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I. INTRO DUCTION 

This study focused on the roles of autophagy and apoptosis in the pathogenesis of 

murine cytomegalovirus (MCMV) retinitis. An overview of MCMV retinitis and the 

literature concerning autophagy, apoptosis and viral infection are given below, followed 

by detailed descriptions of the eye, the retina, MCMV, autophagy and apoptosis. 

Cytomegalovirus 

Cytomegalovirus (CMV) is a beta-herpesvirus, which is widespread in human 

populations. The species that infects human is commonly known as human CMV 

(HCMV) or human herpesvirus-5 (HHV-5). IlCMV is found throughout the world and 

among all peoples regardless of age or race or gender. The presence of antibodies in the 

population shows that HCMV infects between 50°/o and 80°/o of adults in the United 

States and approximately 40% of adults worldwide (Offermanns and Rosenthal, 2008). 

Similar to other herpcsviruses, CMV persists in the immunocompetent host for life after 

primary acute infection. It does so by establishing a latent state in which only a restricted 

set of viral genes is expressed and infectious virus is not produced (Cheung et al., 2006; 

Goodrum et al., 2002). CMV species isolated from animals other than human have not 

been reported to cause human disease. Although most human CMV infections are 

asymptomatic, in individuals who are immunocompromised as a result of chemotherapy, 

malignancy, or the acquired immunodeficiency S}ndrome (AIDS) (Chaumorcel et al., 

2008; Landa is et al., 20 13), HCMV is a major cause of morbidity and mortality. 

Importantly, CMV is also a leading cause of birth defects and neonatal infections, which 
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may include pneumonia, gastroenteritis, retinitis and neurological disease (Vancikova Z 

and Dvorak P, 200 I; Townsend et al., 20 13). 

IICMV has the prototypical herpesvirus virion structure (Figure 1): a 235kb double 

stranded DNA core is enclosed in an icosahedral protein capsid surrounded by an 

amorphous tegument and covered in an outer lipid envelope studded with glycoproteins 

(Tomtishen Ill, 2012; Wildy, 1985; Pellet et al., 2007). A capsid is the protein shell of a 

virus. lt consists of several oligomeric structural protein subunits called protomers. The 

majority of viruses have capsids with either helical or icosahedral structure. Tegument is 

known as a viral matrix, a cluster of proteins that lines the space between the envelope 

and nucleocapsid (the capsid and the nucleic acid together) of all herpesviruses (Yu et al., 

20 II). Proteins within the tegument of herpesviruses arc released into the cell upon entry 

when the viral envelope fuses with the cell membrane. The tegument proteins are fully 

formed and active and control viral entry, gene expression, and immune evasion (Kalejta, 

2008). 

CM V Replication 

The replication cycle of HCMV has a well-controlled cascade of gene expression 

(Mocarski ct al., 2007). Entry of virions into a cell occurs through a membrane fusion 

event involving the glycoproteins on the lipid envelope of virions and the outer 

membrane of the cell. When virus attaches rapidly to host cell surface receptors following 

fusion of the lipid envelope with host cell membrane, the protein capsid containing DNA 

and the tegument proteins is released into the host cell (Tomtishen Ill, 2012). There is 

also an auxiliary pathway by which virus enters the host cell, in which endocytosis of the 





Figure 1. Structure of human CMV. 

The virion has an icosahedral protein nucleocapsid that contains the 235-kb double

stranded DNA. The capsid is surrounded by tegument and covered in an outer lipid 

envelope. The fusion of outer membrane of the host cells and the glycoproteins elicits 

CMY virions entry into the host cells. Upon fusion of the host cell membrane and lipid 

envelope, the DNA-containing protein nucleocapsid and tegument proteins are released 

into the host cells. The figure is adapted from: 

http://dxline.info/diseases/cytomegalovirus#prcttyPhoto. 
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enveloped nucleocapsid follows receptor-dependent fusion of the virus envelope with 

endocytic vesicles (Sieczkarski and Whittaker, 2002). 

As reviewed by Kalejta (Kalejta, 2008}, all hcrpesviruses have a similar pattern of 

gene expression after virions enter the host cell. Viral immediate-early genes are 

expressed first (Saffert et al., 201 0), resulting in the generation of viral immediate-early 

proteins, which are responsible for replicating the double-stranded viral genomic DNA 

(Mocarski et al., 2007). Viral immediate-early genes also produce the proteins that 

modulate the host cell environment and stimulate the expression of viral early genes 

(Mocarski et al., 2007). When DNA replication occurs, these viral immediate-early genes 

turn on the expression of viral late gene (Mocarski et al., 2007). The main components of 

virions arc viral late proteins, which are involved in assembling the capsid in the nucleus 

and in modifying the membrane for' irion formation. Virus capsids are assembled in the 

cell nucleus followed by encapsidation of full-length viral genomic DNA. Newly formed 

nuclcocapsids are capable of budding through the inner nuclear membrane (Roizman et 

al., 2007). 

There are three pathways for virion egress: the dual envelopment pathway, the 

single nuclear envelopment pathway and the single cytoplasmic envelopment pathway 

(Di Lazzaro et al., 1995; Miranda-Saksena et al., 2002; Roizman et al., 2007). In the dual 

envelopment pathway, the enveloped nucleocapsid fuses with the outer nuclear 

membrane, resulting in de-envelopment of the nucleocapsid and entry into the cytoplasm. 

The nucleocapsid subsequently buds into the trans-Golgi network, where it acquires a 

new envelope and infectious virus is released to the extracellular space in secretory 

vesicles. ln the single nuclear envelopment pathway, the nucleocapsid keeps the envelope 
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acquired from the inner nuclear membrane and is transported to the extracellular space in 

a vesicle obtained at the outer nuclear membrane. In the single cytoplasmic envelopment 

model, nucleocapsids exit via nuclear pores and are enveloped by cytoplasmic vesicles. 

The entire process of viral replication takes between 18 to 20 hours in cell culture 

(Roizman et al., 2007). 

CMV Pathogenesis 

In the general population, recurrent CMV infection is uncommon and very few 

seropositive individuals excrete vints from the saliva or urine. The reason is that CMV 

infection is a type of latent infection, which is distinguished from a chronic infection. 

Initially virus replicates at the site of infection, usually epithelial mucosa, resulting in a 

primary infection. CMV has an ability to remain latent within the body over long periods. 

The latent infection of CMV occurs because immediate-early genes are silenced, which is 

characterized by the minimization of viral gene expression and inhibition of the assembly 

and egress of new viral progeny (Shenk et al., 2008). Another reason is that the viral 

genome encodes proteins that interfere with MIIC class l presentation of viral antigens 

(Wicrtz ct al, 1996). During vints latency, the virus genome is still present fully and can 

reactivate into a lytic infection upon certain environmental cues such as aging and 

immunosuppression after organ transplantation, which causes and allows viral spread 

(Mocarski ct al., 2007; Kalejta, 2008). 

CMV is traditionally introduced into seronegative individuals by several routes of 

transmission. Intrauterine transmission can occur at any time during pregnancy even 

though the mother has circulating CMV antibodies. Perinatal infection is acquired mainly 
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through two sites: infected genital secretions or breast milk. CMY preferentially infects 

the salivary gland. Postnatal transmission may be by one of several routes. Saliva is 

probably the main route through which the virus is transmitted postnatally. Transmission 

of CMV via blood transfusion actually is a rare event, while there is a high risk of 

transmission secondary to organ transplantation in CMY seronegative individuals (Adler 

et al., 20 13). 

The Eye 

The human eye is made up of three concentric tissue layers or tunica and an 

internally positioned lens. Developmentally the three tissue layers give rise to the other 

structures of the eye. The innermost layer develops from diencephalon of the neural tube 

eventually forming the retina. The middle layer arises from mesoderm and gives rise to 

the uvea. The uvea is composed of choroid, iris and ciliary body. The outermost layer, 

derived from ectoderm, gives rise to the lens, sclera and cornea (Hogan et at., 1971; Nolte, 

2002) (Figure 2). 

Anatomically, the eye is divided into anterior and posterior segments. The anterior 

segment is composed of the cornea, ciliary body, iris and lens (Figure 2). The transparent 

cornea controls and focuses the entry of light on the retina and is continuous with the 

sclera of the posterior segment at the limbus, which marks the junction of the cornea and 

sclera. The ciliary body is continuous with the choroid. The ciliary body is composed of 

muscle and epithelial cells and serves two very important functions. The ciliary muscle 

contracts the suspensory ligament of the lens. These ligaments or zonular fibers relax 

when the ciliary muscle contracts allowing the lens to round up, a process known as 



Figure 2. Illustration of human eye. 

Anatomically the eye is divided into the anterior and posterior segments. The posterior 

segment encompasses the sclera, choroid, retina and vitreous humor. The anterior 

segment is composed of the cornea, ciliary body, iris, and lens. Together the iris and 

ciliary body incompletely divide the anterior compartment of the eye into anterior and 

posterior chambers that contain the aqueous humor. The figure is adapted from: 

http://www.meritnation.com/ask-answer/qucstion/explain-parts-of-human-eye-and-its

functions/science/759707. 
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accommodation. When the ciliary muscle is not contracted the zonular fibers are 

elongated and the lens is flattened. The other major function of the ciliary body is the 

production of aqueous humor, which percolates into the posterior and anterior chambers 

to nourish the avascular lens and cornea, respectively. The iris is a pigmented layer of 

epithelial tissue and muscle. There arc two muscles associated with the iris, the pupillary 

dilator and pupillary sphincter. As their names suggest, the pupillary dilator widens the 

aperture (enlarges pupil), while the pupillary sphincters constricts the aperture 

(decreasing pupillary size). The pupil regulates the amount of light that reaches the retina. 

Together the iris and ciliary body incompletely divide the anterior compartment of the 

eye into the anterior and posterior chambers, which contain a watery fluid, the aqueous 

humor (Yong et al., 2000; Nolte, 2002; I Ia ct al., 20 12). 

The posterior segment encompasses the sclera, choroid, retina and vitreous humor 

(Figure 2). The sclera forms the white collagenous protective outer layer of the eye. 

Located between the sclera and the retina is the choroid, a vascularized supportive layer. 

The photosensitive retina is a two layered structure composed of the inner neural retina 

and the outer retinal pigment epithelium (RPE). The neural retina is composed of the 

outermost photoreceptor cells (rods and cones}, a middle layer the inner nuclear layer 

containing bipolar, horizontal and amacrine cells, known collectively as integrating 

neurons; with supportive Muller glial cells and finally the innermost cell layer, composed 

mostly of ganglion cells (Figure 3). The axons of ganglion cells converge as the nerve 

fiber layer and exit as the optic nerve in the posterior part of the eye transmitting visual 

information to the primary visual cortex in the occipital lobe of the brain. The lens and 



Figure 3. Structure of the retina of the mouse. 

(A) Layers of the retina. The retina is composed of the distinct layers from closest to 

farthest from the vitreous body: Inner limiting membrane, Nerve fibre layer (Stratum 

opticum), Ganglion cell layer, Inner plexiform layer, Inner nuclear layer, Outer plexiform 

layer, Outer nuclear layer, External limiting membrane, Photoreceptor layer and Retinal 

pigment epithelium. Figure 3A is adapted from: http://cn.wikipedia.org/wiki/Retina. (B) 

The types of retinal cells. A: Amacrine cells; 8: Bipolar cells; C: Cones; H: Horizontal 

cells; G: Ganglion cells; M: Muller cells; R: rods. Figure 3 8 is modified from Dr. Sylvia 

Smith with permission. 
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retina arc supported by vitreous humor, a gelatinous mas~ in the posterior compartment of 

the eye (Young ct al., 2000; Nolte, 2002). 

CMV Infection ofthe Eye 

The eye is among the organs susceptible to CMY infection. HCMY retinitis is a 

serious ocular complication in patients who arc immunosuppressed as a result of acquired 

immunodeficiency syndrome (AIDS), chemotherapy, or malignancy and in newborns 

who arc congenitally infected (Cohen et al., 1995; Drew, 1992; lstas et al., 1995; Jabs, 

1995; Gallant ct al., 1992). Figure 4 shows a normal human fundus (A) and fundus of a 

patient with CMY retinitis (B). In normal human eye, the organized blood vessels supply 

nutrients to the eye. The optic nerve transmits visual information from the retina to the 

brain. Macula acts as a sunblock to absorb excess ultraviolet light that enters the eye. 

CMV infection in the eye causes inflammation in blood vessels, leading to areas of 

infarction. Disrupted macula and cotton wool spots arc also observed in CMV infected 

eye. 

Before the introduction of highly active antiretroviral therapy (HAART) (Pettel et al., 

1992; I Joover et al., 1996), CMV retinitis was the most common ocular opportunistic 

infection in patients with AIDS. In the pre-HAART era, up to 46% of patients with AIDS 

could be expected to have HCMV retinitis at some point during the course of the disease 

although the percentage of patients with CMY retinitis \aricd depending on the study 

(Bloom ct al., 1988; Drew, 1992; Pepose et al.. 1985). Although IIAART has resulted in 

a significant decrease in the number of new cases of AIDS-related HCMV retinitis, this 

disease continues to be a chronic sight-threatening ophthalmologic problem among AIDS 



---~-

Figure 4. Funduscopic examination of the eyes from normal human and from 

human with CMV retinitis. 

(A) Ophthalmoscope view of normal human eye. (8) Ophthalmoscope view of the retina 

with CMY infection shows infarction, macular disruption and cotton wood spots. The 

figures are adapted from: http://cyccarcmanual.com/eye-diseases/cmv-retinitis/cmv

retinitis-symptoms-causes treatment-surgery.html. 
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patients who do not respond to HAART or who discontinue therapy (Patella et al., 1998; 

lloltzer et al., 1998; Jacobson et al., 2000; Jabs et aL 2007; Jabs et al., 2007). Human 

immunodeficiency virus (HIV) infection is now a chronic disease with survival after 

infection estimated at > 14 years (Braithwaite et al., 2008). The eye is also a target of 

congenital or neonatal CMV infection because of an immature blood- retinal barrier 

(Boppana et al., 1994; Stango et at., 1977). llCMY retinitis in immunosuppressed 

patients may result from either a primary infection or from reactivation of latent infection 

(Drew, 1992; Boppana et al., 1994). 

In vivo, few pathogenic processes are attributable to a single factor or modulator. 

Therefore deciphering the pathogenesis of any disease process requires examination of 

multiple factors and tends to be somewhat complicated. Most of our current knowledge 

of HCMY retinitis in AIDS patients is derived from sequential clinical observations and 

from microscopic examination of ocular tissues from patients with HMCY retinitis 

obtained post-mortem. However, animal models of llCMY retinitis have also provided 

insight into the pathogenesis of HCMV retinitis. The CMYs are strictly species specific 

and I ICMY cannot be studied experimentally in vivo. lienee, MCMY infection of 

immunosuppressed mice has been widely used as a model system to decipher the 

mechanism of HCMY-induced pathology in human patients (Hudson et at., 1979; Tanaka 

et al., 1994). 

Several mouse models of HCMY retinitis have been studied. The MAIDS model 

(described originally by Morse and colleagues (Morse et al., 1992) which is induced by 

injection of a mixture of retroviruses followed by MCMV infection has been used 

extensively by Dix and coworkers to study the effects of cytokine immunotherapy as well 



13 

as the role of pcrforin (Oix et al., 2004; Cousins et al.. 20 12; 01x et al., 2004). Infection 

of human retinas placed in the eyes of the severe combined immunodeficiency (SCID) 

mice and infected with HCMV has been used to study virus replication as well as the 

response of the human retina of HCMY infect1on. A mouse model of acute MCMV 

retinitis that shares some features with HCMV retinitis has been used in our laboratory to 

study the pathogenesis of CMV retinitis in immunosuppressed mice (Atherton et al., 1991; 

Atherton ct al., 1992). In this mouse model, injection of MCMV via the supraciliary route 

(which allows virus access to the subretinal space) causes retinal infection with 

histopathologic features \\hich mimic those obsened in ocular specimens obtained from 

human patients with HCMY retinitis. These features include cytomegaly. apoptosis. 

necrosis of both virus infected and uninfected cells and infection of the RPE (Atherton ct 

al., 1999; Duan et at.. 1994; Bigger et al., 2000; Zhang et al.. 2003; Zhang et al., 2007). 

Studies of latent and reactivated MCMV infect ton. m which viral DNA was detected 

in some moculated eyes and extraocular tissues several months after clearance of 

infectious virus from the eye and from all extraocular sites, indicate that the virus 

becomes latent in the injected eye and in some extraocular sites (such as the salivary 

gland, kidney, spleen, liver. and lung) after initial ocular infection with MCMV (Bale ct 

a!.. 19R4; llayashi et al., 1985; Bale et al., 1990; Rabino\ 1tch ct al., 1990; Duan et al., 

1994 ). It has also been shO\\ n that immunosuppression induces reactivation of MCY!V in 

the inJected eye and in some extraocular s1tes, as detected by recovery of replicating virus 

(RabtnO\ttch et al., 1990) and the presence of mRNA for gil protem, \\hich is encoded 

by a large mRNA of 5.0kb, and is synthesized late m infection (Duan et al., 1996). 

