2000).

BAC transgenesis is an important tool for study of in vivo gene regulation and
function. BAC transgenesis was used to demonstrate functional in vivo complementation
of mouse cytomegalovirus (MCMV) susceptibility (Lee et al., 2003). Genetic transfer of
BAC clones generated from the locus controlling MCMV resistance conferred resistance

to mice on a MCMV susceptible background. BAC transgenic mice will also provide us

with the opportunity to investigate questions regarding the Ly6 gene family during
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MAV-1 infection, including which aspects of MAV-1 pathology individual Ly6 genes
participate in and whether the entire family of genes needs to be present for proper gene

regulation and expression.

METHODS

Animals. All mice were purchased from The Jackson Laboratory and subsequently
maintained at the animal facility at the University of Michigan. Animal care and use
complied with both federal and university guidelines. Food and water were provided to
the mice ad libitum. BALB/c male and female mice were used as egg donors and stud
males to make founders for the 1-FO7 and 1-FQ09 transgenic strains. For the remaining
transgenic strains, BALB/cByJ females were used as egg donors and (BALB/cIJxA/J)F;

mice were used as stud males.

Generation of the 129S6/SvEv BAC library. BAC DNA was generated from spleens of
female 129S6/SvEvTac (Taconic) mice and cloned into a pBACe3.6 vector (Frengen et
al., 1999). These BAC-containing plasmids were transfected into DH10B
electrocompetent cells (Osoegawa et al., 2000). The BAC library (RPCI-22
129S6/SvEvTac mouse BAC library; Children’s Hospital Oakland Research Institute
[CHORI]) contains over 18,000 distinct mouse BAC clones arrayed in 384-well
microtiter plates and gridded onto nylon filters for probe hybridization screening
(http://bacpac.chori.org). To select for BAC clones specific to our region, 40 bp
oligonucleotide synthetic probes were designed to span 72,893,719 Mb to 75,593,718 Mb

on Chrl5. The probes were made radioactive by filling in overhangs of two overlapping
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sequences using radiolabelled **P-dATP, 3P-dCTP and Klenow polymerase (McPherson
et al., 2001). Colony filters containing relevant BAC clones were hybridized overnight
with target region-specific probes. Following a wash to remove unspecific probes, filters
were exposed to phosphor screens for 24-48 hours. The screens were scanned for
positive-probe hybridization signals (Storm 860; Array Vision software with High
density colony hybridization attachment). Probe-positive BACs were selected and plated
onto 96-well plates. Bacterial clones positive for the Chr 15 region were received as
Luria broth (LB) stab cultures containing 12.5 pg/mL of chloramphenicol (CAM). A
subset of BAC clones spanning the region were chosen for further analysis based on their
genome location determined from the end sequencing of probe-positive BAC clones
(Agencourt Bioscience). These clones spanned mouse Chr 15: 72.85 — 75.43 Mb; mm9,

build 37 of July 2007 UCSC Genome Browser.

Isolation of BACs. BAC clones were streaked to single colonies on an LB agar plate
containing 12.5 pg/mL CAM. Single colonies were used to inoculate 500 mL LB cultures
containing 12.5 pg/mL CAM and grown up for ~20 h at 37°C. High purity BAC DNA
was isolated using the Marligen PowerPrep™ HP plasmid purification system (Origene).
Briefly, E.coli were spun down, then resuspended and lysed, DNA was bound to a
column, washed, and eluted from the column. BAC DNA was precipitated using
isopropanol, followed by a 70% ethanol wash, and resuspended in TE buffer (10 mM
Tris, 1 mM EDTA, pH 8.0) containing 30 uM spermine and 70 puM spermidine. BAC

DNA concentration was measured at 260 nm absorbance using a spectrophotometer
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(NanoDrop; Thermo Scientific), and DNA was stored at 4°C. Integrity of isolated BACs

was verified on a pulsed-field gel, as described below.

Generation of BAC transgenic mice. Purified BAC DNA was microinjected into
fertilized eggs by the University of Michigan Transgenic Animal Model Core. Pronuclear

microinjection was performed as described (Nagy, 2003).

Pulse-field gel electrophoresis. BAC DNA was digested with Notl, Xhol, Sall or Sbfl
(New England Biolabs) for 2 hours at 37°C and subjected to pulse-field gel
electrophoresis (CHEF-DR IlI; BioRad) on a 1% agarose gel, under the following
conditions: 6 V/cm, 120° angle with 1-25 s switch times, at 4°C for 16 h. A Lambda
ladder (Promega) prepared by concatemerization of A phage DNA was used for size

markers. Gels were stained after electrophoresis with ethidium bromide for analysis.

Identification of transgenic founders via PCR. Mouse tail DNA was used in PCR
reactions. Approximately 2 mm of tail was incubated with 200 pl buffer (10 mM Tris
pH8.3, 2.5 mM MgCI2, 50 mM KCI, 0.1 mg gelatin, 0.45% Tween 20, 0.45% Igepal,
0.05 mg/ml proteinase K) overnight at 55°C with gentle shaking. The samples were
pelleted at 16,000 x g for 5 min. Fifty pl of supernatant was immediately removed and
mixed with an equal volume of water and immediately used or frozen at -20°C. Four pl
DNA was used in a 20 pl PCR reaction. Crude DNAs were amplified from both the T7-
end of the BAC vector-insert junction, or from the KBr/TJ end of the BAC vector-insert

junctions (Table 5.1). PCR amplification of a randomly-chosen endogenous genomic



Table 5.1 BAC primers.

Primer Sequence

T7° TAATACGACTCACTATAGGG

KBr/T)* | CTGGCCGTCGACATTTAGG

SNP 19° | TTGGGTGTTTAGGGAGTGTTG

SNP 20" | ACCTTCCTAAGCGCAGAAGC

BAC Primer sequence (T7-end)* Primer sequence (with KBr/TJ-end)*
clone

1-F09 | CTGGATCCCTTTGTCTGCAT GGTTGCTCCTGCTCTTTCAC
1-F07 | CCCACCTACAATCCCACAAG GCCATTCTGACTGGTGTGAGATGGAAT
1-D09 | GAAGACAAGGATGACGAGGA | CATTGTACCCTCCTGCCACT
1-D10 | AGGCATGCACATCCATACAA GGGGTCTCTCTCAGCTTCCT
1-A01 | TGCAGACATTGCTGTGATGA CCTGTGGCCTACACACACAC
1-C10 | GGCTCAAGTGGGCATTGTTA CAGCATCCCAGGGAACTAAA
1-HO01 | GGGTGTTCCCAAGACAGAAA | AGTGAGGTTATGGGGCAGTG
1-E09 | ATCCAGCCCCATGAGTACAG CCAAGCCTATTCCCCTTCTC

*These primers are specific to the pPBACe3.6 vector and were used for end sequencing.
"These primers amplify an endogenous gene and were used to check DNA integrity.
“These primers are specific to BAC sequence and were used with the appropriate
pBACe3.6 T7 or KBr/TJ primer to amplify the BAC ends.
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region of the recipient mouse background was also performed in parallel to control for
the quality of isolated tail DNA. We used primer set SNP19/SNP20 (Table 5.1), which
was previously used to amplify SNP rs3662946 (Spindler et al., 2010), to check for DNA
quality. PCR products were electrophoresed in 7% acrylamide gels and visualized by

ethidium bromide staining.

Infections. 3- to 8-week old mice were used for infection experiments. Mice were
infected with 10> PFU of virus via intraperitoneal (i.p.) injection in volumes of 100 pl.
Virus was diluted in 10-fold serial dilutions in endotoxin-free Dulbecco's phosphate-
buffered saline (DPBS; Lonza). Mock-infected mice were injected with conditioned
media similarly diluted in DPBS. Mice were monitored at least twice daily for signs of
disease and were euthanized by CO, asphyxiation if moribund. Mice were euthanized by

CO; asphyxiation at the indicated experimental endpoints.