However, the site(s) of latency and reactivation of MCMV in the eye of the mouse have 
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not been defined. It is also not known whether vtrus detected in the eye of 

immunosuppressed mice results from virus reactivation in situ in the eye or whether virus 

detected in the eye results from the spread of replicating virus from nonocular sites. 

llowever, further studies in our laboratory indicate that after immunosuppression, 

MCMV reactivates in the injected eye and extraocular tissues. The timing of virus 

recovery from all sites suggests that MCMY observed in the injected eye is from in situ 

reactivation of virus and not from spread of virus from extraocular sites via infected 

peripheral blood leukocytes (Zhang et al., 2005). lt has been reported that the RPE plays 

a central role in HCMV retinitis (Scholz et al., 2003; Chiou et al., 2002), which is also the 

first target of MCMY infection in vivo as described previously in our laboratory (Zhang 

et al., 2005). Therefore, RPE cells are frequently used for the investigation of pathologic 

conditions during HCMV retinitis (Michaelis et al., 2005; Allart et al., 2003; Momma et 

al., 2003). 

Previous results from our laboratory have demonstrated that most of the MCMY

infcctcd cells in the inner retina at the early stage of infection were not infiltrating 

leukocytes, glial cells, or RPE cells (Zhang et al., 2002), but rather in the inner retina, 

horizontal and bipolar cells were the early (~day 7p.i.) targets of MCMY infection. Our 

results have showed that virus spread from the RPE and the photoreceptor layer to the 

inner retina through infected Muller cells and within the inner retina horizontally through 

infected horizontal cells (Zhang et al., 2005). It has also been demonstrated in our 

laboratory that autophagy plays an important role in controlling infection by HSY- L 

(another member of the herpesvirus family) by more rapid induction of the innate 
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immune response (Zhang et al., 2013). This observation suggests that autophagy might 

also play a role in cytomegalovirus infection. 

Autophagy 

Autophagy, a process that can transfer intracellular components such as defective 

proteins, organelles (Virgin et al., 2009) and viral proteins (English et al., 2009) into lytic 

vacuolar compartments for degradation, is essential to maintain the amino acid pool, to 

prevent neurodegradation, to suppress tumors and to regulate innate and adaptive 

immunity (Deretic et al., 2005; Levine et al., 2007; Schmid et al., 2007; Cecconi et al., 

2008; Dcretic et al., 2009; Levine et al., 2008; Mizushima et al., 2008). There are three 

types of autophagy, named macroautophagy, microautophagy, and chaperone-mediated 

autophagy (Mizushima et al., 20 I 0). Among these, the most extensively studied is 

macroautophagy, which is simply referred to as autophagy here. This process begins with 

the formation of a phagophore, a double-membraned structure. The elongation of the 

phagophore requires the modification of microtubule-associated protein l light chain 3 

(LC3) by the conjugation of phosphatidylethanolamine to form the autophagosome. LC3 

is known to be the only protein on the autophagosome and therefore is commonly used as 

a marker for autophagosomes. The autophagosome fuses with the lysosome to form the 

autolysosome, which has a single membrane and contains enzymes. The sequestered 

materials inside the autophagosome are degraded for recycling (Figure 5). ATG 

(autophagy-related) genes, which were disco\ered in yeast (Kiionaky et al., 2003) are 

essential for the evolutionarily conserved process of autophagy in eukaryotic cells. To 



Figure 5. Process of autophagy in neurons. 

Autophagy process begins with the formation of a phagophore, a double-membraned 

structure. The elongation of the phagophore requires the modification of microtubule

associated protein I light chain 3 (LC3) by the conjugation of phosphatidylethanolamine 

to form autophagosome. LC3 is known to be the only protein on autophagosome and 

therefore is commonly used as a marker for autophagosomes. The autophagosome fuses 

with lysosome to form autolysosome, which has a single membrane and contains 

enzymes. The sequestered materials inside the autophagosome are degraded for 

recycling. The figure is adapted from Orvedahl and Levine, 2008. 
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date, at least 31 A TG genes have been shown to be involved in initiation, formation and 

maturation of the autophagosome and related pathwa} s (Orvedahl et al., 2008). 

Previous studies performed by Chen et al., (20 13) and Rerne et al., ( 1977) have 

shown that autophagy is a basal cellular process occurring ubiquitously in RPE cells and 

is critical to the health of RPE cells under normal conditions in different species. RPE 

cells play a central role in HCMV retinitis (Chiou SH ct al., 2002; Scholz M et al., 2003), 

which arc also the first target of MCMV infection in vivo as described previously in our 

laboratory (Zhang M et al., 2005). Therefore, RPE cells are a common model for the 

investigation of pathologic conditions during HCMV retinitis (Allart S et al., 2003; 

Momma Y et al., 2003; Michaelis M et al., 2005) and also for the investigation of the 

role of autophagy during MCMV retinitis in vitro. 

A number of mouse models with targeted deletions of Atg genes, including Atg5, 

Atg6 and Atg7 have been generated to study autophagy. These mice all show defects in 

autophagy. A neural-cell-specific Atg5 knockout mouse model has been created in Japan, 

which IS called Atg5 110x !lox; nestin-Crc mice (Tiara et al., 2006). These mice survive 

although they show growth retardation and progressive deficits in motor function due to 

their neuronal deficit. Atg5 is deleted in ncstin-exprcssing cells in Atg5noxlf1o\ nestin-Cre 

mice. Nestin is expressed in most cells of the developing retina including neural cells, 

Muller glial cells, Microglial and endothelial cells (Lee et al., 20 12). Therefore, 

Atg5 110
' !lox; nestin-Cre mice are suitable to study the role of autophagy during MCMV 

retinitis in vivo. 

A utoph flgy fllld Virus Infection 
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Recent studies have demonstrated that there is a relationship between autophagy and 

viral infection (Figure 6). because virus infections can either activate (Wang et al., 2012) 

or mhibit autophagy (Chaumorcel et al., 2008), and in tum, autophagy can negatively or 

positively regulate virus infection in a direct or indirect way by regulating cellular 

functions such as deposition of cellular components, degradation of viral proteins, 

formation of autophagosome-like membrane, celt death and innate and adaptive immune 

responses (Dreux ct a!., 20 l 0). Investigations of autophagy in virus-infected cells have 

contributed to our understanding of the role of autophagy in the pathogenesis of virus 

infection. 

Autophagy may be an antiviral defense mechanism. The interaction of the HSV -!

encoded neurovirulence protein ICP34.5 with Beclin I, also known as Atg6, via the 

Beclin-binding domain (BBD) offCP34.5 contributes to HSV-1 virulence by preventing 

autophagy-mediated class II antigen presentation, but also by antagonizing the 

autophagic response by ICP34.5 (Leib et al., 2009). In drosophila, activation of 

autophagy regulated by the phosphatidytinositol 3-kinase (P13K)-Akt-signaling pathway 

decreases replication of vesicular stomatitis virus (Shelly et al., 2009). 

In contrast, some viruses are able to take advantage of autophagy because assembly 

of viral replication complexes requires the membrane derived from the initiation of the 

phagophore. Both poliovirus and rhinovirus induce formation of autophagosome-tike 

membranes on which to replicate their RNA. The cytosotic surfaces of induced double

membra ned vesicles serve as platforms for viral RNA replication (Kirkegaard et al., 

2005). Replication of hepatitis C virus (HCV) is reduced if the autophagy-related gene, 

Atg7, is knocked down by RNA- interference in Iluh7.5.1 cells even though the 



Figure 6. Two routes of the interaction between autophagy and virus infection. 

(A) Direct route of the interaction between autophagy and virus infection. Virus 

infections can either activate or inhibit autophagy, and in tum, autophagy can positively 

regulate virus infection in a direct route by regulating cellular functions such as 

membrane formation and others. Alternatively, autophagy can negatively regulate virus 

infection by regulating degradation of viral proteins and cell death. (B) Indirect route of 

the interaction between autophagy and virus infection. Autophagy can positively regulate 

virus infection in an indirect route by regulating innate and adaptive immune response. 

Alternatively, autophagy can negatively regulate virus infection by regulating cell death. 

The ligures are adapted from Dreux and Chisari, 20 I 0. 
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intracellular production of HCV -related proteins, IICV mRNA and the secretory pathway 

arc not affected (Tanida et al., 2009). Mouse hcpat1t1s \ irus, a corona\! irus, induces 

autophagy and its replication is impaired in autophagy knockout. ATGY ·.embryonic cell 

lmes but replication is restored by expression of Atg5 m A TG5 · cells (Prentice et al., 

2004). 

Chaumorcel et al. have previously demonstrated that IICMV infection inhibits 

autophagy in fibroblasts at 24h p.i., although accumulation of LC3B-II in MRC5 cells 

was shown by western blot at 24h and 48h p.i .. The constant accumulation of LC3B-II is 

mdependcnt of the level of autophag} because nuorcsccnce microscopy of cells 

transfcctcd \\lth G FP-LC3 and then infected with IICMV showed a clear decrease of 

autophagy at 24h p.i. (Chaumorcel et al., 2008; Chaumorcd et al., 2012). However, 

whether autophagy in RPE cells is regulated b)' MCMV mfection has not yet been 

measured. 

Cell Death 

Apoptosis was defined by Kerr et at (Kerr ct at., 1972) as a regulated type of cell 

death with specific morphological features, such as rounding-up of the cell, reduction of 

cellular \Oiume. chromatin condensation, and nuclear fragmentation. Apoptosis is the 

bcst-charactenzed form of programmed cell death (PCO) (Brune et al., 20 ll) but 

apoptosis is not S} nonymous '" ith PCD because other forms of PCO (i.e., autophagic cell 

death) have also been observed (Golstcin et al.. 2007: Bachrccke 2005: Clarke 1990; 

r cstjcns ct al., 2006). Apoptosis is often assoc1atcd with activation of caspases, a group 

of important s1gnal transducers within apoptotic signaling cascades. Caspase activation 
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results from acti\ation of both the mtrins1c and extnnsic pathways (Burikhano\ et al., 

2009. Demcret et al., 2003) in the cells undergoing apoptosis. The intrinsic signaling 

pathway for programmed cell death involves non-receptor mcd1ated intracellular signals 

via mltochondnal s1gnaling pathway (Adams, 2003; Radogna et al., 2008). Initiator 

caspascs such as caspase 2, 8, 9. I 0 and effector caspascs such as caspase 3, 6, 7 play a 

central role in transduction of apoptotic signals (Nuikza et al., 1998; Yu et al., 2002). The 

extrinsic signaling pathway for programmed cell death is dependent on the activation of 

death receptors \vhich are members of the tumor necros1s factor (TNF) receptor gene 

superfamily that consists of more than 20 proteins including CD95 (AP0-1 Fas), TNF 

receptor I (TN f Rl ), T1\ F-related apoptosis-mducing ligand-receptor I (TRAIL-R 1) and 

TR \lL-R2 (\\alczak and Krammer, 2000; Ashkenazi. 2002). These death receptors arc 

\Cry important in regulation of cell death and sun i\al and in regulation of the immune 

response (Fulda and Debatin. 2006). 

Necrosis 1s primarily thought to present an unregulated and pass1ve cellular 

e\plosion in response to acute trauma, mfection or to\ms but not during nom1al 

de\elopmenl. Necrosis is typically not associated with activation of caspases. The 

characteristics of necrotic cells include the swelling of the organelles, the rupture of 

plasma membrane and the intact nucleus (Proskuryako\ et al.. 2003). HDGF and 

II \1GB I arc released from necrotic cells, \\h1ch .tre sensed by LRP3 in inflammasome. 

resulting in the release of inflammatory cytokinc I LIB (long and Thompson. 2006; Lycr 

et al.. 2009). 

In the late 1980s. it was shown that a programmed fonn of necrotic death (also 

called necroptos1s) tnggered by the same death s1gnals that mducc apoptosis is \ery 
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common in vi\o, not only in trauma, but mainly m dl\ersc forms of neurodegeneration. 

and death inflicted by ischemia or infection (N1kolctopoulou ct al., 20 13). It occurs 

following the activation of death receptors such as tumor necrosiS receptor I (TNFR I), 

TN!- R2, Fas, TNF-related apoptos1s tnducing ligand receptor I (TRAILR I) and 

TRAILR2 that typically induce apoptosis (Nikolctopoulou et al., 2013). Necroptosis can 

also be initiated by members of the pathogen recognition receptor (PRR) family, which 

include plasma membrane or endosome membrane-associated Toll-like receptors, 

cytosolic NOD-like receptors and retinoic acid-inducible gene 1-like receptors. All of 

these arc expressed by cells of the innate immune system to sense pathogen-associated 

molecular patterns (PAMPs) (Vandenabeele et al., 20 I 0). 

The most well characterized pathway leading to necroptos1s 1s through the ligation 

ofT~FRI (Nikoletopoulou et al., 2013; Figure 7). TNF subunits assemble at the plasma 

membrane to generate trimeric receptors (Chan et al., 2000). Upon ligand binding, 

TNFR I trimers recruit multiple proteins includtng TNFR-associated death domain 

(TRADD), RIPI, cellular inhibitor of apoptosis I (clAP!), c1AP2, TNFR-associated 

factor 2 (TRAF2) and TRAF5, which is named as complex I (Michcau et al., 2003). 

Complex I stimulates the NFK-8 activation pathway, which then transactivates 

cytoprotecti\ e genes and facilitates cell survival. On the other hand, complex 1 is 

invohcd in the recruitment of ROS-generating NADPH ox1dase NOX I to the plasma 

membrane, an event leading to necroptosis (Kim et al.. 2007). Therefore, ThFR I can 

e1ther execute cytoprotecti\e or cytotoxic functtons depending on cell type and lethal 

trigger. Internalization of ligand-bound TNFR I initialiLcs the formation of cytosolic 

death-inducing signaling complex (DISC), containing caspase 8, TRADD, F ADD, RIP I 



Figure 7. Schematic representation of TNFa induced necroptosis. 

Binding of TNFa to TNFR 1 leads to formation of complex ri. in which caspase 8 

inactivates RIP I and RIP3, initiating caspase activation. Inhibitions of caspases by 

inh1bitors such as zVAD ( carbobcnzox y-va lyl-alany 1-asparty 1-( 0-methyl]-

nuoromethylketone) is required for the facilitation of the necroptotic program 

downstream TNFR activation. Akt is directly activated by RIP I, contributing to JNK 

activation and nccroptosis. PARP I is also directly activated by RlP I, leading to ATP 

depletion, which also contributes to necroptosis. The figure is adapted from 

Nikoletopoulou et al., 2013. 
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and RIP3. known as complex II (Micheau et a!., 2003). In complex II, caspase 8 

inacti\ates RIPI and RIP3, initiating the pro-apoptotic caspase activation cascade (He et 

al., 2009). I fowcver, if caspase 8 is deleted, complex rr cannot initiate the apoptotic 

pathway and TNFR I ligation results in necroptosis (Holler et al., 2000). 

Recent studies have revealed that necropotosis is dependent on the formation of the 

necrosome containing RlPl and RIP3. RIP is receptor-interacting protein kinase (also 

called RIPK) that has function in a variety of cellular pathways (Vandenabeele et a!., 

20 12). The formation of nccrosomes is highly regulated by ubiquitylation and mutual 

RIP I and RIP3 phosphorylation. RIP3 interacts with Rl PI by C-terminal RIP homotypic 

interaction motif (RflfM). Necroptosis depends on a tightly regulated mutual relationship 

between RIP I and RIP3 kinase acti\ ities. imoh- ing the autophosphol) lation of RIPl on 

Ser 161 and direct or indirect RIP3-mediated phosphorylation of RIP l (Degterev et a!., 

2008). 

The downstream signals of necroptosis are poorly characterized (Figure 8). Once 

nccroptosis is initiated upon the interaction between receptor-interacting protein I (RIP 1) 

and RIP3 which is inhibited by caspase-8, the mixed lineage kinase domain-like protein 

(MLKL), which interacts with RIP3 is activated (Sun Let al., 20 12). MLKL inserts into 

plasma membrane to induce irrevisible membrane damage. Another downstream is to 

acttvate Poly [ADP-ribosc] polymerase 1 (PARP- I). Activated PARP I cleaves apoptosis 

inducing factor (AIF) to soluble truncated tAIF, \\htch translocatcs from mitochondria to 

nucleus to mducc nuclear damage (Xu et al., 2006. Moubarak et at.. 2007). 



Figure 8. Four types of cell death. 

According to recent publications, there are four t) pes of cell death: necrosis, necroptosis, 

apoptosis and autophagic cell death. Necroptosis shares key processes with caspase 3-

independent apoptosis with different upstreams. Necroptosis is dependent on the 

interaction between RIP l and Rl P3, however ER stress induces caspase 3-independent 

apoptosis. 
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Cell Delltll lllld MCMV Infection 

Although retinal necrosis is one of the hallmarks of IICMV retinitis. apoptotic cells 

have also been obsel\ied during microscopic examination of biopsies of eyes from 

HCMV retinitis patients (Chiou et al. , 200 I; Ch1ou ct al, 2002), increasing evidence 

suggests that apoptosis of uninfectcd bystander retinal cells appears to be an important 

component of the pathogenesis of MCMV retinitis (Atherton et al., 1999; Duan et al., 

1994; Bigger ct al., 2000; Zhang et al., 2002; Dix et al., 2004; Zhang et al., 2007; Zhou 

et al., 2007; Zhang et al., 2008; Zhang et al., 20 I I). Caspase 3-dependent apoptosis 

contributes to the cell death of uninfected retinal cells during MCMV retinitis, since 

multiple apoptosis inducers including TNF-a (Dix et al., 2004; Zhou et al.. 2007; Zhang 

et al.. 2008; Zhang et al., 2011 ). Fas ligand (Chiou et al., 200 I) and iN OS (Zhang et al.. 

2008) have been detected in HCMV and MCMV infected retinal t1ssue or in retinal cells. 

These factors arc released and bind to respective receptors on the cell membrane to 

induce apoptosis in uninfected retinal cells during MCMV retinitis (Fiugre 9). When 

TNF-a is knocked out in the mice, caspase 12 is activated to contribute to caspase 3-

independent apoptosis (Figure 9; Zhang et al.. 20 I I). Mitochondrial apoptotic pathway is 

also involved to induce the cell death of uninfected retinal cells because Bcl-2, an 

important inhibitor of mitochondrial pathway apoptosis via Bak Bax, is down-regulated, 

and tBid. a pro-apoptotic factor "ia BaiV Bax. ts up-regulated during MCMY retinitis 

(Zhang et al., 20 I I). 

Bax is constrained in an inactive form in the cytosol through the interaction between 

groove and transmembrane domain (Figure I 0). Upon apoptotlc stimuli, Bax is activated 



Figure 9. Cell death pathways during MCMV retinitis. 

During MCMV retinitis. ThFa. Fas ligand and TRAIL arc acti\.atcd and bind to the 

receptors on the membrane, activating caspasc 3-dcpcndcnt apoptosis. When TNFa is 

knocked out, caspase 12 is activated to contribute to caspasc 3-indcpcndent apoptosis. 
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Figure 10. Bax activation in mitochondria. 

Bax is constrained in cytosol by the interaction between transmembrane domain and 

groove in healthy cells. Upon stimuli, Bax translocates to mitochondria and inserts into 

mitochondrial outer membrane. The conformational change exposes BH3 domain, which 

binds to groove of another activated Bax. The formation of homodimer is responsible for 

the pore formation and release of cytochrome c. The figure is adapted from Dewson and 

Kluck, 2009. 
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and translocated to the mitochondria, and mserts into mitochondrial outer membrane 

(MOM) through transmembrane domain. Then the conformation of Bax is changed to 

expose 8 113 domain and the exposed 8113 domain interacts \\ ith groove of another 

activated Bax, V\ hich leads to the formation of oligomeric pores to release cytochrome c 

that activates caspase-3 and induces apoptos1s (Brooks et al., 2007; Zhou et al., 2012: 

Jiang et al., 2006; Jiang et al., 2007; Nagothu et al., 2005). Although Jiang et al. (Jiang et 

al., 2006; Jiang et al., 2007) showed Bax activation during cisplatin treatment, 

accompanied by mitochondrial rclea::;e of C) tochrome c and apoptosis, demonstrating the 

first C\< idence for the involvement of the intnns1c pathway of apoptosis in cisplatin 

nephrotoxicity, whether and to what extend Bax and related apoptotic pathway contnbute 

to the pathogenesis of MCMV retinitis is unclear. 

As an important mechanism of host defense after viral mtcction. apoptosis is ahvays 

considered to limit viral replicatiOn. llowe'>er. even large and <;Jowl} replicating viruses 

can cause pcr~1stent mfections. In order to ensure the1r own "iUn 1val, these viruses have 

evolved mechanisms to keep infected cells alive by e-xpressing cell death suppressors 

such as Bcl-2 and Bcl--x1 (He ct al., 20 12; Chiribau ct al., 20 I 0; Fu et al.. 20 I 0; Norris ct 

al., 2008; Jural,. ct al., 2008; Amoult et al., 2008; Manzur et al.. 2009; Cam et al.. 20 I 0: 

Lembo et al.. 2004, Mack et al., 200X: Upton ct al.. 2008: Brune et al., 2011 ). These 

viruses depend on cell death suppressor~ for effective replicatiOn and pathogenesis in the 

host. Recently, MCMV genes m36 (McCormick et al., 2003), m45 (Upton et al., 2008), 

m38.5 (Jurak et al.. 2008) and m4l.l (Crosby et al., 20 13) have been reported to encode 

cell death suppressors that suppress caspasc 8-mediated apoptos1s. mtcraction of rip l and 

np3 dependent-necroptosis, Bax-medwted apoptosis and Bak-med1ated apoptos1s, 
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respectively (Figure 9). When these genes arc dtsrupted, the endogenous cellular defenses 

agamst MCMV arc ineffective, particularly during in \ 'i\'0 infections. 

So tn thts project, in addition to furthenng our undcr-;tanding of the mechanism of 

untnfccted cell death in the retina, the question of infected cell survival and escape from 

vtrus-induccd death was also addressed in order to explain our previous observation that 

the majority of virus infected cells arc alive and do not undergo apoptosis during MCMV 

retinal infection (Bigger ct al., 2000; Zhang et al., 2002; Zhang ct al., 2007). MCMV 

m38.5 is important among these MCMV genes \'rhich encode inhibitors of apoptosis. 

MCM V m38.5 encodes "ira I mitochondrial-localtLed tnhibitor of apoptosis, which binds 

to C) tosolic Bax thus pre\ cnting mitochondrial outer membrane penneablization and 

acttvation of the Sax-mediated mitochondrial apoptottc pathway (Norris et al., 2008: 

Jurak ct al., 2008: \moult et al., 2008; \1an1ur ct al.. 2009). 

A utophagy and Apoptosis 

The functional relationship between autophagy and apoptosis is complicated (Figure 

I I). Similar strcssors can either induce autophagy or induce apoptosis in a context

dependent fashion. For example, cells exposed to ER stress undergo unfolded protein 

response (UPR) to a\.oid apoptosis, but may also acttHlle autophagy (\ltatsumoto H et al.. 

2013 ). In nutrient-deprived cells ( Boya et al., 2005) or growth-factor-withdrawn cells 

( Lum et al., 2005 ), autophagy protects cells from undergoing apoptosis. Even in the 

presence of some apoptotic stimuli, such as staurosporinc, rapamycm (an autophagy 

inducer) protects cells against toxicity caused by staurosporinc ( Rav ikumar et al., 2006 ). 

So, autophagy is another mechanism to protect cells from apoptosis since results from 



Figure ll. Functional relationship between autophagy and apoptosis. 

Similar stressors can induce either autophagy or apoptosis in a context-dependent 

fashion. In some cellular circumstances, autophagy prevents cell death. However under 

some other cellular circumstances, autophagy leads to cell death, which is called 

autophagic cell death. The figure is adapted from Maiuri ct al., 2007. 
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both in vitro and in vivo studies ha\e shown the novel mechanism by which autophagy 

limits caspase-dependent cell death and mortality after virus infection, including 

chikungunya (Cli KV) virus (Joubert ct al., 2012), dengue virus (Green et al., 2013) and 

coxsackievirus BJ (CVB3) (Li et al.. 2013 }. The probable mechanism by which infected 

cells arc protected from death during \ira I mfection is that induced autophag} enhances 

clearance of mitochondna, which in turn reduces cytochrome c rckase and dO\\nstream 

activation of caspases, although it has been suggested there may be additional non

mitochondrial pro-apoptotic proteins cleared by autophag} (Rav ikumar et al.. 2006). 

However, autophagy may also lead to cell death, which 1s c.tlled autophagic cell 

death and dtffers from other cell death mechanisms such as apoptosis, necrosis and 

necroptosis (Oevrim et al., 2004; Levine et al., 2005). Yu et al (Yu et al., 2004) observed 

that treatment with RNAi specific for caspase 8 triggers an Atg7-b~:clin I program of 

autophagic cell death. Shimizu et al (Sh111111u ct al., 2004) then shm\cd that as expected 

mouse embryo fibroblasts (MEF}, in \\ hich both Bax and B.1k had been knocked out, 

were res1stant to apoptosis. However, these cells still underwent a non-apoptotic 

programmed cell death that was dependent on autophagy genes after death stimulation. 

Taken together, these studtes support the idea that the regulatory machtncry that controb 

autophagy and that which controls apoptos1s .1re closely linked (Thorburn ct al., 2008). 

Hypothesis 

Cytomegalovlru':i retinitis ts the most common sight-thrcatenmg opportunistic 

mfection ob':ief\cd 111 adult and pcd1atnc patients \\ho are immunosuppressed (Zhang et 

al., 2005; Jabs. 1995. Gallant et al., 1992: Pcrtcl et al., 1992: lloo\ cr ct ,11.. 1996; Thorne 
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ct al., 2006~ Jabs ct al., 2005). Although retinal necrosis 1s one of the hallmarks of 

IICMV retinttls, increasing C\ idence suggests that apoptos1s of cells is also an important 

component of the pathogenesis of IICMV retmitis (Chiou ct al.. 200 I: Buggage et al., 

200 I~ Ch1ou et al., 2002). Moreo\er, there 1s also ev1dence suggestmg that there is a 

functional relationship between autophagy and apoptos1s (Thorbum ct al., 2008), and 

autophagy may also contribute to the pathogenesis of v1rus infection (Leib ct al., 2009; 

Shelly ct al., 2009; Kirkcgaard ct al., 2005; Tanida et al., 2009). Studies in our laboratory 

ha\l! made the intriguing obsenation that in MCMV retinitis, most of the cells that are 

infected do not die, but adjacent non-infected retinal cells do. Bcl-2, a pro-survival 

protein -.: ia Its mteract1on with Bax, is down-regulated by MCMY infection. HO\\ever 

\\ hethcr Bax-med1atcd mitochondrial apoptO\IS I\ activated in unmfected cells, and if it is. 

whether thl\ 1s 1molved in regulating v1rus rephcat1on and cell death, arc still unclear. On 

the other hand, MCMY encodes sc\eral proteins such as m38.5, m-ll.l, m46, m35 with 

known anti-apoptotic and anti-necrotic properties, which may C'\plain the observation that 

the majority of \lrus infected cells arc alive dunng MCMV retinal infection (He et al., 

2012; Chiribau ct al., 2010; Fu et al., 2010; Norris et al., 200X; Jurak et al., 2008; Amoult 

et al.. 200X; Manzur et at., 2009; Cam et al.. 20 I 0; Lembo et a!., 2004; Mack et al., 2008; 

Upton et a!.. 2008). Among these genes. MCMv m 1X 5 encodes a very Important protein 

to inhibit Ba'\-mcdiated apoptos1s, but whether m3X.5 is imolved in the mechanism by 

which infected cells ">Ur. ive and escape\ irus-induced cell death 1s not knO\\n. Therefore, 

a clearer understanding of the respective role ilnd functiOnal relationship between 

apoptos1s and autophagy in CMv-mduced retinitis will enhance our understanding of 

mechanisms under!) ing the disease. I h) pothes11ed that autophagy and apoptosis play 
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tmportant roles in the pathogenesis of MCMV retinttts. In order to investigate this 

hypothesis, the following specific aims were propo 'ed: 

Specific aim J: Investigate the functional relationship beh\een autophagy and 

apoptosis during M CM V infection in an iu vitro model. 

I A. Determine whether autophagy is regulated by MCMV infection. 

I B. Investigate whether mTOR signaling is involved in regulating autophagy during 

MCMV infection. 

I C. Clarify the functional relationship between autophagy and apoptosis during MCMY 

infectton of RPE . 

• pecific aim 2: Im estigate the role of autophagy during \1C \1V r etinitis in vivo. 

2A. Further confim1 the functional relationship bet\veen autophagy and apoptosis during 

MCMV rettnitts. 

28. Study the role of Atg5 in the pathogenesis of MCMV retinitis. 

2C. Investigate whether Atg5 knockout in retina alters apoptosis compared to control 

mice during MCMV retinitis. 

• pecific aim 3: lnHstigate the role of apoptosis during i\IC \tV r etinitis in vivo. 

3A. lme"ttg.He the mechamsms of cell death ofuntnfccted cells during MCMV retinitis. 

38. lmesttgate the mechanisms by \\htch tnfected cells escape from cell death during 

MCMV retinttts. 
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II. MATERIAL \~0 METHOD. 

Animals 

Adult (6-R weeb old) female BALB c mtce (Taconic. C1ennantown, Y) were 

d I d d A 5n<"l. no, C (> • • h 1· ran om y groupe . an .,tg ; nestm- re mtce or .>ax mtcc m t e same mer were 

grouped in all experiments. All mice \\ere allowed unrestncted access to food and water 

and were maintamed on a 12-hour light cycle alternating with a 12-hour dark cycle. All 

animal experiments were performed in accordance with the Guide for the Care and Usc 

of laboratory Animals (eighth edition). and all prm:edurcs in this stud} conformed to the 

A.RVO ~t.ttement for the usc of Animals m Ophthalmic and \ tstOn Research and v.:crc 

apprO\ ed by the Institutional Animal Care and Usc Comrmttee of the Medical College of 

Georgia at Georgia Regents Lni\crstt)'. Animals \\ere anesthetized with 1.25f..ll g of a 

mixture of 42.9 mg/ml ketamine and H.57 mg/ml xylazine in phosphate-buffered saline 

(PBc;;) before all experimental manipulations. Fach group m each cxpenmcnt had a 

minimum of 4 mtce ,tnd e\.periments \\ere repeated .tl least once (Table I). 

Virus Propagation and Virus Titration 

The original stock of MCMV (K I HI strain) was a generous gtft of Dr. Ed\\ard S. 

Mocarski (~t.mford Uni\crsit} chool of Medicine) \ trus \\.Is prepared from the 

sali\al)' glands of MC ~1\ -infected B \LB c mice as described pre\ iousl} ( \thcrton et al.. 

1992). 

~lock 'irus \\as .tlso prepared b) low multiplicity of inkctton (\1.0.1.) passage in 

\11 F cells gnm n in Dulbccco's modtficd Eagle's medium ( D\1l· \ 1; \t1cdiatech, \1anassas. 

v \)containing S0'o fetal bO\ inc serum (F- BS. I hcnnosctentific. \valtham. MA) and ... 
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Table I Summary of mtce (age and body weights) used in the analyses 

--
G~:notype Number Age Mean body weight ± SEM 

(grams) 

AtgS 11
""

11
" '; nestin-crc 

' 
13.ll :l 0.58 

4 6 8 wcd ... s 
(homozygous. knockout) 

Atg5 11"~ 1 
; nestin-crc 

4 6 8 w~:cks 18.6910.60 
(heterozygous) 

Atg5 : nestm-crc 
4 6 8 weeks 20.22:0.29 

(wild type) 

Bax·'· 
6 6 .... 8 weeks 18.05:0.35 

(homozygous. knockout) 

Bax +J-

6 6 .... 8 we~:ks IR.78±0.49 
(hetcro;ygous. knockout) 

Ba\. I+ 

6 6 8 weeks 19.01H>.71 
(wild type) 
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ant1b10t1cs. The t1ter of the virus stock was determined b} plaque assay on MEF cells. 

Aliquots of stock virus \\ere stored at -70 oe, and a freo.;h aliquot was thawed and diluted 

to the appropnate concentration for each experiment. 

Preparation of Retinal Pigment Epithelial (RPE) Cells 

After removal of the neural retina from C57BL 6 mice, intact sheets of RPE cells 

were peeled off the underlying basement membrane (Bruch's membrane), transferred into 

a sterile 60-mm culture dish containing 5ml of fresh RPE culture medium and then 

bncny triturated b} using a fine point Pasteur pipette. RPE culture medium is composed 

of 20°-o FB<;, I% P S. 1.25°/o L-glutamine (Life TcchnologJCs. Grand Island. NY), l% 

antibiotic-antlrn} cot1c solution (Fisher c1enti fie. Pittsburgh, PA). I% HE PES buffer 

solution (L1fe Technologies, Grand Island, !'. Y) m DMf- M F-12 50 50 (Fisher Scientific, 

Pittsburgh. PA). RPc culture medium is composed of 20°/o f BS, I% P S, 1.25°/o L

glutaminc (Life Technologies, Grand Island, NY). I% antibJOtic-antim}COtic solution 

(Fisher Scientific, Pittsburgh, PA), I% liE PES buffer solution (Lite Technologies, Grand 

Island, NY) in DMEM/F-12 50/50 (Fisher Scicnti tic, Pittsburgh, PA). RPE cells were 

scdimentcd by centrifugation at 200 x g for 5min. resuspended in RPE culture medium 

and cultured in nasks at 37°C with 5°/o C02. Celb \\Cre cultured for 7 to I 0 days until the 

cells \\ere connucnt. RPE purity \\HS confirmed usmg the RPf marker RPE65 (Abeam, 

Cambridge. MA): a minimum of98% or more of the cclb \\,ts RP[65-positive. 

GFP-LC3 Transfection 
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The GFP-LC3 fusion plasmid was lo.mdly prO\ 1ded by Dr 7heng Dong (Georgia 

Regents Um\ ersity). RPE cells (2x I 05
) \\ere plated on a coveP·.Ilp and cultured to 60°/o 

confluence. Trans1ent transfection \\as earned out with X-trcmeGE E HP D A 

transfcction reagent (Roche, Basel. S\\ltl'erland) according to the manufacturer's 

recommendatiOn. After 4h, the medium \\as replaced by DM rM F 12 medium containing 

I 0% rBS, and the cells were mcubated for 24h to 4Hh. The cells were infected with 

MCMV at an M.O.I. l. The cells were fixed in 4%, paraformaldehyde for 20min at room 

temperature at different times post infection (p.i.). and washed three times with 

phosphate-buffered ':\aline (PBS). Co\ersllps were mounted with DAPI before being 

analy/ed on an Axioplan 2 microscope (le1ss. Jena, Gem1any). Images \\ere analyzed 

using AxiO\ ision Rei. 4.7 software. 