Determination of MAV-1 loads by capture ELISA. Whole brains were aseptically
collected from euthanized mice. Brain homogenates were prepared as previously
described (Welton et al., 2005) and assayed for MAV-1 viral load by capture ELISA
(Welton and Spindler, 2007). In each assay, an undiluted MAV-1 virus stock, PBS, and
conditioned media were included as controls. Quantification of virus particles by ELISA

correlates with infectious virus levels measured by plaque assay (Welton et al., 2005).
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Sequencing

PCR products were purified using the QIAGEN QIAquick PCR purification Kit,
quantified at 260 nm absorbance using a spectrophotometer (NanoDrop; Thermo
Scientific), and submitted to the University of Michigan DNA Sequencing Core. A
BLAT search of the sequences against the mouse genome was performed to confirm

product identity (http://genome.ucsc.edu/) and chromatograms were analyzed (FinchTV;

Geospiza). Sequence alignment was performed using ClustalW and analyzed using

DNASTAR Lasergene.

RNA isolation

RNA was isolated from brains using TriReagent (Molecular Research Center, Inc.,
Cincinnati, OH). 1 mL TriReagent was added per 100 mg brain tissue and the mixture
was homogenized in a BioSpec bead-beater. Subsequent RNA isolation steps were in
accordance with the manufacturer’s instructions. RNA pellets were resuspended in
ddH,O and the concentrations were measured using a spectrophotometer (NanoDrop;

Thermo Scientific).

cDNA synthesis and PCR amplification.

RNA was treated with RQ1 RNase-Free DNase (Promega) according to the
manufacturer’s instructions. CDNA was synthesized from 5 pg brain RNA using random
hexamers and Moloney murine leukemia virus reverse transcriptase (RT) (Invitrogen).
cDNA was PCR amplified using previously published PCR primers and conditions for

PCR amplification of Ly6 genes from cDNA(Stier and Spindler, 2011). PCR products


http://genome.ucsc.edu/
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were purified using the QIAGEN QIAquick PCR purification kit and quantified at 260

nm absorbance using a spectrophotometer (NanoDrop; Thermo Scientific).

Ligation-PCR detection assay (Fig. 5.1).

Purified PCR product was added to the ligation mixture, containing APB buffer, ddH20,
ligase, and oligo mix. Oligo mix consisted of the following primers Ly6cl L1,
Ly6cl L2.BALB, and Ly6cl L2.129S6 (Table 5.2). These primers are designed to detect
a SNP at 74,878,906 bp on Chr 15 in Ly6C1 (Stier and Spindler, 2011) that is
polymorphic between BALB/c and 129S6/SvEv mice (Stier and Spindler, unpublished).
Alu size markers were generated from mouse genomic DNA using PCR amplification
with ALUP1 and ALU P2 (Table 5.2), and ligation reactions were performed with Alu-
specific primers (ALU 50 L1, ALU 50 L2, ALU 114L1, and ALU 114L2) in the presence
of ligase. Ligation reaction products were ethanol precipitated and resuspended in
ddH,0. ALU size markers were added to the Ly6C1 ligation products. Ligation mixtures
were separated by capillary electrophoresis on a MegaBACE 1000 Sequencer. 6-FAM
and HEX fluorescence intensity was measured and analyzed on chromatograms. ALU
size markers generate peaks at 50 bp and 114 bp. BALB/c ligation products are 54 bp;

129S6/SvEvTac ligation products are 58 bp.

Statistical analysis. Statistical analysis was carried out using Microsoft Office Excel and

Graph Pad Prism 5 software. Specific statistical tests are denoted in each figure legend.
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Figure 5.1 Ligation-PCR detection assay. The site of a single nucleotide polymorphism
(SNP) in the Ly6cl PCR product is where the ligation reaction occurs. The SNP detected
by these oligos is at 74,878,906 bp on Chr 15 (Stier and Spindler, 2011). Ly6cl L1 isa
probe common to both BALB/c and 129S6/SvEv DNA that is modified with a 6-FAM
fluorescent label. Ly6cl L2.BALB and Ly6cl L2.129S6 are strain-specific primers that
were used to detect the SNP in BALB/cJ and 129S6SVEv/Tac DNA, respectively (Table
5.2). Ly6cl L2.BALB and Ly6cl L2.129S6 have identical sequences except at the 5' end
(nucleotide complementary to desired SNP) and the 3' end, where Ly6cl L2.129S6 has an
additional 4 non-specific terminal base pairs. The ligation products will therefore have a
size difference of 4 bp. P: phosphorylation at the 5’ end of genotype-specific primers;
SNP is at this location. There is no gap between the oligos; the 3' nucleotide of Ly6cl L1
is immediately adjacent to the 5' nucleotide of Ly6cl L2.BALB or Ly6cl L2.129S6. Size
markers were not included in this figure for the sake of simplicity (Figure modified from
Stier, 2011).
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Oligo Sequence? Modifications
Ly6cl L1 ACACAGTAGGGCCACAAGAAGAAT 5'-6-FAM
Ly6cl L2.BALB® | CAGCACACAGGACTTTGTAGTGTGAGAAAT 5-P
Ly6cl L2.129S6° | GAGCACACAGGACTTTGTAGTGTGAGAAAT[ACGT] 5-P
ALU P1 GGAGCACGCTATCCCGTTAGACCCAGGAGTTCTGGGCTG | none
TAG
ALU P2 CGCTGCCAACTACCGCACATGTGGAGTGCAGTGGCTATT | none
CA
ALU50 L1 AGGTCACCATATTGATGCCGAAC 5'-HEX
ALU50 L2 TTAGTGCGGACACCCGATCG[ATGCTCA] 5-P
ALU 114 L1 CCCACTACTGATCAGCACGGGAGTT 5-HEX
ALU 114 L2 TTGACCTGCTCCGTTTCCGA[ATGCTCAGACACAATTAGC | 5-P

GCGACCCTTAATCCTTAGGTAATGCTCAGACACAATTAG
CGCGACCCTTA]

%[ ] enclose non-specific sequences added to differentiate the size of the ligation products

bdetects BALB/cJ-specific single nucleotide polymorphism

“detects 129S6SVEV/Tac-specific single nucleotide polymorphism
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RESULTS
Construction of BAC transgenic strains. We obtained BACs clones belonging to the
RPCI-22 BAC library, which was derived from a mouse strain susceptible to MAV-1,
129S6/SvEvTac (Spindler et al., 2010). The BAC clones span the entire Msg1295/SVEv
interval. From these, we selected 8 BACs to generate transgenic mice (Fig. 5.2). We
expected progeny mice that have the susceptibility transgene, but not their non-transgenic
littermates, to be susceptible to MAV-1. BAC transgenic mice were created by
microinjection into the male pronuclei of fertilized eggs. Transgenic founder animals
were identified through PCR amplification with primers specific for the vector-BAC
junction ends (Table 5.1).

BALB/c females and males were used for establishing transgenic mouse lines for
BAC constructs 1-FO7 and 1-F09. However, our success rate of obtaining transgenic
founders was very low, 1.5% and 2.5% for the 1-FO7 and 1-FO9 BAC constructs,
respectively (Table 5.3). We decided to attempt to improve our transgenic success rate by
changing our mating strategy and switching from using mice of the BALB/c background
to strains with higher rates of superovulation and increased sperm counts. Mouse strains
that produce large litters increase the likelihood of obtaining transgenic founders.
BALB/cJ female mice produce 14 oocytes (on average), while BALB/cByJ females
produce 34 oocytes (on average) (Byers et al., 2006). Therefore, to increase our chances
of obtaining transgenic founders, we switched to using BALB/cByJ females as egg
donors. Like BALB/c mice, BALB/cByJ and A/J mice are also resistant to MAV-1
infection (Fig. 5.3 and Spindler et al., 2001). (BALB/cJ X A/J)F1 males were used as stud

males because F; males have hybrid vigor and their sperm counts should be higher
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Figure 5.2. Physical map of Msql and location of BACs. This is a representation of the
critical interval with the candidate genes. Physical map positions are indicated in Mb
(NCBI build 37). D15Spn14 is a genomic short sequence length polymorphism and
rs8259436 is a single nucleotide polymorphism; together they define the ends of Msql.
Ly6 genes are represented by black triangles, Ly6-related genes by gray triangles, and the
gene encoding a cytochrome is indicated by a white triangle. BACs used to generate
transgenic mice are shown below (Figure modified from Spindler et al., 2010).
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Construct | # tested # of % success | Phenotype | BAC Expression
for founders integrity
transgene
1-F09 80 2 2.5 Resistant Intactin | Low
both expression
strains
1-FO7 66 1 1.5 Resistant Not No
intact expression
1-D09 38 3 7.9 Resistant Intact (1) -
Not
intact (1)
1-D10 180 2 1.1 Resistant - -
1-A01 51 3 5.9 Resistant - -
1-C10 81 3 3.7 Resistant - -
1-HO1 131 1 0.8 In progress - -
1-E09° - - - Not tested - -

®This BAC was submitted to the transgenic animal model core, but pups have not been

born yet.
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Figure 5.3. BALB/cByJ and (BALB/cxA/J)F; mice are resistant to MAV-1 infection.
Mice of the indicated strains were infected with 10° PFU MAV-1, and brains were
harvested 8 dpi. Brain viral loads were measured using capture ELISA. Each symbol
represents the mean of three replicate measurements for each mouse. The number of mice
is indicated.
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compared to inbred males. When (BALB/cxA/J)F; mice were infected with MAV-1, they
had low brain viral loads (Fig. 5.3), demonstrating that they would be a suitable MAV-1
resistant background strain for the BAC transgenesis approach.