Plaque As ay 

M I f- cells \\ere seeded into 24-well plates and incubated at 37°C in an atmosphere 

or 511 o ('Q, until the bottom of each well was CO\ered by a monolayer of cells. 

Supernatant plus lysed cells infected \\ith MCMV were collected at different time points 

and senally diluted. I OOJ..ll of each dilution \\Us added to the Ml r monolayers. The cells 

\\ere mcubated at 37°C for I hour and gently shaken e\Cr) 15 min during this absorption 

period. l 0 'o Agarose solution was melted in a microwa\e and mixed I to I with 

2xDMEM (Life Technologies, Grand lsl.md. ~'t) After mcubt~t1on. the medium of each 

K t\.1\ mlccted monolayer was d1sct~rded and 0 'ml of agarose mixture (0.5°/o agarose 

in I <D~H M) was added to each \\>Cll After 5 d.ly.., at 37°C, I 0% formaldehyde was 

added to each well for 15 min to fix the cells. fhc ag.trose overlay was removed. The 
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fixed cells were stained with 0.13% crystal violet and plaques were counted under 

dtssectmg microscope. 

Ocular Inoculation 

Mice were immunosuppressed b} intramuscular injection of 2mg sterile 

methylprednisolone acetate suspension every 3 days beginning at day -2. The left eyes of 

mtce were injected with Sx I 03PFU of MCMV contained in a volume of 2J.!I via the 

supraciliary route on day 0, as prev iousl} described (Atherton et al , 1992). Briefly, a 

superfictal transscleral entry vvound was made parallel and just posterior to the limbus by 

introducmg the bc\el of a sharp 30-gauge needle into the supraciliary space. 2J.!I of' irus 

(or PBS) followed by 3~-tl air ''as injected. The inJeCtton ''as Judged successful if 

ophthalmtc observation usmg the dtssectmg microscope showed a chorioretinal 

detachment associated with the appearance of air in the supraciliary space immediately 

after mjection. Mtcc were sacrificed at day 4, 7 and 10 p.i .. Injected C}es were removed, 

homogenited in serum-free tissue culture medium using a handheld tissue homogenizer 

(Btospcc Products, Bartlesville, OK), and plated on MEF cells for the detection of 

replicating virus. As described above. eyes of additional mice \\ere remo,ed and 

prepared lor immunohistochemistry or \veswm blot analysts, as described below. Mock 

(medium) mjected eyes were treated Js controls and uninjected eyes of 

immunosuppressed mice '"ere treated as steroid controls. 

Preparation of l\litochondrial Fractions 
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The mitochondrial fractions of eye t1 · ues wen~ collected as descnbed by Wei et al. 

(2007}. Briefly. fresh or frozen eye tissues were homogen11ed m a ly"is butler containing 

0.27~ sucrose. lm\11 EGTA. 5m'v1 Tns-Hcl (pH7.4}. The homogenates were centrifuged 

at 600xg for I Omin at 4°C to remo\e cell debns and nuclei. The supernatants were 

carefully removed to a new tube and centrifuged ,\1 I O.OOOxg for 5min at 4°C. The pellet 

(mitochondrial fraction) was washed three times and d1ssolved in lysis buffer. The 

supernatants from I O,OOOxg centrifugation were centrifuged again at I OO,OOOxg for 

60mm to collect the cytosolic fraction. 

Organoty pic Retinal Culture 

Ret mas '"ere cultured as de -cribed pre\ iousl; (Lh.mg ct al.. 200R). Briefly. mice 

were killed by an overdo ·c (2.5J.tl g) of a mixture of 42.9 mglml ketamine and 8.57 

mgfml xylanne m PBS. The e}cs \\ere removed and placed in icc-cold minimum 

esscntial•mcdium (MEM; Life Technologies. Grand Island. 1\IY). The anterior portion of 

the eye was remo\ed by an incision along the ora serata. Aller rcmo\al of the lens and 

vitreous. the retina was remo\ed from the e;c cup by mversion. Retinal cxplants were 

mounted with the photoreceptor side dO\\ non a J.0-~1111 f( I filter (I retina/filter) in a 12-

mm culture plate msert (Millipore, Billerica. M 1\}. cmercd with I drop of synthetic 

matrix {Matrigel: BD B1oscienccs. Bedford. MA}. and kept at room temperature for I 0 

minute. to allm\. coagulation of the matri:-.:. A 26-gauge needle ''as used to make a hole m 

the pcnphel) of each retma (to alto\\ \1( M\ access to pcripheral retmal cells}. 

Each culturc plate msert and retina was pl.1ced mto 0111.~ wcll of a 24-\vell plate 

containing 150 ~~~well of Dulbecco'" Ml·M F12 (Fisher Scientific. Pittsburgh, PA) 
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(supplemented \Vith 10% horse erum and 5 mM glutamme and buffered with 20 mM 

HEPLS [pH 7.4]), and incubated at 37 C. Culture medium \\<ls changed atter 1 day and 

t\\- ICC weekly thereafter. Cultured ret mas were inoculated with MC\11V (5 l 05 PFU well) 

for 3 hour.., At day 7 post infection (p.i.), rl.!tinal cultures \\ere prepared for western blot. 

Immunohistochemistry 

Monoclonal antibody to an MCMV early gene product (Pandc ct al., 1991) was 

labeled with FITC (Sigma-Aldrich, St. Louis, MO) or biotinylated (Sulfo-NIIS-LC

BIOtm; Pierce. Rockford, IL) according to the manufacturer's instructions. MCMY 

111JCCted eyes, mock injected eyes and stcrotd control eyes \\ere embedded m OCT 

compound (\"\vR Scientific, Radnor, PA), snap frozen. and sectiOned on a cryostat. 

Frozen sccttons were fixed with 4% parafonnaldehydc for 15 minutes and stamed first 

with TLNEL (ln Situ Cell Death Detcctton Ktt, Fluorescein, Roche Diagnostics, 

Indianapolis, IN) according to the manufacturer's instructions. After washing and 

blocking, biotinylated anti-EA was applied to the section. Immunohistochemistry was 

conducted using Texas Red-labeled avidin (Vector Laboratories, Burlingame, CA). The 

shdes were then mounted with antit~tde medium containing DAPI (Vector Laboratories, 

Burlingame, CA) and examined microscopically. 

\\ estern Blot Ana l) sis 

Protcms from normal cells, from MCM\ -mfected cells, and from rapamycin 

(Sellcckchcm, Houston, TX) or chloroquine (Stgma-Aidrich, t. LOUIS, MO) treated cells 

\\-Crc extracted on icc by lysis buffer (Roche Diagnostics, lndtanapolis, IN) supplemented 
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\Vith phosphatase mhibitor complex (EMD Millipore, Btllerica, Massachusetts). Lysates 

\\>ere clan tied at 13000xg for I 0 min at 4°(, St/e-fractionated by I 0°/o or 6°/o SDS-PAGE, 

followed by electroblotting onto a polyvin)' ltdene difluoride (PVDF) membrane (GE 

Jlealthcare, Pittsburgh, PA). After blocking with 5°/o nonfat df)' milk for I hour at room 

temperature, the membrane was incubated overnight at 4 JC with primary antibody (Table 

2). The next day, binding of I IRP-conjugated secondary antibody (Table 3) was 

performed for I hour at room temperature. The immune complex was visualized by a 

chemiluminescence detection system (Thermo Scientific, Waltham, MA) and exposure to 

x-ray film. The membrane was stained for ~-actin to verif} equal loading among lanes. 

Lach expenment was repeated at least once and most \\ere repeated three times. For each 

repetition, equal amounts of protein were loaded in each lane. The proteins were 

separated by electrophoresis, and the separated protems were transferred to a PDVF 

membrane for one hour. After antibody bindmg and washmg, the membrane for each 

experiment was exposed to X-ray film for the same time and the film was scanned and 

saved as jpg format. The density of each band was analy.tcd by Image J. 

TUNEL assay 

Cell death \\as assayed by terminal dUTP ntck-end labeling (TUNEL), in which 

nuclei containing D~A fragments are labeled with green fluorescence TU EL analysts 

was performed using the In Situ Cell Death Detectton Kit, Fluorescein (Roche 

Dtagnosttcs, lndtanapolis, 17\). Frozen sccttons \\Cre fixed wtth 4°/o parafonnaldehyde, 

incubated m terminal transferase (TdT) buffer containing I 0% of TdT enzyme which 

catalyLes the addition of fluorescein nuclcotides to the 3'-011 end ofbroken DNA for 
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Table 2 Primary antibodies used in western blot and immunohistochemistry 

Primary Antibody Dilution Supplier 

Rabbit anti-LC3B 1:250 Cell Signaling, Cat 3868 

Rabbit anti-Cleaved caspase-3 1:500 Cell Signaling, Cat119664 

Rabbit anti-mTOR, 1:1000 Cell Signaling, Cat~2972 

Rabbit anti-phospho-mTOR, I :1000 Cell Signaling, Cat 2971 

Rabbit anti-phospho-p70S6K, 1:500 Cell Signaling, Cat~9234 

-
Rabbit anti-p70S6K, 1:500 Cell Signaling, Cat 2708 

Rabbit anti-Bax, NT, 1:1000 Millipore, Cat
9
06-499 

1-- -
Rabbit anti-Ciea\ed PARP, 1:500 Cell signaling, Cat 9544S 

r-- -
Antt-MCMV early antigen 1:800 Self-made (in Materials and Methods) 

Rabbit anti-GF AP 1:50 Millipore, Cat#ab5804 

Rabbit anti-RPE65 1:400 I Abeam, Cat ·ab 13826 

Mouse anti-P-actin I: 104 
. 

Sigma, Cat"Al978 

~lbbit anti-HSP60 1:1000 Cell signaling, Cat 4870 
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Table 3 Secondary antibodies used in western blot and immunohistochemistry 

-

~ Secondary Antibody Dilution Supplier 

--
Goat anti-rabbit l :2000 80 Pharmingcn, Cat 554021 

-
Goat anti-mouse 1:2x 104 

BD Pharmingcn, Cat"554002 

I-- - ·-1- - -
Goat Texas red anti-rabbit 1: 100 Vector Laboratories, Cat#T l-1 000 

f- --
Texas red avidin 0 1:100 Vector Laboratories, Cat#A-2006 
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"isuali1ation (GaHieli et al., 1992). and 90% of riTC-dUTP nucleotide labeling for 90 

min at 37°C. mounted with DAPI and examined usmg a fluorescence microscope. 

Electron Microscop} 

Mock-infected or MCMY -infected RPE cells were treated with typsin for 5 minutes 

at 37°C and centrifuged at 200xg for 5 minutes. After the supernatant was removed, the 

cell pellets were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer, 

pi I 7.4, postfixed in 2% osmium tetroxide in NaCac. stained en bloc with 2% uranyl 

acetate, dehydrated in a graded ethanol series and embedded in Epon-Araldite resin. Thin 

sectiOns \vere made using a diamond knife on a Le1ca l M UC6 ultramicrotome (Le1ca 

M1crosystems. Wetzlar, German}). collected on copper grids and <;tained \vith uranyl 

acetate and lead citrate. Cells \vcre obser~ed in a JEM 1230 transmission electron 

1111croscope (JEOL USA, Peabody, MA) at II 0 kY and 1maged with an UltraScan 4000 

CCD camera and First Light Digital Camera Controller (Gatan, Pleasanton. CA ). 

Autophagic vacuoles (characterized with double-membrane containing cytoplasmic 

components or degrading mitochondria) were counted in individual cells from multiple 

fields and nonserial sections. Autophagic vacuoles were quanti tied by counting the 

number of autophagic vacuoles per cell. 

Hemato~ylin and Eosin (H and E) staining of Ocular ections 

The inoculated eyes were removed. snap froten. and embedded in Tissue-Tek O.C.T. 

Compound ( akura Finetek LSA, Torrance. C \). Fro.t.cn sectiOns were fixed in cold 

acetone for 5min, stained with hematO\.ylin and eosin (II&E; Thermo Fisher Scientific 
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Inc., Waltham, MA), washed, dehydrated in a graded alcohol senes, mounted (Cytoseal; 

R1chard Allan Sc1enttfic. Kalamazoo. MI), and allowed to dry overnight. fmages were 

captured at I 00-400x magnification \\ ith SPOT \d\arlccd (D1agnosttc Instruments, 

Sterling I lc1ghts, Mf). 

Trypan Blue Exclusion Assay 

Cell suspensions were collected and centri f'uged for 5 min at I OOxg. The supernatant 

wa-; discarded and the cell pellets were resuspended 111 I ml serum-free complete medium 

and diluted I: I with 0.4°/o trypan blue (Life Technolog1es, Grand lsland. NY). The 

mrxturc was mcubated at room temperature for 3 min. 1\ drop of the ti) pan blue cell 

mixture was applied immediately to a hemacytometer. and stamed cells (dead) and 

unst,uned cell-, (li,e) \\ere counted m1croscop1cally. 

Retinitis Scoring 

In order to analy1e the extent of retinopathy, a sconng system was used. This was 

modi lied from a prcv iously published study (Atherton et al.. 1992). Pro ten sections were 

lixed with 4% para formaldehyde for 15 minutes and '>tained '" ith II&[. Changes in the 

posterior segment of each section were eHtlu,lted microscopicall} using the sconng 

system shown in Table 4. Stx sections were e\aluatcd per eye. and the results from four 

eyes \\ere analyzed using GraphPad Pn\m 5. 

Genotyping Atg5"0
" "

0
'; nestin-Cre mice and Sa\. -J. mice 
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Table 4 Scoring of MCMV rct1111t1s 

core I Descnption 

~ - r-
0 Normal injection or artifact No disruption 

1-- -f--
1'2 mild atypical retinopathy Absence of cytomcgaly plus retinal folds 

involving less than ' ' 4 of the section 

moderate atypical retinopathy Absence of cytomegaly plus mild changes 

plus photoreceptor atroph) or retinal 

infiltration by lcukOC)tcs imohing more 

than Y.. of the sect1on 

--------------------2 mild necrotizing retinitis Cytomegaly of retinal cells plus partial or 

full-thickness necros1s extending beyond a 

I 8 section from the ciliary body but less 

than a ' ·4 section. 

- -- -
3 moderate necrotizing retinitis Cytomegaly plus full-thickness retinal 

necro:sis involving Y.. to' 4 of the section. 

------------- . --
4 se\ere nccrotiLing retinitis Cytomcgaly \\ ith full-thickness necrosis 

invoking the entire retina in the section. 
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Mice obtained from Dr. Mizushima 's laboratol) (Tokyo Metropolitan Institute of 

Medical Science. Tokyo) bearing an Atg5 111
"' allele. in \\hich exon 3 of the Atg5 gene is 

flanked by two loxP sequences. were crossed with a tran~genie line expressmg Cre 

recombinasc under the control of the nestin promoter (ncstm-Cre) (Hara et al., 2006). In 

these mice, Crc recombinase is expressed in neural precur~or cells after embryonic day (E) 

I 0.5, causing deletion of the loxP-flanked exon 3. Recombination was successful in over 

90% of all brain cells from Atg5 11
ox 

110
'; nestin-Cre mice (Hara et al., 2006). WT 

(Atg5 110
' +. Atg5 ) and knockout (Atg5110

x 
110

') offspring were identified by PCR 

amplification of ear DNA using appropriate primer sequences (Hara ct al.. 2006) (Table 

5). 

Male and female mtee heterozygous for the Bax gene deletion (Bax ) on a 

C57BLI6 background were obtained from The Jackson Laboratory (Bar Harbor. ME). A 

neomycin selection cassette replaced exons 2 through 4 and part of exon 5. which 

encodes sequences that correspond to the two BCL2 homology domains BHl and 81-12. 

These animals were derived from mice originally produced by Korsmeyer and colleagues 

(Knudson CM et al., t 995). WT (Sax ), heterozygous (Sax -) and knockout (Bax ) 

off:<;pring were identified by PCR amplification of car DNA using appropriate primer 

sequences (White FA et al., 1998) (Table 5). 

For PCR amplification. samples ( l~tM of DNA sample) \\ere mixed with l~M of 

each primer specific for Atg5110
" 

110
'; ne'>tin-Cre mice or Bax mtce DNA (Table 5). PCR 

was perfom1cd using the PCR Master Mtx (Thermo Scicnttfic. Cam K I 081) and a 

Biomctra T3000 Thennocycler (Biometra. Gocttingcn. Germany). For Atg5, the 
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Table 5 Sequences of pnmers used for genotyping mice 

1 Predicted 

Gene Primer sequence band size 

(in bp) 

f--
Atg5 Fonvard: 5'- GAATATGAAGGCACACCCCTGAAATG -3'; 

350 
WT Reverse: 5'- GTACTGCATAATGGTTTAACTCTTGC -3' 

r- -
Atg5 Fonvard: 5'- ACAACGTCGAGCACAGCTGCGCAAGG -3'; 

700 
llox Reverse: 5'- GTACTGCATAATGGTTTAACTCTTGC -3' 

f--- I Fonvard: 5'-CAGGGA \TGGTGTClCCCAC-3': Atg5 
320 

deleted Reverse: 5'- GTACTGCAT\ATGGTfTAACTCTTGC -3' 

Crc 
Fomard: 5'-CTA GGC CAC AG \ ATT GJ\ \ \GA TCT-3' 

Internal 324 
Re\erse: 5'-GTA GGT GG'\ AAl TCT AGC 1\TC ATC C-3' 

CT 

Cre fonvard: 5'-GCG GTC TGG CAG TAA AAA CTA TC-3' 
100 

Rc\ersc: 5'-GTG AAA CAG CAT TGC TGT CAC TT-3' 

r-
Bax lFM\ard: 5'-CCG CTT CCA TTG CTC AGC GG-3'; 

507 
KO Rc\crsc: 5'-GTT G \C CAG AGT GuC GT\ GG-3' 

Bax I Fonvard. 5'-GAG CTG ATC 1\GA ~\CC \ TC ,\ TG-3'; 
304 

\\T Re\erse: 5'-GTT G \C CAG \GT GGC GT\ GG-3' 
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touchdown PCR cycling conditions were as follows· 94°C for 3 min, followed by 35 

cycles of 94°C for 30 sec, 51.7°C for I min and 72°C for I min, then 72°C for 2 min. The 

PCR products: - 700bp for flox and 350bp for wild type, '"ere separated by 

electrophoresis on a 2°/o agarose gel and \-tsuallzcd under lJV light. 