Therefore, BALB/cBYJ females and (BALB/cxA/J)F; stud males were used to
establish transgenic mouse lines for BAC constructs 1-D09, 1-D10, 1-C10, 1-A01,
1-HO1, 1-E09. The success rate of obtaining transgenic mice for these BACs ranged from
0.8% to 7.9% and was on average higher than that of using BALB/c mice as the egg

donors and stud males.

Seven of the eight BAC transgenes do not complement the MAV-1 susceptibility
phenotype. Tail biopsies were obtained and tail DNA used for detection of the
integration of relevant BAC transgenes. Mice that were positive for the presence of the
BAC transgene were identified, weaned and bred to non-transgenic littermate mice. We
established a separate transgenic line for each transgenic founder mouse. The Nj
offspring were then tested for the presence of the transgene. N; male and female
transgenic offspring from the same transgenic line were then mated in attempt to produce
mice that were homozygous for the transgene. These intercrosses produced mice that
were homozygous for the transgene, heterozygous transgenic mice, and non-transgenic
littermates. If transgenic mice belonging to only one sex were available, mating pairs
were set up with non-transgenic littermates to produce progeny that were heterozygous
for the transgene and non-transgenic littermates. Subsequent matings were then set up
with the goal of eventually generating a homozygous transgenic line for each founder

mouse. Any additional mice that were not used for mating were phenotyped for their
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susceptibility to MAV-1. These included mice of all three possible genotypes; in
reporting the phenotypic data, we did not differentiate between transgenic mice that were
homozygous or heterozygous for the transgene because we did not observe any
differences in phenotype.

Homozygous and heterozygous progeny for the various transgenic strains were
infected with MAV-1 and evaluated for their susceptibility to MAV-1. Brain viral loads
were used as a surrogate measure for susceptibility. We expected to see high viral loads if
the transgene contains the susceptibility gene(s). However, the mice of 7 different BAC
transgene strains did not have high brain viral loads upon MAV-1 infection (Fig. 5.4). In
contrast, control mice (either 129S6/SvEvTac or C.SJL-Msql®“ mice) that are
susceptible had high brain viral loads after MAV-1 infection. Our results suggest that
none of the transgenes were capable of conferring susceptibility, since none of the mice
had high brain viral loads following MAV-1 infection.

The resistant phenotype of the transgenic mice could be a result of the following
possibilities. First, the resistant phenotype could be a real result; i.e., none of the BACs
are able to confer the susceptibility phenotype. This could be because genes on more than
one BAC are necessary to confer the susceptibility phenotype; we may not have the right
combination of susceptibility genes on any individual BAC. It is also possible that the
entire 0.75 Mb region of Msq1 is required for susceptibility. Second, it is possible that the
transgenes are not being expressed. We will need to ensure that the BACs in the
transgenic lines are intact and have not fragmented. Lack of expression could also be due

to the absence of the necessary cis-regulatory regions. It is also possible that the
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Figure 5.4 All tested transgenic mice were resistant to MAV-1. Mice of the indicated
strains were infected with 10 PFU MAV-1, and brains were harvested 8 dpi. Controls
were mice that are susceptible to MAV-1; littermates are non-transgenic progeny from
the transgenic strains. Viral loads in brain homogenates were measured using capture
ELISA. Each symbol represents the mean of three measurements per homogenate for an
individual mouse; the number of mice is indicated below the axis. The mean and SD are
indicated.
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expression of transgenes is dependent on the BAC transgene integration site in the mouse

chromosome.

The 1-F07 transgenic mouse strain may not have the entire BAC sequence. Our
identification of transgenic founder mice included the assessment of whether the ends of
each BAC were present, but not whether the middle of the BAC was also present. To
determine whether the BAC transgenes are present in their entirety in the transgenic
strains, we PCR amplified and sequenced DNA from the founder mice and F, transgenic
progeny for single nucleotide polymorphisms (SNPs) between 129S6/SvEvTac and the
background strain (either BALB/c or BALB/cByJx(BALB/cxA/J)F;) (Stier and Spindler,
unpublished).

We screened the 1-F07 founder mouse and 1-FO7 F, mice for SNPs in three genes
(Ly6A, Ly6E, and Ly6C1) that are contained within the 1-FO7 BAC (Stier and Spindler,
2011). We examined these SNPs by amplifying and sequencing genomic DNAs. In the
founder mouse, we were able to detect a small peak corresponding to the Ly6C1
transgene-specific SNP, but we were unable to detect either the Ly6A or LYy6E transgene-
specific SNPs. In 1-FO7 F, mice, we were unable to detect any of the 3 transgene-specific
SNPs. These data suggest that the 1-FO7 transgenic line lacks a significant portion of the
BAC. The resistant phenotype of 1-F0O7 transgenic mice may be the result of the lack of
transgene expression due to the large missing region in the integrated BAC.

Two transgenic founder lines were established for the 1-FO9 BAC. We screened
1-F09 founders and F, mice from the two lines for the presence of the transgene-specific

SNP in Ly6cl, which is located in the central region of the 1-FO9 BAC. Both 1-F09
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founders and their F, mice had the Ly6C1 transgenic SNP (Stier and Spindler,
unpublished), indicating that the middle of the 1-FO9 BAC is present in both lines.

Three transgenic founder lines were established for the 1-D09 BAC. However,
only two of the lines generated transgenic progeny. We tested both 1-D09 founders and
the F, mice from the two lines that produced progeny (1-D09-2 and 1-D09-3) for four
SNPs in the following genes on 1-D09: Ly6G, BC025466, Gm10238, and Ly6F (data not
shown). We detected transgene-specific SNPs in 1-D09-3 at all tested loci, indicating that
the entire 1-D09 BAC is present in the 1-D09-3 transgenic line. For 1-D09-2, we were
able to detect the two transgenic SNPs (in Ly6G and Ly6F) that are located near the ends
of the BAC. However, the other two SNPs (in BC025466 and Gm10238) located near the
middle of the 1-D09 BAC were not detected. This suggests that a middle portion of the

BAC is missing in 1-D09-2 mice.

1-F07 and 1-F09 BAC transgenes have either low expression or are not expressed in
the transgenic strains. We also determined whether genes in the BAC transgenes were
being expressed in transgenic mice. We used a ligation-PCR detection reaction to detect
the relative expression of the BAC transgene in 1-F07 and 1-F09 F, progeny mice (Fig.
5.1). This reaction makes use of DNA ligase, which catalyzes the formation of the
phosphodiester bond between nucleotides that bind to a target DNA sequence (Barany
and Gelfand, 1991; Luo et al., 1996). DNA ligase is a highly specific enzyme and will
only work if there is perfect complementarity between the nucleotide and the target DNA
sequence. A single base mismatch is sufficient to inhibit ligation. Allele-specific primers

were designed so that they differ by the SNP of interest at their 5-end, and differ in
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length by 4 nucleotides at their 3' end (Table 5.2). An additional primer, which is
fluorescently labeled, common to both alleles is also used. Since the strain-specific
primers were designed to be of different length, the detected products corresponding to
transgene mMRNA and the endogenous (background strain) mMRNA can be distinguished
according to length.

For both 1-FO7 and 1-FO9 F, transgenic progeny, we examined the relative
expression of the Ly6C1 BAC-derived transgene. We used primers specific for the SNP
on either the BALB/c or 129S6/SvEvTac transcript (Table 5.2). As expected, we were
able to detect the BALB/c transcript in all of the transgenic mice (Stier and Spindler,
unpublished). The 129S6/SvEvTac Ly6C1 transcript was detected in low levels in the 1-
F09-2 transgenic strain F, progeny mice. However, the transgene-derived transcript was
not detected in either 1-FO7 or 1-F09-1 F, transgenic progeny. These data suggest that the
transgenes were not expressed. The interpretation of the phenotyping results thus cannot

be attributed to expression of the transgenes.