For nestin-cre, the touchdown PCR C}cllng cond1t1ons were as follows: 94°C for 3 

minutes, followed by 35 cycles of 94°C for 30 seconds, 51. 7°C for I min and 72°C for 

I min, then 72°C for 2 min. The PCR products: I OObp for transgcne and - 324bp for 

internal positive control, were separated b) electrophoresis on a 2°/o agarose gel and 

'tsualizcd under UV light. This assay cannot dtstmglllsh hemizygous from homozygous 

transgenic animals. 

For Bax, the touchdown PCR cyclmg condtttons ''ere as follows: 94°C for 3 min. 

follov.-cd by 30 cycles of94°C for 30 seconds, 63°C for I min and 72°C for 1 min. then 72°C 

for 2 min. The PCR products: - 304bp for Bax or 507bp for Bax , were separated by 

electrophoresis on a 2°/o agarose gel and visuallted under UV light. 

Statistical Analysis 

I acknowledge the consult with Dr. Jennifer Waller (Department of Biostatistics & 

l·p1dem1ology) for data analysis. Data for plaque assay. number of GFP-LC3 posit1ve 

cells, densitometry, immunoposit1ve cclls. TLNI L .tssa}. tr)·pan blue exclusion assay 

and retinitts ... coring \\ere expressed as means Sf M (.,tandard error of the mean) 

rdlcctmg the results of independent expenments. In each case the data '"ere re\ iewed to 

sec hO\\ well they fit the assumptions of the tests. In mo<>t cases the comparisons were 

between mult1ple groups and the overall d1ffcrcnccs were analyzed by ANOVA usmg 



5l 

GraphPad Prism 5. The comparison bct\\CCn two groups \\US analyzed by two-tailed t

tcst usmg Microsoft Excel. A p \alue ofp<0.05 \\JS considered significant. 
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III. RESULT 

Th1s thesis focused on \ira I retinopathy. specifically retinopathy caused by infection 

with CMV Both in dtro (RPE cells) and in \'ivo (mouse) studies \\lere perfonned. 

Pre\ ious studies in our laboratory have shown that apoptos1s 1s one of the characteristics 

of MCMV retinitis (Zhang et al., 2007). Interestingly, most v1rus infected cells are not 

apoptotic, and most apoptotic cells arc not virus in Icc ted (Zhang et al., 2007). Recent 

work has highlighted the functional relationship between apoptosis and autophagy 

(Thorburn et al., 2008). Autophagy can be regulated by \ irus infection and autophagy can 

directly or indirectly affect virus infection (Chaumorcel et al., 2008; Wang et al., 20 12; 

Drcu\ et al., 20 I 0). For my project, I hypothes11cd that autophagy and apoptosis play 

important roles in the pathogenesis of MCMV n:tin1t1s. To test th1s hypothesis, three 

specific mms were proposed. In aim I. RPf- \\ere Isolated and mfected \\ ith MCMY m 

nonnal medlllm or m medium supplemented with rapamycin or chloroquine. and the 

functional relationship between autophagy and apoptosis \Hls investigated. In aim 2, the 

role of autophagy in the retina was investigated using Atg5 110
' 

110
'; ncstin-cre mice. ln aim 

3, the mechanisms of cell death of uninfccted cells and the mechanisms by which 

intccted cells escape from cell death were investigated usmg Bax KO mice and MCMY 

\m3H.5 \ irus, respectively. 

Aim I : lmestigate the functional relationship bctnccn autophagy and apoptosis 

during \.1C \1V infection in an in l'ilro model. 

The initial aim of this study was to dctennine whether autophagy and apoptosis were 

regulated by MCMV infection in RPE and, 1f so, whether there is a functional 
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relationship bet\\een autophagy and apoptosis. Primal) RPE cells \Vere cultured from 

C57BL 6 mtce and infected with MCMV intectton in the presence and absence of 

rapamycm or chloroquine, \\hich regulate autophagy positi\ely or negati\ely, 

respccttvcly. Western blot, GFP-LC3 transfccttOn, LM analyses were performed to 

evaluate the functional relationship between autophagy and apoptosis during MCMY 

retinitis. 

Aim lA: Determine whether autophagy is regulated by MCMV infection. 

A commonly used b10chemtcal marker of autophagy b lipidation of LC3B-I in the 

membrane of the autophagosome \\hich leads to the formation of LC38-Il that migrates 

more raptdly m SDS-polyacrylamide gels than LCJB-1 (Mcleland et al.. 20 ll ). Serum 

deprivation (SO) and chloroquine (CQ) \\Cre used to modulate autophagy. Serum 

deprivation tncreascs autophagy whtch protects cells against apoptosis (Boya et al., 2005). 

In contrast, chloroquine, a negative regulator of autophag) which localizes to acidic 

vesicles, impairs lysosomal acidification and suppresses protease activity, resulting in 

accumulation of autophagosomes, and consequently increases expression of LC3B-Il 

(Wu ct al., 20 I 0). The results shO\\Cd that the intensity of the characteristic faster

migrating fonn of LCJB (LC3B-II) \\as increased m umnfected RPE cells under serum 

free conditions or following chloroquine treatment compared to normal untreated cells, 

suggcstmg that RPE cells are sensttivc to both negative and positive regulation of 

autophagy (Figure 12A). 



Figure 12. Different stimuli to autophagy in RPE cells isolated from CS7BL/6 mice. 

(A) RPC cells were cultured in normal medium (CT). treated \\ ith chloroquine (CQ, I o· 
6M) or serum depn \lation (SD) for 24 hour!>. Expression le\els of processed LCJB \\ere 

monitored. (B) Expression of LCJB-II was analy:ted using Image J and comparison \\as 

analy7ed using GraphPad Prism 5. Error bars show standard error of the mean (SEM). 

***P<O.OO I, A NOVA. (C) Representative images ( 200) of MCMY infected RPE cells. 

RPE cells were infected with MCMY at M.O. I. I for I, 2, 3 and 4 days respectively. 

Black Arrow: infected cell. ld: I day after infection; 2d: 2 days after infection; 3d: 3 days 

after infection; 4d: 4 days after infection. 
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RPE cells mfectcd with MCMV at M.O.I. I wen! characterized by cytoplasmic 

stranding, cell rounding in a focal pattern, cell enlargement, cell fusion and refraction, 

and some exhibited an irregular outline (Figure 12C). 

Assessment of autophagic flux was camed out m MCMY infected RPE cells. RPE 

cells were mock-infected or infected with MCMY followed by treatment with 

chloroquine or ammonium chloride. Ammonium chloride, a commonly used negative 

regulator of autophagy, localizes to acidic vesicles and impairs lysosomal acidification 

and protease activity, resulting in impaired fusion of autophagosomes and lysosomcs, and 

accumulation of autophagosomes (McFarlane et al., 20 I I; Calvo-Garrido 1 et al., 20 II). 

LCJB-11 le\el \\US constantly increased during MCMY tnfection (lane 2 and lane 6 in 

Figure 13A, 138, 13C, 30). At carl} stages ofmtcction, such as 6 hours or 12 hour p.i., 

addltton of chloroquine or ammoniUm chlonde resulted in a large increase of LC3B-Il in 

MCMY mfccted RPE cells (compare lane I to lane 2 or lane 7 to lane 6 in Figure 13A, 

138), suggesting that the increase in LC38-II at this stage of infection reflects increased 

autophagic nux rather than impaired function of autolysosomc formation or degradation. 

llowcvcr, at or after 24 hours p.i., chloroquine or ammonium chloride treatment did not 

have an additi\c increase in LCJB-11 lewl (compare lane I to lane 2 or lane 7 to lane 6 in 

Figure 13C. 130), indicating that increased LC38-11 at thts stage of infection does not 

rcprc:sent mcreased autophagic tlu:x. but might rather rc:present inhibition or blocking of 

autophag} actt\ ity at or after the stage: of fom1ation of autolysosomcs. 

Smce the results of autophagic tlu.x suggest that MCMY might inhibit autophagy 

actt\ ity at a later process of autophagy such as formation of autolysosomes or 

degradation of their contents on or after 24 hours p. i .. we hypothesi7cd that the number of 



Figure 13. Autophagic flux of RPE cells infected with MCMV at different time 

points. 

RPE cells were infected with MCMV at M.O.l. =I for 6h (A), 12h(B), 24h(C) and 

48h(D), and treated with chloroquine (CQ) or ammonium chloride (NH4CI). The 

expression of processed LC3B was monitored. 
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microscope. The results showed that the number of GfP-LC3 positi\e puncta was 

s1gnilicantl}' mcreased in MCMV mfcctcd RPf cell~ compared to unmfected control cells 

at 24 hour-. p.i. (Figure 14). Additional e\1dence for mcrea~ed accumulation of 

autophag1c \acuoles during MCMV infection was obt,uned by comparing the electron 

m1croscop1e appearance of uninfected RPL:. cells (Figure 15A) with RPE cells infected 

with MC\1V for 3 days (Figure 158). At 3 days p.i., autophagic vacuoles, characteriLed 

by the presence of doublc-membraned vesicles (immature and degradative) containing 

cytoplasmiC components or degrading mitochondria (Shelly et al., 2009; English et al., 

2009), \\.Cre obsened in RPE cells (Figure 158, panel b). The \UCuoles we obsef\ed were 

d1fferent from phagosomes, which \\ere seen as clectron-den~e ~tructures in the 

cytoplasm surrounded b}' a single membrane in an in ''i\'CJ model ( K1m et al., 20 l3 ). In 

th1s model, the author observed that RPE cell~ ha\ e the ability to phagocytize retinal 

photoreceptor outer segments (ROS). llowe\er in our in ''itro RPE culture, most of the 

\acuoles we observed had double-membrane autophagiC characteristics. We occasionally 

observed phagosomes in the cytoplasm of RPI· cells (Figure 15B, panel d). 

Because we observed viral particles inside autophagic vacuoles (Figure 15C), 

autophagy herein refers to as xenophagy wh1ch imol\cs recognition of an intracellular 

pathogen and targeting of the pathogen to autophag1c machinery for degradation (Dong et 

al., 2013 ). \v hen the number of autophag1c \ acuoles \\.ts quantified, RPE cells infected 

with M(M\ had more autophag1c \acuoks than were obsened in normal uninfected 

RP[ cells (Figure 150). These results suggest that during the late stage of mfect10n. 

MCMV mduces the accumulation of autophag1c vacuoles 111 RPb cells. These results also 



Figure 14. Accumulation of LC3B-II is increased by MCMV infection. 

(A) Representative images (x630) of RPE cells with GFP-LC3 puncta. RPE cells were 

transiently transfected with GFP-LC3 plasmid and cultured in nonnal medium (CT), or 

infected with MCMV at M.O.I.= l for 24h. (B) The number of GFP positive puncta in 

RPE cells transiently transfected with GFP-LC3 plasmid or infected with MCMY at 

M.O. l. I for 24h was quantified and comparison was analyzed using Microsoft Excel. 

Error bars show SEM, ***P<O.OO I, two-tailed t-test. 
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Figure 15. Representative EM of autophagic vacuoles in i'\IIC:\1V infected and 

uninfected RPE cells. 

(A) RPE cells were cultured in normal medium and then fixed and processed for electron 

microscopy. (B) RPE cells were infected v.:ith MCMV at M.O.I. =I for 3 days and then 

fixed and processed for electron microscopy. Panel b is the higher magnification view of 

autophagic vacuole in panel a. Black arrow: autophagic vacuoles. Panel c is the higher 

magnification view of nucleus containing viral particle in panel a. Black arrow: viral 

particle. Panel d is the higher magnification view of phagosome characterized with single 

membrane. Black arrow: phagosome. (C) lligher magnification view of autophagic 

vacuole containing viral particle in MCMV infected cells. White arrow: viral particle. (0) 

Quantification of autophagic vacuoles for at least 20 cells mfected or uninfected with 

MCMV. The number of autophagic vacuoles per cell was determined by examination in 

the electron micrographs and comparison \\as analyzed usmg Mircrosoft Excel. Error 

bars show SEM, ***P<O.OO I, two-tailed t-tcsl. 
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support the 1dea that the decrease of autophagy during the late stage of MCMY infection 

1s not because of the blockade in the initiation of autophagosome, but because of the 

blockade m the late step of autophagy process. 

Aim I B: Investigate whether mTOR signa ling i~ involved in regulating autophagy 

during MCMV infection. 

Since the results of autophagic nux suggest that MCMY infection might inhibit 

autophagy activity and it has been reported that IICMY infection of fibroblasts inhibits 

autophagy via the acti\ation of mTOR (Chaumorcel et al., 2008), we therefore tested 

\\hether MCMV mfecuon also mh1bitcd autophagy b} acti\ating mTOR acti\ity. mTOR 

1s the mammalian target of rapamycm and an important protem kmase that regulates 

cellular functions, such as cell growth. cell proliferation, protein synthesis and 

transcnptlon (Shri\ astava et al., 20 12). Autophagy 1s negat1vely regulated by mTOR 

through phosphorylation of its downstream target, such as P70S6K (Ravikumar et al., 

20 I 0; lnok1 ct al.. 2003; Narita et al., 20 II; Scttcmbrc ct al., 20 II). mTOR inhibits the 

initiation of the phagophore (Liu EY and Ryan KM, 20 12; Nair S and Ren J, 20 12), 

which blocks the early step of autophagy leadmg to decreased formation of 

autophagosomes and expression of LCJB-11 . 

In MCM\' mfected RPE cells \\ tthout rapamycin treatment. we obscned that 

MCM\ mfectton mcreased the rat1os of pho-.phorylated P70S6K and total P70S6K 

(Figure 16A and 168, lane 3) compared to nom1al control (Figure 16A and 16B. lane I). 

although the ratios of phosphorylated mTOR and total mTOR remained unchanged 



Figure 16. MCMV infection, autophagy and mTOR pathway. 

(A-B) RPE cells were infected with MCMV at M.O.l.= l in normal medium or in medium 

supplemented with rapamycin (I o·6M). Samples were collected at day 2 and 3 p.i .. 

Expression levels of processed LC3B, P-mTOR, mTOR, P-P70S6K, P70S6K were 

monitored. (C-H) Each protein expression was quantified using image J and the 

comparison was analyzed using GraphPad Prism 5. Error bars show SEM, *P<0.05, 

** P<O.O I, *** P<O.OOI, ANOVA. 
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(Figure 16A and 168. l,me 1 and 3 ). These results suggest that MC'vt\r mfectlon activates 

the mTOR signaling in RPI::. cells. However activated mTOR signaling is not the main 

reason to inhibit autophagy during MCMV infection. because we observed the 

consistently increased cxpress1on of LC3 8-11. 

Aim 1 C : Clarify the functional relationship bchH~cn autophag) and apoptosis 

during \1CMV infection of RPE. 

C \1\.r presenh sC\ eral mech.misms to inhibit apoptosis to benctit \ Irus rcphcatton 

and pathogenesis. Our prevtous results (Bigger et al., 2000; Zhang ct al., 200R) have 

shO\\O that during MCM\' infection the majorit} of apoptottc cells arc bystander cells 

that arc not virus mice ted cells, although fC\\ 'Ira I infected cells do undergo apoptosis. 

ince recent studies h,t\ e demonstrated that autophagy may constitute .1n adaptation to 

avoid cell death ( BaehrecJ..e ct al.. 2005; Mmuri et al., 2007), we hypothcsi?cd that 

increased autophagy in mfectcd cdls might contribute to the mhibition of apoptosts In 

order to test whether there ts a functional relationship bcl\\Cen autophagy and apoptosis 

during MCM V 111 lcction, RPl= cells wen: cultured in medium supplemented \Vith 

rapamycm ,md mlccted with MC f\1\. In \K 1\1\ mfectcd celb treated with rapamyctn, 

decreased ratios of phosphorylated mTOR and total mTOR. phosphorylated P70S6K and 

total P70~6K 111 rapamycin-trcated. infected RPE cells (Figure 16A and 168. lane -t) 

were obsen ed compared to mfected, untreated R PE cells (I igure 16A and 168, lane 3 ), 

suggesting that rapamycin treatment inhibits mTOR acti\ ity during \.1( vtv infection of 

RPl:. cells. Morco,cr, rapamycm treatment increased LC1B-Il lc\els 111 \ trus mlcctcd 

cells (f igurc 16A and 168. lane 4) compared to infected. untreated cells (Figure 16A ,1nd 
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168. lane 3 ). Taken together. these results suggest that regulation of autophag) by 

rapamycm during MCMV infection occurs through the mhibition ofmTOR. 

ext, we m\ cst1gatcd the eftect of rapamycm treatment on caspase 3-dependent 

apoptos1s during MCMV infection of RPf cells. MCMV mfect10n in RPE cells induced 

cell death through activation of caspase 3 (Figure 17 A). Rapamycm treatment (F1gure 

17C, lane 4 and 6) decreased MCMV induced cleavage of caspase-3 compared with 

mfected, untreated cells (Figure 17C, lane 3 and 5), suggesting that activation of 

autophag) by rapamycin results in a concomitant decrease of apoptosis during MCMV 

inlect10n. 

To further explore whether activation of autophag) by rapamycin during MCMV 

infect1on 1s cytoprotective. the number of\ i.1ble cells in .1 cell suspension infected with 

MCM\ and treated with a non-tox1c dose of rapamycin \\Js determmed by trypan blue 

exclus1on assay Not surprismgl). the number of \ 1Jble celb was decreased in MCMV 

infected samples compared with unmlectcd controls (Figure 17E). Morco\er, the 

percentage of viable cells in MCMV infected. rapamycm treated samples was increased 

compared to that of infected. untreated samples (Figure 17E). Taken together, these 

results suggest that acti\ation of autophagy by rapamycin through blocking mTOR plays 

a role m protecting cells from apoptos1s during MC M\ mfect10n. 

In order to further confim1 the functional relationship bct\\een autophagy and 

apoptos1s. cells \\ere mfected with MC\.1\ .md treated with chloroqume. \\hich blocks 

the late ... tep of autophag) and con ... equcntly. results 111 increased le\els of LC3B-ll. 

Chloroquine treated mfected cells had increased expressiOn of clc.1\Cd caspase-3 (Figure 

I XA, lane 4 and 7) compared to mfected RPI cells not treated with chloroquine (Figure 



Figure 17. Effect of rapamycin treatment on apoptosis during MCMV infection. 

RPE cells were infected with MCMV at M.O.I. - I in normal medium (A) or in medium 

supplemented with rapamycin (10-<>M) (C) for 2 and 3 days, respectively. Expression 

levels of activated caspase 3 were monitored. (B) Expression of cleaved caspase 3 in 

Figure 17 A was quantified using image J and the comparison was analyzed using 

GraphPad Prism 5. (D) Expression of cleaved caspase 3 in Figure 178 was quantified 

using image J and the comparison was analyzed using GraphPad Prism 5 s. (E) Collected 

cells were diluted to I: I using a 0.4% trypan blue solution. The numbers of stained cells 

and unstained cells were counted under microscope. The calculated percentage of 

unstained cells represents the percentage of viable cells. CT: RPE cells cultured in normal 

medium without infection: Rapa: rapamycin treated RPE cells without infection; 02: 2 

days after infection; D2+rapa: rapamycin treated, 2 days p.i. RPE cells; 03: 3 days after 

infection; 03-r-rapa: rapamycin treated, 3 days p.i. RPE cells. Error bars show SEM, 

**P<O.Ol, ***P<O.OOl, ANOVA. 
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Figure 18. Effect of chloroquine treatment on apoptosis during MCMV infection. 

RPE cells were infected with MCMV at M.O. J.- 1 in normal medium (CT) or in medium 

supplemented with chloroquine (CQ. I 0"6M) for 2 and 3 days, respectively. (A) 

Expression levels of activated caspase 3 were monitored. (B) Expression of cleaved 

caspasc 3 in Figure 18A was quantified using image J and the comparison was analyzed 

using GraphPad Prism 5. Error bars show SEM, *** P<O.OOl, ANOYA. 
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IRA. lane 3 and 6) suggesting that chloroquine treatment inhibits autophagy but increases 

apoptosis during MCMV infection of RPf cells. These results prO\ ide additional support 

for the 1dea that there is a functiOnal relationship between autophagy and apoptosis and 

that th1s relationship plays an important role during MCMV mfection of RPE cells. 

Aim 2: Investigate the role of autophagy during MCMV retini tis in vivo. 

The initial aim of this study was to determine whether the functional relationship 

between autophagy and apoptosis is also obsencd in \i\O and, if so, whether autophagy 

d I . . h . ft' MCMV . . A 5110' 111" • • • fi d e etlon m t e retma a ccts rctm1t1s. tg ; ncstm-crc m1cc were m ecte 

with MCM\, the pattern of \ irus spread, the types of \ 1rus infected cells. virus 

replication and apoptosis \\ere compared to MCMV mfected control mice to study the 

impact of deficient autophagy on MCMV n::tm1t1s. 

Aim 2A: Further confirm the functional relationship between autophagy and 

apoptosis during MCMV retinitis. 

In order to further confirm the functional relationship between autophagy and 

apoptosis during MCMV retinitis, BALB c mice were immunosuppressed with 

meth) lpredn1solone e\ery three days and MCMV (K 181 strain) was injected via the 

supr.tcillary route. Rapamycin ( 1.25mg !..g day) \\,ts lllJected daily via the intraperitoneal 

route \vestem blot results showed that MCM\ mfecllon acti\ated autophagy and also 

mduced apoptosis at day 7 p.1. (Figure 19); rapamycm decreased the le\els of clea\ed 

caspase-3 but also mcreased the le\els of LCJ B-11 at day7 p.1. compared to ocular 



Figure 19. Autophagy and apoptosis during \1CMV retinitis in vivo. 

BALB/c Mice were immunosuppressed and mjected via the supraciliary route with Sx 10
3 

PFU of MCMV in a volume of 2fll, and then injected with rapamcyin (rapa, 

1.25mg/kg/day) intraperitoneally every day. (A) The inoculated eyes were collected for 

immunoblotting probed with antibody against to LC38 and caspase 3, respectively. (B 

and C) Expression of cleaved caspase 3 and LC38 in Figure 19A was quantified using 

image J and the comparison was analyzed using GraphPad Prism 5. CT: mice without 

infection and treatment; Rapa: rapamycin treated mice without infection; D7: 7 days after 

infection; D7+rapa: rapamycin treated, 7 days p.i. mice. Error bars show SEM, **P<O.O I, 

***P<O.OOl, ANOVA. 
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samples from infected, untreated mice (Figure 19), suggestmg that rapamcyin-induced 

autophagy prevents caspase ]-dependent apoptosis during MCMV retmitis. 

Aim 28: tud)' the role of AtgS in the pathogenesis of MC\IV retinitis. 

ln order to study the role of autophagy during MCM V retinitis, Atg5 110
'd

10
'; nestin-cre 

mice were bred according to the protocol shown in Figure 20A and 208 (Hara et al., 

2006). In these mice, the Atg5 gene is knocked out in nestin-expressing cells in the retina 

including neural cells, Muller glial cells, Microglial and endothelial cells (Lee JH ct al., 

20 12). Genotyping results showed that the Atg5 gene was conditionally knocked out in 

Atg511'l' 110
': ncstin-cre mice (Figure 211\). Atg5110

' +; nestin-cre mice were used as 

controls. Western blot further confirmed that there \\ere lo\ver levels of LCJB-11 in the 

retina of Atg5 KO mice compared to that of control mtce (Figure 21 B). Atg5 KO mice 

were smaller and weighed less than control mtce (Figure 21 C). Control mice and Atg5 

KO mice were immunosuppressed wtth methylpredntsolone and MCMV (I x I 04PFU 2!-ll) 

was injected in the eye via the supraciliary route. The mtce were sacrificed at different 

· time points. The eyes were removed and stained for EA and for retinal cell markers. The 

immunostaining re ults showed that RPI~ layer was the first target of virus infection at 

day 4 p.i., and then virus spread from RPf to inner retma (ONL and lNL) at day 7 p.i. 

(Figure 22A). \tg5 deficiency in ne-;tin-expn:ssmg cells renders mice susceptible to 

MCMV retinal infection because there were more l 1\ posttive cells in the retinas (Figure 

228). RPC65-positi\e RPE cells and GFAP-posttt\e Muller glial cells were the main 

targets of vtrus infection (Figure 23), \\htch \\as the same pattern of virus spread as 

observed in control mice. 



Figure 20. Targeting and genotyping strategies for the AtgSnovnol mice. 

{A) Atg5°0~ no'< mice were crossed with nestin-cre mice to generate Atg5nox + mice, which 

were then crossed with Atg5110
x nox mice to generate Atg5110

' 
110
'; nestin-cre mice. (B) The 

restriction map of the wild-type Atg5 allele, the targeting construct, tlox allele, and the 

deleted allele after Cre-mediated recombination. Black boxes indicate exons 2-4. Probes 

used for Southern blot analysis are indicated by open boxes. The EcoRY and Kpnl

digested fragments detected by probes are depicted. Restriction enzymes are as follows: 

X; Xha l, RV; EcoRY, H; Hindl ll , S; Spel, K; Kpni. Figure 8 is adapted from Hara et al., 

2006. 
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Figure 21. Genotyping for the AtgSnovno, mice. 

(A) DNA was extracted from the ear of Atg5 mice for genotyping. (B) Retinas were 

isolated from Atg5 mice. Expression levels of LC3B were monitored. (C) Atg5 KO 

mouse was smaller than Atg5 control mouse. (D) Body weight (gram) of Atg5 mice was 

measured and comparison was analyzed using GraphPad Prism 5. Error bars show SEM, 

***P<O.OO I, A NOVA. 
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Figure 22. Virus spread pattern in the retinas of Atg5"0 no'; nestin-cre mice during 

'\1CMV retinitis. 

(A) Mice were immunosuppressed and injected "ia the supraciliary route with l x l 04 PFU 

of MCMY in a volume of 2J .. tl. The inoculated eyes were collected at day 4 and 7 p.i. and 

stained for MCMY early antigen (EA) and mounted with DAPI. (B) The number of EA 

positive cells in the retinas was quantified and the comparison was analyzed using 

GraphPad Prism 5. RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: 

inner nuclear layer. Error bars show SEM, **P<O.O I, AN OVA. 
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Figure 23. Type of infected cells in the retinas of AtgSnovno'; nestin-cre mice during 

MCMV retinitis. 

Mice were immunosuppressed and injected via the supraciliary route with 1 xI 04 PFU of 

MCMV in a volume of 2~1. The inoculated eyes were collected at day 7 p.i. and stained 

for MCMV early antigen (EA), RPE65 or GFAP, and mounted with DAPI. Arrow in left 

panel: EA positive and RPE65 positive cells; arrow in right panel: EA positive and GFAP 

positive cells. RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner 

nuclear layer; GCL: ganglion cell layer. 
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Aim 2C: In"estigate nhether AtgS knockout in retina alters apoptosis compared to 

control mice during \1CMV retinitis. 

Tl.J EL assay was used to identify apoptotic cells m MCMV infected Atg5110
" 

110
'; 

nestm-crc mice and control mice 4 and 7 da} s p. i .. In control mice and in Atg5110
" 

110
'; 

nestin-cre mice most of TUNEL positive cells were not virus infected, and most of virus 

infected cells were not TUNEL positive (Figure 24A). As for Atg5 110
" 

110
'; nestin-cre mice, 

there were not as many apoptotic cells around virus infected cells (Figure 24A, middle 

panel). It is probably because that severe virus mfect10n in this area induces the loss of 

retinal cells. The quantification showed a significant increase of the number of TUNEL-

II · h · f A 5 lo\ 110' · I . d 4 posJtJ\e ce s m t e retmas o tg ; nestm-cre m1ce \er~us contro m1ce at ay 

and day 7 p.1. (Figure 248). The result· that at day 4 p.1 • there \\as no difference in the 

number of EA-positi\c cells (Figure 228) but that there \\ere more TU EL-positi\e cells 

(Figure 248) in the retinas of Atg5 deficient m1ce \Crsus control mice suggest that 

autophagy protects retinal cells from cell death although autophagy could not clear viral 

proteins at day 4 p.i .. Along with progression or retinitis, deficient autophagy resulted in 

increased number of EA-positive cells (Figure 22B) and TUNEL-positivc cells (Figure 

248) in the retinas of Atg5 deficient mice \ersus control mJce at day 7 p.i .. These results 

suggest that deficiency in autophagy Impairs \ 1rus clearance and reduces retinal cell 

viability along\\ ith progression of ret mal damage. 

II&E staining also shO\\ed mfiltration between RPr layer and mner retina, and C\en 

beyond retina la}cr and inward Into the \ 1trcous m Atg51
,, 

110
'; nestm-cre mice (Figure 

25). The mfiltration and increased apopto is in Atg5 deficient mtcc in retinal neuronal 



Figure 24. Apoptosis in the retinas of Atg5"0~100';nestin-cre mice during MCMV 

retinitis. 

(A) Mice were immunosuppressed and injected via the supraciliary route with 1 x l 04 PFU 

of MCMY in a volume of 2).ll. The inoculated eyes were collected at different time points 

and stained for MCMV early antigen (EA), TUNEL and mounted with DAPI. (B) The 

number of TUNEL positive cells in the retinas was quantified and the comparison was 

analyzed using GraphPad Prism 5. Error bars show SEM, *P<0.05, ***P<O.OO l, 

ANOYA. 



74 

v (A ) 

u 
07 

ts 

e 

s 

(B) 

(lj 
c 
~ ... 
IV 
~ 

250 
*** ... 

.: 
!!!. 
Qi 
u 
+ 
...J 
w z 
::> 
I--0 
.... 
IV 
.0 
E 
::J z 

Figure 24 



Figure 25. H&E staining of the retinas of AtgS mice. 

Mice were immunosuppressed and injected with MCMY of Jx l04 PFU in a volume of 

2fll by way of the supraciliary route. The inoculated eyes were collected at day 7 p.i. and 

stained with f l&E. The uninjected eyes were used as controls. RPE: retinal pigment 

epithelium; ONL: outer nuclear layer; TNL: inner nuclear layer. 
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cells ,md glial cells correlate with more se\ere disruption of retinas during MCMV 

retinltts 

The results suggest that autophagy in general, and the Atg5 gene m particular, pia} 

kC) roles 111 maintaining retinal structure during M( MY rctinttts because lack of Atg5-

mcdiated autophagy renders mice morl! susceptible to \ tral-mduced injury to retinas, 

whtch further demonstrate that autophagy protects against retinal cell death during 

MCMV retinitis. 

Aim 3: Invest igate the role of apoptosis durin~ VI C \1V r etinitis in vivo. 

The atm of this study was to im esttgate the role of apoptosts during \1CMV retmttts 

because pre\ ious studtes suggested that apoptosts plays a role 111 the pathogenesis of 

MC M\ rctinttts. Pre\ tous studtcs from our laborator} (lhang et al., 20 II) ha\ e shown 

that the mitochondrial apoptottc pathway is tmohcd in death of uninfected retinal cells 

during MCM\t retinitis; we therefore tmestigated whether Ba:x-mediated apoptosis plays 

an tmportant role. On the other hand, "irus infected cells escape from cell death during 

MCMV retinitis because MCMV genes such as m1R.5 encodes mitochondrial-localized 

inhtbttor of apoptosis (\MiA) to inhibit apoptosts tn vtrus infected cells for virus 

repltcatton. \ve therefore also studted the mechanisms by which infected cells escape 

from cell death using MC\.1\ m3R.5. 

Aim3A: ln~ e tigate the mechanisms of cell death of uninfected cells during .MCMV 

retini tis. 
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In order to determine if Bax is acti\ated during MCMV infection. we analyzed Bax 

accumulation in mitochondria. M1tochondnal fraction'i were isolated from MCMV 

mfected and mock-infected control eyes and Bax expression was analyzed by western 

blot. As shown in Figure 26A. more mitochondrial Ba\ was detected in MCMV infected 

eyes than in controls. We also observed acth .. ation of Bax concommitant with the 

progression of MCMV retinitis (Figure 26E). These results arc consistent with our 

hypothesis that Bax is activated by MCMV infection to trigger the mitochondrial 

apoptotic pathway in uninfected retinal cells. 

In order to further investigate the role of Bax in apoptosis observed in uninfccted 

cells during MCMV infection in the retina. Bax - mice \\ere bred. The retinal structure of 

Ba:x-1- mice \\as indistinguishable from that of control mice (Figure 27). A fev. TUNEL 

pos1t1ve cells \\Crc obsened in retinas of uninfected Bax - mice and control mice (Figure 

27). Bax m1ce and \\ ild type control m1ce were immunosuppressed and infected with 

MCMV K I R I. Injected eyes were removed at d1tTerent time points following infection 

and virus titers were determined by plaque assay. As shown in Figure 28A. the pattern of 

virus infection in Bax· ·mice was similar to that of control mice. RPE layer was the first 

target of virus infection at day 4p.i .. and then virus spread to ONL and INL at day 7p.i .. 

Moreover. the number of EA positi\e cells in the retina was similar in both groups 

(Figure 288) and \irus titers (Figure 28C) were also s1milar between control mice and 

Bax - m1ce at day 4 and day 7p.i .. respect!\ ely. This result suggessts that Bax is not 

requ1red to control \ irus replication in the retina. 

In order to investigate \vhether Sax-mediated apoptos1s is affected by Bax 

deficiency. relative levels of cleaved caspase-3 and cleaved PARP. which is downstream 



Figure 26. Activation of Bax during MCMV retinitis. 