Mice containing both 1-F09 and 1-D09 BAC transgene constructs are resistant to
MAV-1. Another possibility is that the entire Ly6 supergene locus encompassed by
Msqgl, or a larger region than is encoded in any single BAC, is needed to confer the
susceptibility phenotype. Susceptibility to MAV-1 is under multigenic control,
C.SJL-Msgl mice are less susceptible than inbred SJL mice (Hsu et al., 2012). We are
currently developing mouse strains that contain more than one BAC, by mating mice
from different transgenic strains. From this mating strategy, we have obtained transgenic

mice that have both 1-F09 and 1-D09 transgene constructs. However, when these mice
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were infected, they did not exhibit high brain viral loads (Fig. 5.4). Efforts to establish
additional “double” and “triple” transgenic strains (containing 2 or 3 BACS, respectively)
are underway. In addition, we will test whether we can detect transgene expression in all

the strains we generate.

DISCUSSION

The BAC transgenic approach holds promise in identifying the gene(s)
responsible for the susceptibility phenotype, if the phenotype corresponding to the
introduced BAC is obtained. Negative results, in this case, resistant phenotypes for the
BAC transgenic progeny, are more problematic. Our data demonstrate that it is necessary
to interpret the resistant phenotypes of transgenic progeny mice with caution. From our
data, we demonstrate in the 1-FO7 transgenic line that the BAC construct is not intact. We
also demonstrate in 1-F09 transgenic lines that insertion of the BAC construct does not
guarantee expression of the transgenes. Transgenic mice will thus need to be carefully
characterized for both the integrity of the inserted BAC and also the expression of the
individual transgenes.

Both 1-F09 transgenic lines have intact 1-FO9 BAC constructs. However, we were
only able to detect the Ly6C1 transcript in one. It is also possible this was result of where
the BACs had integrated in the genome. Differences in the integration site of a transgene
can lead to variable gene expression (Weis et al., 1991), which may be an obstacle to the
study of gene function in our locus. Position effects can manifest in several different

ways, including unintended sites of expression, no transgene expression, decreasing
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transgene expression over generations, and expression of the transgene in only a subset of
cells.

It is also possible that the difference we see between the two 1-F09 transgenic
lines is a result of having different copy numbers of 1-FO9 BAC integrate into the mouse
genomes. In addition, homologous recombination between BACs can occur prior to
integration events to form a tandem array (Rulicke and Hubscher, 2000). High copy
numbers of integration can cause repeat-mediated gene silencing. Phenotype analysis can
also be complicated if the transgene integration event disrupts endogenous gene
expression (Meisler, 1992). It is therefore important to establish more than one transgenic
line for a transgene to determine that the phenotypes can be attributed to the introduction
of the transgene and not other integration site effects.

Circular BAC DNA was used in the microinjection because the additional steps to
free the linear DNA from the cloning vector require manipulations of the BAC DNA that
may contribute to DNA shearing and lower BAC vyields (Van Keuren et al., 2009). There
is also no evidence that there is an advantage for use of linear over circular BACs, since
they generate approximately the same transgenesis efficiency and expression outcome.
However, it is possible that injection of circularized DNA could result in random breaks
within the BAC, resulting in interruption of genes or cis-regulatory regions.

Expression of a BAC transgene can also be affected by whether all transcription
regulatory elements are present in the BAC (Huber et al., 1994). Cis-regulatory elements
(enhancers, insulators and locus control regions) cooperate with each other. For the
chicken lysozyme gene locus, the concerted action of all cis-regulatory elements is

necessary for integration site-independent expression, regardless of copy number of
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integrated transgenes (Huber et al., 1994). It is therefore possible that the absence of a
complete genetic context in our transgenic mice could have affected BAC transgene
expression levels, and accordingly, the tested phenotype. Selection of future BACs
should include as much of the sequence leading up to the gene of interest as possible.

It is possible to modify BAC DNA using homologous recombination, without
causing additional rearrangements or deletions in the modified BAC (Court et al., 2002;
Yang et al., 1997). This method can be useful in adding genotyping markers and
introducing deletions, mutations and insertions into BACs. Addition of genotyping
markers can aid verification that the integrated BAC is intact. Also, a reporter gene such
as lacZ or GFP can facilitate determination of whether genes are being properly
expressed in the relevant tissues. Because we are interested in more than one candidate
gene within each BAC, it would be necessary to insert more than one reporter gene into
the BAC construct at different positions in order to ensure that transgenes throughout the
BAC are expressed. Insertions of cell type-specific promoters can also direct transgene
expression in defined organs, tissues or cells.

A limitation to extrapolating data obtained from inbred mouse models to human
disease is that humans experience greater genetic heterogeneity, and this inevitably
complicates the assessment of the contribution of a particular QTL. A single gene,
Nrampl (annotated Slcllal), is responsible for the susceptibility difference between
specific inbred mouse strains to Mycobacterium bovis, the causative agent of tuberculosis
in cattle, and a number of additional bacterial species (Bradley, 1977; Plant and Glynn,
1976; Skamene et al., 1982; Skamene et al., 1984; Vidal et al., 1993). The contribution of

this gene to susceptibility in humans was less dramatic; the modest contribution of



156

Slcllal in humans was in contrast to the major effect the gene had in mice (Remus et al.,
2003). To determine the role of Msql in the presence or absence of other potentially
contributing loci, complementation of the susceptibility phenotype can be attempted on

different mouse strain backgrounds
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Chapter VI
Discussion
Chapter summary
Susceptible mouse strains develop dose-dependent hemorrhagic encephalitis
following mouse adenovirus type 1 (MAV-1) infection (Guida et al. 1995; Kring et al.
1995; Charles et al. 1998; Kajon et al. 1998; Spindler et al. 2001; Spindler et al. 2007). In
the work described here, we examined the contribution of MAV-1 susceptibility
quantitative trait locus (Msq/) to MAV-1-induced pathogenesis and encephalitis. We also
attempted to uncover the identity of the susceptibility gene(s) within Msq/ through a
bacterial artificial chromosome (BAC) transgenesis approach.
In Chapter VI, we characterized the role of Msql, a 0.75 Mb quantitative trait
locus (QTL) strongly linked to the high brain viral load phenotype in MAV-1-infected
mice (Welton et al. 2005; Spindler et al. 2010). Through comparison studies using

resistant BALB/c mice, susceptible SIL mice, and mice congenic for Msql** o

n a
BALB/c background (C.SJL-Msql), we determined that Msq/ is a key determinant of the
outcome of MAV-1 infection. Msq!l controls in large part the ability of the virus to
replicate in brains of mice, the development of blood-brain barrier (BBB) permeability
during MAV-1 infection, brain pathology, the recruitment of specific subsets of immune
cells, and the ability to maintain barrier function in ex vivo infection. However, the locus

does not account for the full extent of susceptibility in SJIL mice; C.SJL-Msql mice are

less susceptible than SJL mice. In addition, Msq/ does not control the development of
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cerebral vascular edema following MAV-1 infection. These data are consistent with our
previous findings that susceptibility to MAV-1 is under multigenic control.

In Chapter V, we attempted to reduce the size of the critical interval for
susceptibility to MAV-1 using a BAC transgenesis approach by introducing BACs
generated from a susceptible strain as transgenes onto a resistant strain background.
Because susceptibility is semi-dominant (Welton et al. 2005), we expected that the
introduction of a transgene containing the susceptibility gene(s) would cause the
transgenic mouse to be susceptible to MAV-1 infection. However, to date, introduction of
BACs from the Msql interval has not resulted in susceptible mice. Current efforts to
assess BAC integrity and determine whether the transgenes within the BACs are being
expressed within the transgenic strains have revealed additional difficulties we will need
to overcome.