The right eyes of IS BALB/c mice were inoculated with MCMV k 181 with 5x I 03 PFUs 

in a volume of 21.!1 by way of the supraciliary route. (A) The inoculated eyes were 

collected at day 7 p.i. and mitochondrial fraction was collected and examined by western 

blot. I Isp60 was used to verity loading for mitochondrial fraction. (B) Each protein 

expression was analyzed using Image J and the comparison was analyzed using 

GraphPad Prism 5. Error bars show SEM, ** P<O.O I, two-tailed t-test. (C) The inoculated 

eyes were collected at day 7 p.i. and examined by staining for MCMV early antigen 

(EA), active Bax and mounted with DAPI. (D) The control eye was only stained with 

Texas red anti-rabbit as negative control. (E) The number of active Bax positive cells in 

the retina was quantified and the comparison was analyzed u ing GraphPad Prism 5. 

Error bars show SEM, *P<0.05, ***P<O.OO I, A NOVA. 
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Figure 27. Structure of the retinas of Bax mice. 

The eyes of uninfected Bax +' Bax ·. Bax· · mice were isolated for TUNEL assay or for 

H&E staining. 
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Figure 28. Effect of Bax deletion on virus replication during MCMV retinitis. 

The right eyes of mmunosuppressed (IS) Bax , Bax · and Bax- mice were injected via 

the supraciliary route with l x 104 PFU of MCMV in a volume of 2111. (A) The inoculated 

eyes were collected at day 4 and 7p.i. and examined by immunohistochemistry. The 

sections were stained for MCMV early antigen (EA), TUNEL and mounted with DAPI, 

respectively. (B) The number of EA positive cells in the retinas after MCMV infection 

was quantified and comparison was analyzed using GraphPad Prism 5. Statistical analysis 

by ANOV A showed no difference between each sample. (C) The inoculated eyes were 

collected at day 4, and 7p.i. and homogenized. Homogenates were diluted for plaque 

assay. The wells in which plaques were clearly separated were chosen and plaques were 

counted by placing plates upside down under microscope. Comparison was analyzed 

using Graph Pad Prism 5. Statistical analysis by A OVA showed no significant 

difference between each sample. 
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of c.tsp.tse-3, were determined in retmas of Bax· · m1cc and control mice by western blot. 

lnterestmgly, \\estern blot results shO\\.ed that Bux · mice had lower levels of cleaved 

C<lspa-;e-3 (Figure 29.<\) and clemed PARP (Figure 29C) m the retina compared to control 

mice although virus replication was not affected by Ba:x defic1enc::r (Figure 28). Results 

from MCMV mfected retinal cultures of Bax and control m1ce confirmed that deletion 

of Bax correlated with decreased levels of cle:ned caspase-3 during MCMV infection 

(Figure 29E). Immunohistochemical examination of mjected eyes of Bax· - mice and 

control mice 7 days p.t. shO\\ed that Bax · mice had fewer cleaved caspase-3 positive 

cells m the retina compared to control mice (Figure 30A and 308). These results suggest 

that Bax-mcd1atcd mitochondnal apoptos1s 1s nnohed during ~CMV mfcctton in the 

retina and that deletion of Sa\ decrease-. caspase ~-dependent upoptos1s. 

llowc\er. the number ofTL ~LL poslll\e cells in Bax·· mice \\.,ts not decreased, and 

to the contrary. Bax · mice had more TLJ I L pthltl\e cells m the retina compared to 

control m1ce 7 days p.i. (Figure 31 A and 31 8). These unexpected results led us to suspect 

that caspase 1-independent apoptosis 1s also mvolved 111 cell death in the retina during 

MCMV ret1nitis. Further investigation showed that I· R stress-induced apoptosis was not 

the main reason lor induction of more se\erc rctm1t1s during MCMV ret mitis (Figure 32). 

Recently. Upton et al.. (Upton et al.. 20 12) and 7h,mg et al. (d.tl<l not shO\\.n) ha\e found 

that nccropto-.1s 1-. 1molved m \.1( \1\ mfection in ''itm or in l'i1•o. \\.hich suggests that 

necroptos1s 1s probably inYoh cd m cell dc.tth of uninfected cells during MCMV retimtis 

when Bax 1s deleted Because necroptos1s 1s dependent on the interaction beh\.ecn RIP I 

and RIP1. \\e therefore detected the expn:ss1on of clea\cd RIP I in Ba:x CT 



Figure 29. Effect of Bax deletion on caspase 3-dependent apoptosis during MCMV 

retinitis. 

The right eyes of mmunosuppressed (IS) Bax , Bax and Bax· mice were injected via 

the supraciliary route with tx t04 PFU ofMCMV in a \Olume of2~-tL The inoculated eyes 

were collected at day 7 p.i. and examined by western blot for cleaved caspase-3 (A and 

B) and for cleaved PARP (C and D). (B and D) Expression of cleaved caspase 3 and 

cleaved PARP were analyzed using Image J and comparison was analyzed using 

GraphPad Prism 5. Error bars show SEM, **P<O.OI, ***P<O.OOI, ANOVA. (E) Western 

blot for cleaved caspase-3 was performed in cultured retinas isolated from Bax mice, 

which were cultured with MCMY. (F) Expression of cleaved caspase 3 was analyzed 

using Image J and comparison was analyzed using GraphPad Prism 5. Error bars show 

SEM, *P<0.05. two-tailed t-test. 
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Figure 30. Effect of Bax deletion on caspase 3-dependent apoptosis during MCMV 

retinitis. 

(A) The right eyes of rnmunosuppressed {IS) Bax , Ba:\ and Bax·- mice were injected 

via the supraciliary route with I xI 04 PFU of MCMV in a volume of 2Jll. The inoculated 

eyes were collected at day 7 p.i. and examined by immunohistochemistry for MCMV 

early antigen (EA), cleaved caspase-3 and mounted with DAPI. (B) The number of 

cleaved caspase-3 positive cells in the retinas was quantified and comparison was 

analyzed using GraphPad Prism 5. Error bars show SEM, *P<0.05, ANOVA. 
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Figure 31. Effect of Bax deletion on TUNEL during MCMV retinitis. 

(A) The right e}es of mmunosuppressed (IS) Bax , Bax and Bax·- mice were injected 

via the supraciliary route with I x I 04 PFU of MCMV in a volume of 21-ll. The inoculated 

eyes were collected at day 7 p. i. and examined by immunohistochemistry for MCMV 

early antigen (EA), TUNEL and mounted with DAPL (B) The number of TUNEL 

positive cells in the retinas was quantified and comparison wa analyzed using GraphPad 

Prism 5. Error bars show SEM, *P<0.05, ANOVA. 
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Figure 32. Effect of Bax deletion on caspase 12-dependent apoptosis during MCMV 

retinitis. 

The right eyes of mmunosuppressed (IS) Bax , Bax and Bax-- mice were injected via 

the supraciliary route with I x I 04 PFU of MCMY in a volume of 2~Ll. (A) The inoculated 

eyes were collected at day 7 p.i. and examined by western blot for cleaved caspase-12. 

(B) Expression of cleaved caspase-12 was analyzed using Image J and comparison was 

analyzed using GraphPad Prism 5. Error bars show SEM, ***P<O.OOI, ANOYA. 
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mice and Bax KO mice after MCMV infection. 'We found that Bax KO mice had lower 

le\cls of clea\ed RIP l after MCMV mfect10n compared to Bax CT mice (Fiugre 33 ). 

wh1ch mdicatcs that necroptosis is the main reason to mduce more death of uninfected 

retinal cells ... ., hen Bax is deleted. 

Taken together. these results suggest that activation of Bax by MCMV infection is 

essential to induce caspase 3-dependent apoptosis of uninfected cells during MCMY 

retinitis. llowever. if Bax is deleted. necroptosis 1s involved to induce more death of 

uninfected retinal cells. meaning that Sax-mediated mitochondrial apoptosis plays an 

important role in death of uninfected retinal cells during MCMV retinitis. 

Aim3B: lmestigate the mechanisms b) nhich infected cells escape from cell death 

during \IC\1\' retinitis. 

MCM\ expresses t\\0 separate protems, m3R.5 and m41.1, ...... hich bind to Bax and 

Ba~ respectively, thereby preventing m1tochondnal damage. To test if m38.5 plays a 

significant role m protecting infected retinal cells from premature death, we inoculated a 

mutant MCMV strain which lacks runctional m3X.5 (Llm38.5), as well as the parental 

K I X I strain, into eyes of immunosuppressed BALB c mice. Following enucleation of 

lll.Jected eyes, staming for EA and TuNFL was performed and \irus titers were measured 

by plaque assay \\ e obsen ed fewer v1rus mfected cells m rdmas of .lm38.5 injected 

m1ce than in the retmas of parental K 181 mjected m1ce (Figure 34A and 348). \Vc 

therefore hypothesized that lack of m3R5 affects MCM\' replication in the retina. In 

order to test th1s hypothe is. plaque assa} \\as perfom1ed which shO\\Cd that less 



Figure 33. Effect of Bax deletion on necropto is during \1C\1V retinitis. 

(A) The right C)'es ofiS BALB c mtce \\Cre inJected via the supracthary route v.ith 5 10' 

PFU of MCMY K I R I or MCMY illn38.5 m a \ olumc of 2~tl. The inoculated eyes \\ere 

collected at day 7 p.i. and examined b} \\estern blot for clea\ed RIP I. (B) Expression of 

clea..,ed RIP I was analyzed using Image J and companson was analy:ted using Graph Pad 

Prism 5. f-'rror bars show SEM, ***P<O.OO I, ANOVA. 
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Figure 34. Effect of m38.5 deletion on number of EA+ cells in the r etinas during 

MCMV retinit is. 

(A) The right eyes of IS BALB c mice were injected via the ~upracllmry route\\ ith 5"' I 0~ 

Pf- U of MCMY K 181 or MCMY .1m38.5 in a \Oiume of 2f.ll. The inoculated eyes were 

collected at day 4, 7 and 10 p.i. and exammed by immunohistochemistry for MCMY 

early antigen (EA}, TUNEL and mounted with DAPI. Arrow: I::.A positive and TUNEL 

pos1tive cells. (B) The number of early antigen (EA) positive cells in the retinas of virus 

injected mice was quantified and companson was analy7ed using GraphPad Prism 5. 

I rror bars shO\'- SEM, ***P<O.OO I, AN OVA 
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replicating\ 1rus \\as recovered from ~rn3R.5 lnJCCted eyes than from Kl8l injected eyes 

from day 7 p.1. onward , during the pcnod \\hen v1rus spreads from the RPE to the retina 

(Figure 35A) as \\ell as in the salivary gland (Figure 358). Pre\ 1ous studies (Jurak et al., 

2008) also shO\\ed that m38.5 delic1cnc) decreased MCMV replication. We then 

obsened more apoptotic \irus infected cells (arro, ... Figure 34A) in Llm38.5 infected eyes 

(day IOp.i.) than in wild type Kl8l virus infected eyes. As shown in Figure 34A, 

however. apoptotic cells infected with Llm38.5 did not generally exhibit the cytomegalic 

morphology typical of MCMV infection, and many virus-infected cytomegalic cells were 

not apoptot1c, '' h1ch is consistent with premature cell death by apoptosis. Since similar 

amounts of\ 1rus were reco\cred from .lm1R 5 or K I R I inJected eyes at day 4p.i. when 

MC\11\ 1s restncted to the antenor segment and RP£ , and s1gn1ficant d1fferences were 

obsened only after 'v1C\.1Y had spread to the retina (Figure 35A), \\e conclude that 

m38.5 1s md1spensable for MCM\ replication, and that lack of m38.5 impairs MCMV 

replication in the retina. Deletion of m3R.5 111 MCMV genome impairs MCMY 

replication. We then suspected that deletiOn of m3X.5 would decrease cell death. In order 

to test this, BALB c mice were injected with MCMY and were sacrificed at day 7p.i .. 

Inoculated eyes were enucleated for staming w1th l A and TUNEL and also for staining 

with II&F. Delet1on of m38.5 led to fewer TUNl L positi\e cells (Figure 36) and less 

._e,ere d1srupt1on of the retmas (Figure 37). These results support the role of m38.5 in 

\ 1rus rephcat1on and not ·urpnsmgly. that reduced \ 1rus replicatiOn \\Ould correlate \\ ith 

lc"s retin1t1s and decrea ed retinal destruction. 

Lnexpectedl}. deletion of m38.5 resulted 111 no ch.mge 111 lc\els of clea,ed caspase-

3 111 the whole lysate (Figure 38A), and no change in le\els ofacti\e Bax in the 



Figure 35. Effect of m38.5 deletion on 'irus replication. 

(A) The right eyes of IS BALB c m1ce were injected \ 1a the supraciliary route with 5 I 0' 

PFU of MCM\ K 181 or \lfCMY ..lm38.5 m a volume of 2~tl. The moculated eyes \vere 

collected ,\t day 4. 7 and I 0 p.i. and plaque assay \\as performed for \ irus titer. 

Comparison was analyzed using Graph Pad Prism 5. Lrror bars shO\\ SEM, **P<O.O I, 

ANOYA. (8) The IS BALB c mice were inJected with MCMY Kl81 or MCMV Llm38.5 

intraperitoneally. The salivary gland was isolated for plaque assay. Comparison was 

analy/ed usmg Graph Pad Prism 5. Error bars shO\\ Sl· M, "'**P 0.00 I, two-tailed t-tcst. 
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Figure 36. Effect of m38.5 deletion on T UNEL in the retinas of virus infected mice. 

The nght eyes of IS BALB c mice were mJCCtcd via the supracthary route with 5 I 0' 

PFU of MCMV Kl8l or MCMV illn38.5 m a volume of 2~1. The inoculated eyes \\·ere 

collected at day 4, 7 and I 0 p.i. and \\ere preparl!d for immunohtstochemistry. (A) 

lmmunostaining was performed for MCMV early antigen (EA) and TUNEL. (B) The 

number ofTUNEL positive cells in the retinas after MCMV mfcction was quantified and 

comparison was analy1cd using Graph Pad Prism 5. Frror bars show SEM, ***P<O.OO I, 

ANOVA. 
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Figure 37. Effect of m38.5 deletion on retinal structure of virus infected mice. 

The nght eyes of IS BALB c mice \\ere injected \ ia the supractliary route \\-ith 5 I o' 

PFU of MC\J1V K 181 or \JtC\11\' ..lm38.5 m a volume or 2~tl. The inoculated C)es were 

collected <ll day 4, 7 and 10 p.i. and \\ere prepared for H&L staming. (A} Sections were 

stamed with II& E. I, retinal fold; 2, leukocyte infiltration; 3, cytomegaly of retinal cells. 

(B) Scoring of retinitis of MCMV K 181 injected mtce and MCMV .1m38.5 injected 

mice. Comparison was analyzed using GraphPad Prism 5. Error bars show SEM, 

• P<--0.05, ANOV A. 
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Figure 38. Effect of m38.5 deletion on Bax-mediated apoptosis in the retinas during 

MCMV retinitis. 

The right eyes of IS BALB/c mice were injected via the supraciliary route with 5x 10
3 

PFU of MCMV Kl8 I or MCMV .6m38.5 in a volume of 2111. The inoculated eyes were 

collected at day 7 p.i. and were prepared for western blot to detect cleaved caspase-3 in 

whole lysate (A) or active Bax in mitochondrial fraction (C). (B) Expression of cleaved 

caspase 3 was analyzed using Image J and comparison was analyzed using GraphPad 

Prism 5. Statistical analysis by ANOVA showed no significant difference between K l81 

and .1m38.5 infected samples. (D) Expression of Bax was analyzed using Image J and 

comparison was analyzed using GraphPad Prism 5. Statistical analysis by two-tailed t-test 

showed no significant difference between K 181 and .1m38.5 infected samples. 
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mitochondrial fraction (Figure 38C). Quanttficatton of actt\C Bax staining also shO\\Cd 

tdentical numbers of active Bax posttt\'C cells between control virus and mutant virus 

tnJectcd eyes (Figure 39), meaning that Bax delctton do~:s not atTcct levels of caspase-3 

during MCMV retmitis. Taken together, these results suggest that MCMV m38.5 is 

rcqutrcd for virus replication in the retina ,md that thts gene product helps to protect 

in fcc ted cells from premature cell death through tts mtcractwn with Bax. 



Figure 39. Effect of m38.5 deletion on Sax-mediated apoptosis in the retinas during 

MCMV retinitis. 

The right eyes of IS BALB/c mice were injected via the supraciliary route with 5x I 03 

PFU of MCMV K 181 or MCMV Llin38.5 in a volume of 2~1. (A) The inoculated eyes 

were collected at day 4, 7 and 10 p.i., and were prepared for immunostaining for MCMV 

early antigen (EA) and active Bax. (B) The number of active Bax positive cells in the 

retinas of virus injected mice was quantified and comparison was analyzed using 

GraphPad Prism 5. Statistical analysis by ANOVA showed no significant difference in 

the number of active Bax positive cells between Kl81 and Llin38.5 at each time point. 
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IV. DISCUSSIO~ 

The purpose of the experiments undertaken for this thesis was to analyze the role of 

autophagy and apoptosis in the pathogenesis of MCMV retinitis. Studies using a mouse 

model of MCMV retinitis have established the route and timing of virus spread from the 

RPE layer to inner retina by infecting Muller cells, bipolar cells and horizontal cells. 