One transgenic mouse strain (1-F07) did not carry an intact BAC. Two 1-F09
transgenic lines both had the entire BAC sequence; but they had different expression
levels of the Ly6C1 transgene. In one, expression of the transgene was low, while in the
other, we were unable to detect expression of Ly6CI. Unsurprisingly, we also could not
detect Ly6C1 expression in 1-FO7 mice that do not have the complete BAC construct. We
will continue to determine whether our transgenic strains contain intact BAC constructs,
and if the transgenes within those constructs are being expressed. Without this
information, we are unable to evaluate the relative phenotypic contribution of the

different transgenes.
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Defining the congenic interval

The C.SJL-Msql interval-specific congenic strain was constructed using an initial
BALB/c and SJL cross, with subsequent repeated backcrosses to BALB/c mice (Hsu et
al. 2012). Following each cross, progeny positive for Msq/*"" were selected for the next
breeding pair using two single nucleotide polymorphism (SNP) markers that flank the
boundaries based on fine mapping of Msq! (Spindler et al. 2010; Hsu et al. 2012). The
current Msq! interval spans from 74.68 to 75.43 Mb on mouse chromosome 15 (Chr 15).
At the Nj; generation, congenic mice have a genome that is 99.9% BALB/c-derived. The
0.1% SJL contribution includes Msq1, loci immediately adjacent to Msq! that got carried
forward due to their proximity to the selected locus, and any additional scattered SJL-
derived remnant passenger loci throughout the genome. To rule out the possibility that
genes outside of Msql are responsible for the phenotypes we have observed in our
congenic mouse strain, we will need to identify any additional loci outside of Msq/ in our
C.SJL-Msql strain.

To determine the extent of the congenic interval, i.e., the amount of genome
sequence outside of the region defined by the two SNP markers, we are using the JAX

mouse diversity genotyping array. We submitted a single tail of a C.SJL-Msq1>'"

mouse
from the N;; generation to the Jackson Laboratory for the diversity array analysis, from
which high quality DNA was prepared and genome-wide profiling of SNPs was
performed. This array uses genome-wide profiling of densely spaced SNPs that are
present among mouse strains to determine the BALB/c and SJL strain contributions

across the entire genome of our congenic mouse strain. Over 625,000 SNPs were assayed

and the results have been provided to us, and await bioinformatics analysis.
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We will compare the SNP identity of the congenic mouse strain to that of
C57BL/6 mice. The bioinformatics report for our data will allow us to determine whether
each SNP site is in one of the following categories: (i) identical to C57BL/6, (i1) identical
to the next most common genotype not associated with C57BL/6, (iii) heterozygous, or
(iv) a missing call (none of the above). We will only be able to identify strain
contributions for any given SNP site if the BALB/c and SJL genotypes are in different
categories from one another. There is a possibility that in many regions, we will be
unable to determine if the specific SNP is BALB/c- or SJL-derived, for example, if both
SJL and BALB/c SNPs are identical to the C57BL/6 SNP. However, the SNPs used in
the array are on average 4.3 kb apart on the C57BL/6 mouse background, which should
be dense enough to determine the approximate size of the Msq/ interval and flanking
SJL-derived sequence. Specifically, we would like to rule out the possibility that
APOBEC3 (Chr 15, ~79.9 Mb) plays a role in susceptibility. Members of the human
APOBEC3 gene family play roles in in vivo cellular immune function against several
different viruses, including HIV, hepatitis B and human papillomavirus, through genetic
editing of single-stranded DNA (Zhang et al. 2003; Suspene et al. 2005; Vartanian et al.

2008; Malim 2009).

Genetic loci outside of Msq1 also contribute to the susceptibility phenotype

Use of C.SJL-Msql mice allowed us to examine the genetic contribution of
MsqI™" in the absence of any additional SIL genes from other loci that may act in an
additive manner with regard to susceptibility. Msq/ accounts for 40% of the variance in

the viral brain load phenotype between SJL and BALB/c mice (Welton et al. 2005),



166

which is a substantial contribution by a single genetic locus. Accordingly,
MAV-1-infected C.SJL-Msql mice have comparable brain viral loads to similarly
infected SJL mice. However, C.SJL-Msql mice are not as susceptible as SJL mice to
MAV-1 infection, based on survival and LDsy (Hsu et al. 2012). C.SJL-Msql mice also
do not have the severe vasogenic edema seen in SJL mice (Hsu et al. 2012). This was
surprising, because C.SJL-Msql and SJL mice have similar levels of BBB disruption as
measured by sodium fluorescein and Evans blue dye uptake into brain tissues.

It is possible that at the BBB, passage of water molecules is regulated differently
from the movement of sodium fluorescein and Evans blue molecules across the barrier. In
addition, opening of the blood-brain barrier may be either transient or prolonged,
resulting in differences in the amount of water that is able to pass through the BBB or the
ability of the strains to control brain water content. The data suggest that occurrence of
edema correlates well with death, while high brain viral loads and increased BBB
permeability do not necessitate death. These data are consistent with findings for
lymphocytic choriomeningitis virus infection, where edema and brain herniation due to
increased intracranial pressure are the causes of death, not BBB disruption (Matullo et al.
2010). While we cannot rule out the contribution of BBB disruption to MAV-1 disease,
from our current data, it appears that edema is a more significant factor in MAV-1
mortality.

The data also indicate that there are additional genes outside of Msq/ that
contribute to MAV-1 susceptibility. These could be additional genes that are involved in
conferring susceptibility independent of Msql, or genes that have additive effect in

conjunction with Msq! to produce the full susceptibility phenotype. In support of the
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hypothesis that susceptibility to MAV-1 is multigenic, we previously identified a minor
QTL on mouse Chr5 during our mapping analysis that has additive effect on the brain
viral load phenotype (Welton et al. 2005). Together, Msq! and the Chr5 locus account for
41.7% of the trait variance. We could test whether the Chr5 QTL could be involved in the
increased edema seen in SJL mice, thus contributing to the susceptibility phenotype. We
would do so by introgressing the Chr5 interval onto the C.SJL-Msql background, thus
creating a congenic strain specific for both Msq /" and the SJL-derived Chr 5 interval.
Msql is introgressed onto a resistant strain background, which may have genes
that counteract the susceptibility phenotype of Msql. Therefore, it may be useful to

construct an interval-specific congenic strain with Msql®**?

on a SJL background
(SJL.C-Msql). We would expect mice of this genotype to have low brain viral loads and
thus be phenotypically resistant to MAV-1 infection. If the SJL.C-Msql congenic strain
is more susceptible than BALB/c mice in survival assays, the difference could be
attributed to (SJL) genes outside of Msql. However, it is also possible that susceptibility

requires the additive effect of multiple genetic loci, such that in the absence of the major

susceptibility QTL Msq >, the mice may still be resistant to MAV-1 infection.

Role of CNS infiltrating inflammatory cells during MAV-1 infection

The host immune response is important for effective control and clearance of viral
infections. Following MAV-1 infection, there are differences among the number of
immune cells that are recruited to the brains of C.SJL-Msql, BALB/c and SJL mice (Hsu
et al. 2012). In the brains of BALB/c mice, in which viral loads are low, there is no

significant increase in any of the immune cell subsets that we examined upon MAV-1
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infection. In both SJL and C.SJL-Msql mice upon infection, there is a significant
increase in the total number of cells infiltrating into the brain. For SJL mice, there is a
large CNS infiltration of the following cell populations: CD4" and CD8" T cells,
macrophages, inflammatory monocytes and neutrophils. For C.SJL-Msql mice, there is
an equally large increase for macrophages as in SJL mice. However, the increase for the
other cellular subsets (T cells, inflammatory monocytes and neutrophils) is modest
compared to SJL mice. Finally, in mice of all three strains, the number of B cells in
brains of mice following MAV-1 infection does not change significantly. These strain
differences in CNS infiltrate suggest that immune cells are involved in MAV-1-induced
pathology and mortality. We discuss potential contributions of monocytic cells,

neutrophils, T cells and B cells in the following sections.

Monocytic cells and MAV-1 infection

Cells of the monocyte lineage can be productively infected at low levels with
MAV-1, which suggests that they may be involved in dissemination of virus (Kajon et al.
1998; Ashley et al. 2009). Macrophages are recruited in large numbers to the brains of
infected SJL, C.SJL-Msql and C57BL/6 mice; however, macrophages were not recruited
to the brain in BALB/c mice (Gralinski et al. 2009; Hsu et al. 2012). These data are
consistent with previous findings that MAV-1-infected CCR2-/- mice (on a BALB/c
background), which are defective in macrophage recruitment, show no differences in
survival or brain and spleen viral loads compared to wt BALB/c mice. Brain and spleen
viral loads in both strains were low. It is possible that the presence of resident

macrophages in the peritoneum is sufficient to protect against viral replication, since
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CCR2-/- mice are only deficient in macrophage recruitment, and the levels of
macrophages in the peritoneum of wild type (wt) and CCR2-/- mice are similar.
However, it is also likely that macrophages simply do not get recruited to the brain in
infected BALB/c mice.

Macrophage precursors, inflammatory monocytes, are also present in increased
numbers in the brains of MAV-I-infected SJL mice. Inflammatory monocytes can be
differentiated from circulating monocytes based on their differential expression of LY6C
(Gordon and Taylor 2005). During West Nile virus infection, LY6C™ inflammatory
monocytes that migrate into the CNS can differentiate into microglia (Getts et al. 2008).
This is significant because although immunohistochemical staining of MAV-1 infected
CNS tissues from susceptible C57BL/6 mice showed presence of virus primarily in the
vascular endothelium, weak staining (corresponding to the presence of virus) was also
seen in microglial cells (Charles et al. 1998). The authors attributed the staining seen in
microglial cells to be a result of the phagocytosis of cell debris from infected cells that
were lysed. However, the West Nile virus data suggest an alternative hypothesis that
inflammatory monocytes migrate to the MAV-1-infected CNS and differentiate into
microglia or macrophages. It is possible that this is how MAV-1 is able to access the
brain. It may be informative to sort the recruited inflammatory monocyte cells from SJL
and C.SJL-Msql mice by flow cytometry and determine whether they have been infected
with MAV-1. We can also infect mice with GFP-labeled MAV-1, isolate brain
leukocytes, gate on Ly6C™CD11b" cells and determine whether they are positive for

GFP.
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Because monocytic cells are key effector cells of the innate immune system, it is
also probable that macrophages are responsible for controlling MAV-1 infection.
BALB/c mice that are depleted of spleen, liver, lymph node and peritoneal macrophages
via treatment with clodronate-loaded liposomes have high spleen viral loads following
MAV-1 infection, but brain viral loads are low (Van Rooijen 1989; Ashley et al. 2009).
This is in contrast to untreated BALB/c mice (with normal macrophage levels), in which
spleen and brain viral loads are low. These data suggest that macrophages serve a
protective function in controlling viral replication in the spleens of BALB/c mice. To
explain the low viral loads observed in the brains of BALB/c clodronate-treated mice, it
is feasible that the presence of resident macrophages may be sufficient to control viral
replication, since clodronate-loaded liposomes are unable to deplete brain macrophages
(Van Rooijen 1989). Alternatively, perhaps viral infection is effectively controlled in the
spleen, even in macrophage-depleted BALB/c mice, and thus does not disseminate to the
brain. Finally, it is also possible that macrophages are not recruited to the brain in
BALB/c mice.

High viral loads are seen in the brains and spleens in both wt and clodronate-
loaded liposome treated SJL mice (Ashley et al. 2009; Hsu et al. 2012). These data
suggest that the macrophage response is neither protective against nor effective at
controlling the dissemination of MAV-1 infection in SJL mice. In addition, since virus is
able to reach the brain of SJL mice even in the absence of macrophages, it suggests that

another cell type is also involved in MAV-1 dissemination to the brain.
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Neutrophils and MAV-1 infection

After MAV-1 infection, there is a large neutrophil infiltrate in SJL mice, an
intermediate increase in neutrophil number in C.SJL-Msql mice, and no change in
BALB/c mice. Neutrophils contribute to the loss of BBB permeability during mouse
hepatitis virus infection (Zhou et al. 2003). We have not formally tested the role of
neutrophils in MAV-1 brain pathogenesis. However, similar levels of BBB disruption are
seen between C57BL/6 mice infected with a MAV-1 virus that is null for an early region
3 (E3) protein and mice infected with wild-type MAV-1, despite the former having
reduced CNS infiltation of CD8" T cells and B cells, but equivalent numbers of CD4" T
cells, macrophages and neutrophils. It is therefore possible that neutrophils are involved
in BBB disruption during MAV-1 infection. Contribution of these immune cells can be

better studied by antibody depletion of neutrophils.

T and B cells and MAV-1 infection

The functions played by T and B cells during MAV-1 infection have been
examined in various immune-deficient mouse strains. RAG-1"" mice, which lack both T
and B cells, are more susceptible to MAV-1 infection than control C57BL/6 mice (Moore
et al. 2003). SCID mice, also T and B cell deficient, are also more susceptible to MAV-1
(Pirofski et al. 1991). In addition, mice lacking a/f T cells eventually succumb to MAV-1
infection (Moore et al. 2003). These mice have high brain and spleen viral loads and are
unable to clear virus, in contrast to control C57BL/6 mice in which virus is undetectable
by 12 days post infection (dpi). Surprisingly, the presence of either CD4" or CDS§"

effector T cells is sufficient for T cell-mediated clearance of MAV-1. However, cytotoxic
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CD8" T cells cause acute pathology, and contribute to MAV-1-induced
encephalomyelitis (Moore et al. 2003).

Consistent with these data, the increased number of cytotoxic T cells seen during
acute infection of SJL mice may contribute to extensive brain pathology and lead to
mortality (Hsu et al. 2012). C57BL/6 mice, which have an intermediate susceptibility to
MAV-1, also have a large increase in the number of CD8" T cells in their brains during
acute infection (Gralinski et al. 2009). On the other hand, C.SJL-Msql mice have a more
modest increase in the number of recruited CDS8" T cells than SJL mice, but significant
brain pathology and leakage of the blood-brain barrier (comparable to that seen in SJL
mice) is also observed following infection. Depletion of T cell subsets using monoclonal
antibodies may help dissect the role of CD4" and CD8" T cells in encephalomyelitis and
long-term viral clearance.

Because LY6 proteins have been shown to have roles in T cell adherence and
homing, it will be interesting to determine whether the differences seen in CD8" T cell
migration to the brain during MAV-1 infection can be attributed to differences in LY6
protein expression levels among mouse strains. Treatment with a LY6C antibody
decreases in vivo homing of CD8" T cells to lymph nodes in mice, and in vitro CD8" T
cell endothelial adhesion (Hanninen et al. 1997). LY 6 molecules may also be involved in
activating additional adhesion molecules; crosslinking of LY6C molecules prevents
homotypic aggregation of CD8+ T cells (Hénninen et al. 1997). LY6A also mediates cell-
cell adhesion in thymocytes (Bamezai and Rock 1995).

T cell adherence is an important step toward generation of effector T cells and a

cellular immune response. We have been examining whether there are strain differences
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in the ability of T cells to adhere to primary mouse brain endothelial cells in BALB/c,
SJL and C.SJL-Msql mice (Edewaard, Hsu, and Spindler, unpublished). Since LY6
proteins are expressed on both T cells (Shevach and Korty 1989; Walunas et al. 1995)
and pmBECs (Chapter 1V, Fig. 4.10), we will subsequently determine whether LY6
proteins on either cell type mediate the T cell adhesion differences, using an antibody
blocking approach.

B cells are necessary for survival of acute MAV-1 infection (Moore et al. 2004).
UMT mice, which lack B cells, are more susceptible to MAV-1 than C57BL/6 mice,
dying early (7 to 10 dpi) with high brain and spleen viral loads. Bruton’s tyrosine kinase
(Btk)-deficient mice also succumb to MAV-1 infection, demonstrating that an antibody
response is necessary for protection against MAV-1. We do not see a difference between
resistant BALB/c and susceptible SJL and C.SJL-Msql mouse strains with regard to B
cell recruitment to the brain after infection with 10> PFU of MAV-1. However, when
C57BL/6 mice are infected at a higher dose (10° PFU), there is an increase in the number
of B cells in the CNS at 8 dpi (Gralinski et al. 2009). This may be a result of having a 10-
fold increase in MAV-1 inoculum delivered to mice, therefore altering the kinetics of
MAV-1 infection. In Chapter VI we looked at inflammatory cell recruitment at only one
time point, 8 dpi. It is possible that B cells are involved at earlier or later time points. The
difference in results between the Gralinski et al. study and the results in Chapter IV here
could have also arisen through differences in the isolation methods for brain leukocytes,
as well as differences in selecting positive populations when analyzing flow cytometry

charts. With the C57BL/6 data, the total number of leukocytes was determined by



174

number of cells that strain positively for CD45. In contrast, in Chapter IV, we gated on
the CD45™ population, which corresponds to the infiltrating leukocyte population.

Examining different immune cell subsets at a single time point and a single
infection dose provides merely a snapshot of what is occurring during infection. Different
cells are recruited to the brain at different rates and times post infection, and thus we
likely have not detected all strain differences in immune cell recruitment in studies
performed thus far. Sampling brains of infected mice from multiple time points would
give us a more complete picture of the relative contributions of different immune cells. In
addition, the combined number of immune cells from the subpopulations that we looked
at correspond well with the total number of infiltrating cells (CD45™) in SIL but not
C.SJIL-Msq1®" mice. There appears to be a population(s) of unaccounted for cells in
C.SJIL-Msq1®™™ mice that do not express any of the markers that we examined. Cell
populations we did not analyze include NK cells, dendritic cells, and mast cells. We will
examine these additional cell populations in the future.

Antibody depletions of different cell types (T cells, neutrophils and B cells) may
better inform our understanding of the roles immune cells play during MAV-1 infection.
In another approach, we can also perform adoptive transfer of immune cells from
(resistant) BALB/c mice to (susceptible) (BALB/cxSJL)F, mice. Using F; progeny
instead of susceptible SJL mice should decrease the chances of immune rejection of the
transferred cells by the recipient mouse. We can then determine whether adoptive transfer

of different immune cell subsets has an effect on overall viral loads in susceptible mice.
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Matrix metalloproteinases and MAV-1 infection

Matrix metalloproteinases (MMPs) are endopeptidases that can be upregulated
during pathological conditions, including viral infections, to cause BBB disruption
through degradation of tight junction proteins and the extracellular matrix (Reijerkerk et
al. 2006; Chen et al. 2009; Engelhardt and Sorokin 2009; Spindler and Hsu 2012). MMP9
production during West Nile virus infection leads to BBB disruption and virus entry into
the CNS (Wang et al. 2008). HIV infection also increases MMP2 and 9 activities in vitro
(Eugenin et al. 2006). Likewise, MMP2 and MMP9 are both upregulated in the brains of
MAV-1-infected SJL and C.SJL-Msql mice, but not in brains of BALB/c mice (data not
shown).

Many cell types in and around the BBB can produce MMPs (Candelario-Jalil et
al. 2009). To identify cells that produce MMPs in response to MAV-1 infection, we will
need to isolate these cells and determine the effect of MAV-1 infection on their MMP
production. We have preliminary data that shows MMP activity changes (as measured by
gelatin zymography) following MAV-1 infection in vitro of different cells isolated from
the CNS (Ashley, Domanski, Hsu, Stier and Spindler, unpublished). We can subsequently
use an in vitro co-culture model of primary mouse brain endothelial cells (pmBECs) with
different CNS cell types (e.g., astrocytes or microglia), to determine their relative
contribution and the effect of MMPs on pmBEC barrier integrity (measured by

transendothelial electrical resistance [TEER]) during MAV-1 infection.
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Members of the Ly6 superfamily as candidate susceptibility genes for MAV-1

Msql is currently 0.75 Mb in length and contains 15 genes, 14 of which are Ly6
or Ly6-related genes (Spindler et al. 2010). Ly6 gene products are glycosyl
phosphatidylinositol (GPI)-anchored molecules that were first identified on mouse
lymphocytes (McKenzie et al. 1977). Due to their unique expression patterns during
differentiation, LY 6 proteins have been used as cell subtype-specific markers for defining
immune cell subsets. They can also be expressed on a number of non-hematopoietic cells.

Ly6 genes are strong candidate genes for susceptibility to MAV-1-infection
because they are involved in the outcomes of other viral infections, including HIV, West
Nile and Marek’s disease virus (Morgan et al. 2001; Liu et al. 2003; Venter et al. 2005;
Brass et al. 2008; Krishnan et al. 2008; Loeuillet et al. 2008). In addition, expression of
Ly6 genes can be upregulated by type I and II interferons (Bamezai 2004). The functions
of Ly6 genes have not been well characterized, but some are thought to be involved in
cell signaling events and adhesion (Rock et al. 1989; Hénninen et al. 1997; Bamezai
2004).

Ly6 gene homologs have been found in other rodents, invertebrates, and in
humans, suggesting that their gene products have important biological functions
(Bamezai 2004; Holmes and Stanford 2007; Hijazi et al. 2011). Human Ly6 genes on
chromosome 8 (8q24.3) are orthologs of Ly6 genes found on mouse chromosome 15.
However, 9 genes in the murine Ly6 locus do not have homologs in either the rat or the
human chromosome (Holmes and Stanford 2007). Genes between Ly6E and Ly6H on
mouse chromosome 15 are not present in the corresponding region on human

chromosome 8 (Fig 6.1). In particular, humans do not have orthologs for Ly6C and Ly6A.
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Figure 6.1. Mouse and human Ly6 genes. Humans do not have orthologs for mouse
genes that lie between Ly6FE and Ly6H. Ly6 genes are indicated by black triangles, Ly6-
related genes by gray triangles, and the other gene by a white triangle. Genes transcribed
from the top (+) strand point to the right and genes transcribed from the bottom (—) strand
point to the left (Figure modified from Spindler et al. 2010).
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However, other human Ly6 genes may function as paralogs of these genes. In both
organisms Ly6 superfamily genes are also found at other chromosomal locations.

LY6 proteins can directly affect viral infection in vitro, either positively or
negatively. Upregulation of human LY6E during yellow fever virus infection in a cell-
based screen increases virus yields (Schoggins et al. 2011). In contrast, human LY6E
inhibits growth of vesicular stomatitis virus, identified via a similar large-scale in vitro
screen (Liu et al. 2012). In addition, chicken LY6E expression is upregulated during
highly pathogenic avian influenza virus infection in chicken kidney cells (Zhang et al.
2008). Ly6C, Ly6E, Ly6F, and Ly6A are also upregulated following infection of mice by a
highly neuroinvasive West Nile virus strain (Venter et al. 2005). In addition,
susceptibility to Marek’s disease virus and HIV have been mapped to the chicken Ly6F
and the human Ly6 locus, respectively (Liu et al. 2003; Loeuillet et al. 2008). The
mechanisms by which LY6E affects the outcomes of these infections are not known, but
these data suggest an underappreciated role of LY6 proteins in viral infections at the
cellular level.

MAV-1 replicates and reaches equally high titers in BALB/c, SJL and
C.SJL-Msql pmBECs by 5 dpi (Hsu et al. 2012). However, there is a slight lag in viral
yield in BALB/c pmBECs up to 2 dpi. We also examined MAV-1 yields at 3 dpi in SJL
and BALB/c pmBECs (when we see the decrease in tight junction integrity in SJL and
C.SJL-Msql pmBECs measured by TEER), but there was no difference between the two
mouse strains (Fig. 6.2). These data reveal that the loss of TEER occurs independently of

viral yield and suggests that there are strain-specific differences at the cellular level that
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Figure 6.2. Viral yields are similar between SJL and BALB/c pmBECs at 3 dpi.
pmBECs from SJL and BALB/c mice were isolated, grown to confluence and infected at
a MOI of 5. Cells were harvested at 3 dpi and viral titers were assayed by plaque assay
performed in triplicate. Data are from three replicates in a single experiment. Means and
SDs are shown.
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control barrier integrity during MAV-1 infection that are independent of how much virus
is being produced.

LY6 proteins could also be important for the structural integrity of tight junctions
in endothelial cells. Septate junctions that occur in invertebrates are thought to be
functional analogs to the tight junctions found in vertebrates. They also function as
paracellular barriers to regulate diffusion of solutes and migration of cells across the
epithelium (Lewin 2007). In Drosophila, a LY6 protein encoded by the gene boudin is
involved in septate junction organization in tracheal cells and in the embryonic peripheral
nervous system (Hijazi et al. 2009). Another Drosophila gene, coiled, is also involved in
septate junction organization; unlike boudin, it is required for the maintenance of the
blood-brain barrier (Hijazi et al. 2011). However, another Ly6 gene, retroactive, appears
to be dispensable for the maintenance of septate junction integrity, but is involved in
chitin filament assembly, a process that also involves septate junctions (Moussian et al.
2006). Thus, these LY6 proteins have related but non-redundant functions. LY6 proteins
in mice may have similar structural functions in the tight junctions in the BBB, and
MAV-1 infection may alter the distribution of LY6 proteins or downregulate their
expression levels, leading to the loss of barrier integrity and disruption of the BBB. To
test this, we can stain for the distribution of these proteins by immunofluorescence before
and after MAV-1 infection to determine if their localization changes post-infection.

Mouse LY6A, LY6C and LY6G are expressed on pmBECs (Chapter IV, Fig.
4.10). Higher levels of LY6A and LY6G are expressed on SJL-derived pmBECs than
BALB/c pmBECs, while LY6C expression levels appear to be comparable between the

two strains. Brain endothelial cells from C57BL mice have also been reported to express
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LY6C in vivo (Alliot et al. 1998). Studies also show that the cell-type distribution of
LYG6A expression in CNS tissues is mouse strain-dependent (Cray et al. 1990). We can
examine whether LY6 is expressed on the same cells infected by MAV-1 in vivo or in
vitro using LY6-specific antibodies and either GFP-labeled MAV-1 (Spindler et al.,
unpublished) or an antibody specific for MAV-1. Currently, we know that mouse brain
vascular endothelial cells are infected by MAV-1 (Charles et al. 1998; Kajon et al. 1998).
We also have preliminary evidence that astrocytes are infected ex vivo. It will be
interesting to test through siRNA knockdown of Ly6 genes in pmBECs whether
expression level differences of these genes contribute to the loss of TEER following
MAV-1 infection.

We also hypothesized that LY6 proteins could function as virus receptors or co-
factors important for the viral entry process. However, infection of BALB/c-, SJIL- and
C.SJL-Msql-derived pmBECs showed no difference in the ability of MAV-1 to replicate
in cells from the different mouse strains (Hsu et al. 2012). Intracerebral injection of
MAV-1 results in equivalent brain viral loads in SJL and BALB/c mice. Taken together
this suggests that the difference in ability of virus to replicate in the brains of different
mouse strains is due to a difference in virus trafficking to the organ, and not a difference
in replication at the brain endothelial cell level (Spindler et al. 2007).

Functional analysis using monoclonal antibodies to block LY6A, LY6C and
LY6G prior to viral infection did not affect MAV-1 viral yield in 3T6 cells (Fig. 6.3).
Results from these studies can potentially be misleading due to the high possibility of
antibody cross-reactivity between these highly homologous proteins. However, regardless

of whether the antibodies cross-reacted with other LY 6 proteins, we observed no
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Figure 6.3. Treatment with LY6A, LY6C and LY6G antibodies did not affect viral
yields of mouse fibroblast cells. 3T6 cells were treated with Ly6 antibody or a relevant
isotype control antibody (IgG2A or IgM) and infected with MOI 5 of MAV-1. Antibody
concentrations were either 3 or 30 pg/mL, as indicated; No Ab, no antibody. Cells were
harvested 2 dpi and viral yields were determined by plaque assay performed in triplicate.
Data are from one experiment with three replicates for each experimental condition.
Means and SDs are indicated.
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difference between treated and untreated cells. To further test for a receptor function of
LY6 proteins, we can also treat pmBECs with phospholipase C (which removes GPI-
anchored proteins from the membrane) prior to infection. It is possible that removing
LY6 proteins from the cell surface may also disrupt additional functions, for example, if
they are important for maintenance of the structural integrity of tight junctions. However,
if this is the case, phospholipase C-treated pmBECs should lose their high levels of
TEER prior to MAV-1 infection.

The type I and II interferon (IFN) responses are important for protection against
pathogens. IFNs are important for both survival of the host and the control of MAV-1
replication (Spindler et al., unpublished). The protein products of interferon stimulated
genes (ISGs) carry out anti-viral defense. MAV-1 increases the steady-state level of ISG
mRNAs, interferon regulatory factors 1 and 7 (IRF-1 and IRF-7) and signal transducer
and activator of transcription 1 (STAT-1), in vitro and in vivo (Spindler et al. 2007).
STAT-1, IRF-1 and IRF-7 are important regulators of other ISGs and help establish the
antiviral state (Samuel 2001). Since Ly6 genes are ISGs, it would be interesting to
determine whether expression of Ly6 genes is affected by the addition of exogenous
interferon or during MAV-1 infection, and whether Ly6 gene regulation is different

between susceptible and resistant mouse strains.

Alternative hypothesis to explain why transgenic mice are resistant to MAV-1
Thus far, none of the transgenic mice that we generated using BACs from a
129S6/SvEv BAC library introduced onto a resistant recipient mouse background were

susceptible to MAV-1. We used 129S6/SvEv BAC DNA because the BAC library was
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readily available from Children’s Hospital Oakland Research Institute. No SJIL BAC
library was available. Susceptibility to MAV-1 for 129S6/SvEv mice was also mapped to
a region on Chr 15 that includes Msq /™" (Spindler et al. 2010). This locus in 129S6/SvEv
mice accounts for 54% of the brain viral load variance. These data demonstrate that
129S6/SvEv mice are an appropriate susceptible donor strain for the BAC transgenesis
approach.

The resistant phenotype of our transgenic mouse strains is contrary to our
expectations because we hypothesized that the addition of a BAC containing the
susceptibility gene to a resistant mouse background would render the recipient mouse
susceptible to MAV-1. Currently, we are determining whether the transgenes in our BAC
transgenic strains are being expressed, and whether a larger region is necessary to confer
susceptibility. Careful assessment of transgene expression levels will need to be
performed. We are also working to generate mice that contain more than one BAC
construct.

However, we are also considering an alternative hypothesis, in which the
susceptibility phenotype could be due to haploinsufficiency of the resistant allele. In the
case of haploinsufficiency, the presence of both functional alleles is required in order to
express a certain phenotype. In yeast, around 3% of the tested genes were founds to be
haploinsufficient for growth in rich media (Deutschbauer et al. 2005). In humans, there
have been several transcription factors identified with haploinsufficient mutations, for
e.g., GATA, Nkx21 and TWIST (Johnson et al. 1998; Seidman and Seidman 2002; van
Looij et al. 2005). Holt-Oram syndrome is another example where haploinsufficiency of a

transcription factor results in disease; it has also been shown in other animal model



185

systems that sufficient TBXS gene expression levels are important for proper heart and
limb development (Simon et al. 1997; Tamura et al. 1999; Hatcher and Basson 2001). In
humans, a mutation in the TBXS gene (important for heart and forelimb development)
leading to a truncated protein product results in decreased TBXS activity and cardiac and
limb defects (Basson et al. 1997). Heterozygous mutations in A7M and BLM have also
been shown to result in increased tumor susceptibility (Goss et al. 2002; Spring et al.
2002).

Both (BALB/cxSJL)F; mice (Welton et al. 2005) and C.SJL-Msql1®*"®*"" mice
heterozygous for Msql (Hsu et al. 2012) have an intermediate susceptibility phenotype.
According to our original hypothesis, these mice are susceptible because the
susceptibility phenotype is semi-dominant. However, it may be that the resistant allele
does not produce enough gene product to make the mouse resistant to MAV-1. If the
susceptibility phenotype of (BALB/cxSJL)F; and C.SJL-Msq1®**®5™ congenic mice is
due to haploinsufficiency of the BALB allele, the transgenic mouse strains should not be
susceptible to MAV-1, since they have two copies of the BALB/c (resistant) allele. The
hypothesis that susceptibility is brought about by haploinsufficiency of the resistant allele
would mean that the presence of two copies of the resistant allele should be sufficient to
confer the resistant phenotype, regardless of the number or expression levels of
susceptible strain-derived genes. To test if the resistance gene has such an effect, we will
need to make transgenic mice using BALB/c-derived transgenes and a recipient
susceptible strain.

However, regardless of whether susceptibility is semi-dominant or if the

susceptibility phenotype is due to haploinsufficiency of the resistant allele, Msq! is still
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strongly linked to MAV-1 disease outcome. Our previous findings regarding the relative
contribution of Msq! to brain pathogenesis during MAV-1 infection remain valid under
both hypotheses. Identification of the gene within Msq/ that accounts for these aspects of
MAV-1 morbidity is an important step in uncovering the mechanism behind BBB
breakdown and viral encephalitis. Defining the components in the pathway may improve
diagnosis of additional cases of viral encephalitis and may provide avenues for
development of therapeutics to treat cases of human adenovirus CNS infections in

immunocompromised individuals.
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