Virus infection induces the release of factors to induce apoptosis of uninfected bystander 

cells (Zhang ct al., 20 I I). However, which signaling pathways are involved in inducing 

apoptosis in uninfected cells, and the mechanism by which the \ irus infected cells arc 

protected from cell death are still not well understood. Recent studies have shov.n that 

autophagy may have a protecti\e role during viral infection (Joubert et al., 20 12; Green et 

al., 20 13; Li et al., 20 13). To analyze the role of autophagy and apoptosis in the 

pathogenesis of MCMV retinitis, 1 formulated three hypotheses. I hypothesized that there 

is a functional relationship between autophagy and apoptosis during MCMV infection of 

RPE cells. The second hypothesis was that autophagy plays an important role during 

MCMV retinitis, and the third hypothesis was that the mechanism of cell death of 

uninfected cells would involve Sax-mediated pathway, and the mechanism by which 

" infected cells escape from cell death would involve MCMV gene m38.5. To test these 

hypotheses, three aims were developed: 

Specific aim 1: Investigate the functional relationship between autophagy and 

apoptosis during MC:\-fV infection in an in vitro model. 

I A. Determine whether autophagy is regulated by MCMV infection. 
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I B. lm estigate whether mTOR signaling is invoh ed m regulating autophagy during 

M( MY mfection. 

I C. Clarify the functional relationship between autophagy and apoptosis during MCMV 

mfect1on of RPE. 

Specific aim 2: Investigate the role of autophagy during MCMV retinitis in vivo. 

2A. rurther confirm the functional relationship between autophagy and apoptosis during 

MCMY retinitis. 

2B. Study the role of Atg5 on the pathogenesis of MCMV retmitis. 

2C. Investigate whether Atg5 knod.out in rctma alters apoptosis compared to control 

m1ce during MC\1\' retinitis. 

Specific aim 3: Investigate the role of apoptosi during \1C\1V retinitis in vivo. 

3A. Imestigate the mechanisms of cell death of uninfected cells during MCMV retinitis. 

38. ln\lestigatc the mechanisms by \\hich infected cells escape from cell death during 

MCMV retinitis. 

lA. Determine whether autophagy i\ regulated hy MC\IV inf"c_,ction 

In the fir\t spec1fic aim, the functiOnal rclat10nsh1p bet\\een autophagy and apoptosis 

during v1Ci\.1\' mfecuon in \'itro was mvesugatcd, because results from previous studies 

support the idea that the regulatory mach mel) that controls autophagy and that \\ hich 

controls apoptos1s are closet} linked (Thorburn et al., 2008). Autophagy can lead to 

autophagic cell death, which is d1fTercnt from apoptosis and necrosis (Gozuacik et al., 
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2004; DcHim ct al., 2004; Lc\ inc ct al., 2005; Tsujunoto ct al., 2005). For example, Yu 

ct al (2006) ha\ c shown that accumulation of reactt\ e oxygen species caused by catalase 

inhtbtllon leads to autophagic cell death. Howe\er under othl!r cellular circumstances, 

autophagy protects cells from undergoing apoptosis. for example, increased autophagy in 

cells treated with nutrient deprivation inhibits apoptosis and maintains cell viability (Lum 

et al., 2005). Chikungunya virus-induced autophagy delays caspasc-dependent cell death 

(Joubert et al., 20 12). Calpain is activated following Coxsackie virus B3 (CYB3) 

infection, with autophagy enhancement and apoptosis inhibition (Li ct al., 20 13). These 

results ha\c shown the mechanism by which autophagy limits caspase-dependent cell 

death and mortality after\ irus infection. 

In order to address the first specific aim, RPC cells were isolated from C57BLI6 

mice RPL cells arc \cry important in the maintenance of \is ion through phagocytic 

function. The bur ·t of RPE phagocytosis 111 the early morning rapidly clears ROS from 

the retina ( trauss, 2005). Using knockout mice with Atg5-dcficient RPE cells, Kim ct al. 

(20 13) observed that phagocytosis of the RPE coincided with the conversion of 

autophagy protein LCJB-1 to its lipidated form, LCJB-11 and that the phagosomcs had 

only a single membrane. In our in vitro RPE culture, most of the \acuoles we obsened 

had double membranes characteristic of autophagy. \\ e occasionally observed 

phagosomes in the cytoplasm of RPE cells, perhaps because phagocytosis doesn't 

part1c1pate in the clearance of\ irus 111 illlro. Bestdes, se\cral passages of murine RPE 

cells might alter their phagocytotic functions, smce a pre\ ious report has shov. n that 

passage 4 h1PSC-RPE cells (human-induced plunpotent stem RPE cell) failed to form 
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monolaycrs and possessed altered morpholog1cal and functional characteristics and gene 

expressiOn le\ cis ( tngh et al., 20 13 ). 

In th1s study, \\C first demonstrated that MCMV mfect1on of RPE cells induces 

autophagy during the earl} stage of infectiOn. MCM\ 1s a double-stranded DNA v1rus. 

and a broad spectrum of DNA \ iruses mduce de novo formation and subsequent 

accumulation of autophagy-related vesicles (Drcux et al., 20 l 0). Our results showing 

decreased autophagic flux plus increased expression of LC3B and an increased number of 

autophagic vacuoles suggest that during the late stage of MCMV mfection, a late step of 

autophagy is mhibited. Pre\ ious studies have shown induction of autophagy in human 

fibroblasts during the early stage of HCM V mfcction (McFarlane et al., 20 II): ho\\ ever, 

the inhibition of autophagy in HCMV-infccted \t1RC5 fibroblasts during the late stage of 

infection 1s through the interaction bet\\een llCMV protein TRS I and Beclin I 

(Chaumorccl ct a!., 2008; Chaumorccl ct al., 20 12), which blocks the early step of 

autophagy process. 

The possible reasons why the inhibitiOn of autophagy during the late stage of 

MCMV mfection is through the blockade of the late step of autophagy process arc as 

follows. First, viral protein may interfere \\ ith the fusion of the autophagosome with the 

lysosome. For example. the matrix 2 protein of influcnta A virus blocks the fusion of the 

autophagosomc with the lysosome, resulting in accumulation of autophagosomes ' 1. 

Secondly, enhanced \ irus replication and cgre-.;s may inhibit the degradation of 

autolyso-.;omes (Stha et al.. 20 13). In \'itro (Wong ct al.. 2008) and in vil'O (Kcmball ct al.. 

20 12) stud1cs ha\C demonstrated that coxsad.le\ trus 83 (CVB3) induces autophag1c 

s1gnaling to promote \ irus replication but prc\cnts autophagic degradation (Klein ct al., 
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20 II). Thirdly, u ·e of different cell types (RPl· \s. \1RC5) and ditTerent viruses (MCMV 

vs. llCMV) may contribute to apparent d1sparit1es between publications. 

I B. /m•estigate ~dzether mTOR signaling is in\'Oh·ed in regulating autophagy during 

MC\1 ~ il!(ection 

mTOR exists in two complexes, mTOR complex I (mTORC I) and mTOR complex 

2 (mTORC2). mTOR in mTORC I is sensitive to inhibition by rapamycin (Aiers et al., 

20 12), so treatment with rapamycin increases autophagy by inhibiting mTORC I. mTOR 

in mTORC2 is resistant to direct inhibition by rapamycin, and the reason for this 

persistancc 1s still unknown. 

We observed activation of mTOR and the accumulation of autophagic vacuoles 

during MCM\' infection. mTOR has been reported to interfere with initiation of the 

phagophorc (Liu eta!.. 20 12; Nair et al., 20 12) to block fom1ation of the autophagosome, 

which leads to decreased expression of LCJB and decreased number of autophagic 

vacuoles. So, even though MCMV infection acti-vates mTOR signaling, activation of 

mTOR docs not inhibit autophagy, or perhaps, inhibition of autophagy by mTOR 

activation is 1mpaired during MCMV mfection since our results showed that MCMV 

inh1b1tcd autophagy after formation of the autophagosornc. \11CMV may use activation of 

rnTOR to promote cell viabilit} because during MCMV infection the cells are not likely 

to be di-.iding (Kosugi et al., 2000). 
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I C Clar{f.i· the functional relatwnship bellt'een alllophagy and apoptosis during .\.1C\.1V 

infection of RPE 

As an important mechanism of host dcfl.!nse after\: ira I infection, apoptosis is usually 

considered to limit viral replication (Muoz-Pmedo, 2012). Howe\er, even large and 

slowly replicating \ iruses such as CMYs can cause persistent infections. fn order to 

ensure their own survival, these 'viruses have evol\ed mechanisms to keep infected cells 

alive by expressing cell death suppressors like Bcl-2 and Bcl-xL (Brune et al., 2011 ). 

These viruses, for example hepatitis c virus (IICV, Drcux et al., 2009), depend on cell 

death suppressors for effective replication and pathogenesis in the host. Recently, 

MCMY genes m36 (McCormick et al., 2003), m45 (upton ct al., 2008), m38.5 (Jurak ct 

al., 2013) and m41.1 (Crosby ct al., 2013) have been reported to encode cell death 

suppressors. ~hen these genes arc disrupted, the endogenous cellular defenses arc 

ineffective, particular!} during infect1ons m the mouse. 

Recent· studies ha\e shown that autophagy and apoptosis are close!} linked 

(Thorburn et al., 200R). Depending on the conditions\\ ithin the cell, autophagy can either 

be an adaptation to avoid apoptosis or it may eventually lead to autophagic cell death. 

Autophagy may therefore be another mechanism to protect cells from apoptosis since 

ev1dence from in \'itro and in \'i\'0 studies has shown that autophagy limits caspase

dependent cell death and mortality after\ irus mfect1on, mcluding chikungunya (CHKY) 

vm1s ((Joubert ct al., 2012), dengue \irus (Green et al., 2013) and CVB3 (Li et al., 2013). 

Sc\cral mechanisms ha\e been proposed for hO\\ autophagy limits apoptotic cell death. 

One possible mechanism to C\plam how autophagy limits cell death is that the 

degradation of protein aggregates and the sequestration or damaged mitochondria 
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resulting from viral infection ma} delay mduct1on of .1poptos1s by preventing released 

cytochrome c from forming a functional apoptosome (Kroemer et al.. 2010). Additionally, 

it h<IS been suggested that Atg3 protem comple:\es rdease bcl-2 and FLIP that mterfere 

with apoptottc pathways (Thorburn et al.. 200R). 

Our study supports the 1dea that there is cross talk between autophagy and apoptosis 

during MCMV infection in RPE cells and in the retina. llowe\er, the role of autophagy in 

MCMV pathogenesis remains a mystery. Possible mechanisms by which autophagy 

blocks \ irus replication could be (i) release of an anti\ iral f~1ctor such as type I IFN 

(Dreux et al., 20 I 0), (ii) degradation of "irus components in autolyso omcs, and (iii) 

restnction of\ 1rus at the site of primary int~ction. Addition.tl studies ""ill be needed to 

clarify the funct1onal relanonslup between autophagy and apoptos1s, to define which 

cm:umstance · and .... hich molecular pattma}s dtctatc the cho1ce between autophagy and 

apoptosts, and to elucidate the role that autoplMgy pla}s in MCM\ pathogenesis. 

In summ<H) for specific aim I. these studies prO\ ide e\ 1dence for the early induction 

of autophag) as \\Cit as for the late inhibitiOn of autophagy. and support the idea of a 

functional relationship between autophagy and apoptosis during MCMV infection ofRPE. 

MCMV might own a strategy to inhibit or bloc!... autophagy activity by targeting a later 

process of autophag}, such as fonnation of the autolysosomes or degradation of their 

contents. 

],1. Further co11/inn the fimctional relatiomhip helll't.?<'ll alllophagy and apoptO\i\ duri11g 

MCM V reti11iti.' 
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The functional relationship bet\"een autophagy and apoptosis was further explored 

usmg the mouse model of MCMV retinttis. BALB c mtcc were infected with MCMV and 

treated with rapamycin. Rapamycin treatment mcrcased autophagy and decreased caspase 

3-depcndent apoptosis during MCMV infection in the retina, which is consistent with our 

in 1•itro conclusion. The results of the studies that autophagy prevents caspase 3-

depcndent apoptosis may help to explain the paradoxical finding that during MCMV 

infection in the mouse model of retinitis, MCMV infected cells do not undergo apoptosis 

(Bigger ct at., 2000; Zhang et at., 2008). 

2B. Studv the role of Atg5 on the pathogenesis c?lMCMV retinitis 

In order to further investigate the role of autophagy in the pathogenesis of MCMV 

retinttts, Atg5 110
' 

110
'; nestin-Cre mice were bred. Mice bearing an Atg5 110

' allele, in which 

exon 3 of the Atg5 gene is flanked by two loxP sequences. were crossed with a transgenic 

line expressing Cre recombinase under the control of the nestin promoter (nestin-Cre) 

(Betz ct al., 1996). In these mice, Cre rccombinase is expressed in neural precursor cells 

after embryonic day (E) l 0.5, causing deletion or the /oxP-flanked ex on 3 (Hara et al., 

2006). It has been recently demonstrated that ncstin is expressed in most retinal cells 

during retina development including neural cells, Muller glial cells, microglia and 

endothelial cells (Lee et at., 20 12). Recombination was successful in over 90°/o of all 

retinal cells from Atg5110
' 

110
'; nestm-Cre mice. The pattem of \ trus spread in atg5 KO 

mtce was similar to that of control mtce. RPE cells \\Crc the first target of virus infection 

at day 4 p.i., and then virus spread to inner retina. GFAP positive Muller microglia were 

the main target of virus infection. Deletion of Atg5 in nestin-cxpressing cells increased 
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the number of EA. pos1ti\e cells and the number of TUNCL pos1t1vc cells in the retina 

after MCMV infcct1on, suggesting that autophagy, Atg5 in particular, IS very important in 

virus clearance and uninfcctcd retinal survival during MCMV retinitis. We also observed 

that deletion of Atg5 in nestin-expressing cells resulted m infiltration of abundant 

inflammatOI) cells m the retina, leading to more sc\ere retm1t1s compared to control m1ce. 

In this animal model, immunity is suppressed by steroid treatment \\h1ch depleted 99°/o of 

ncutrophils, I} mphocytes and macrophages. However virus infection still induces 

inflammation in the retina. These results suggest that autophagy may also play an anti

inflammatory role during MCM\t retin1t1s (Deretic et al., 20 13). HO\\ever further 

mvestigation 1s needed to re\eal the underlying mechanism. 

Autophagy has been reported recently to be associated with inflammation. The role 

of autophagy in inflammatory disease was mitially established through genome-\vide 

as 'ociation stud1es (G\vAS) (Welcome True Case Control Consortium, 2007). 

Polymorph isms tn autophagy-assoctated genes. such as A TG 16L I. L LK I and IRG\11, arc 

linked to Crohn 's d1seasc (Welcome True Case Control Consortium. 2007; Henckaerts et 

al., 20 II; Jostins et al., 20 12). In addition, autophagy-associated genes arc linked with 

immune disorders ATG5 (Yang ct al., 2013) and IRGM (Ramos et aL 2011) 

polymorphism-. ha\c been suggested as nsk factors in sy-.tcm1c lupus erythematous 

LE). 

ln a mouse model of Crohn's disease, 1t has been also found that autophagy has an 

anti-inflammatory function because production of I L-1 P and I L-1 H is increased in the 

absence of functional A TG l6L I (SaJtoh T et .tl., 2008). lL-l P and lL-1 X are produced by 

the mflammasome \\h1ch respond-. to PI\MPs and DAMP-. (Rathinam et al.. 2012). Other 
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reports ha\c shO\vn that autophagy negati\ely regulates inflammasome activation (Zhou 

et al., 20 I I). Basal autophag} presumably protects cells from inadvertent inflammasome 

activation (Zhou et al., 2011). Howc\er if autophagy is blocked, depolarized 

mitochondna arc accumulated which leak endogenous inflammasome agonists, such as 

mitochondria DNA and ROS, which in turn induce the production of IL-IP and IL-18 

(Zhou et al., 20 II; Nakahira et al., 20 II). During influenza A virus infection, autophagy 

factor ULK I is activated by a NOD2 receptor-interacting serine/threonine protein kinase 

2 (RlPK2) pathway, and as a result, mitophagy is maintamed or increased, which reduces 

inflammasome acti\ation (Lupfer et al., 20 13). Autophagy may also down-regulate 

prolonged mtlammasome activity by remO\ ing aggregated intlammasome components 

h1 et al., 2012). 

J\.utophagy 1s also associated with degradation of pro-inflammatory factors. For 

example, Paul et al.. (20 12) ha\e reported that autophagy degrades adaptor protein BCL-

1 0, which is a critically important mediator ofT cell receptor (TCR)-to-NF-KB signaling, 

and as a result, NF-KB activation is reduced in antigen reactive T cells. One pathway of 

down-regulation of NF-KB signaling is through sequestosomc I which is associated with 

K63-polyubiqllltylatcd BCL-1 0. RUBICON, a negati\C regulator of autophagy, 

translocatcs to the BCL-lO complex to bind to CARD9. Th1s process inhibits the 

acth:ation of CARD9 BCL-10 MALTI signaling (Yang et al., 2012). Other studies 

h<l\e shO\\rt that dO\\n-regulation of F-KB s1gnaling by autophagy is through • SFLI C 

cofactor p47, \\hich 1s a protein that has an ubiquitin-bmdmg UBA domain and its 

orthologue in yeast binds to A TG-8 (Shibata ct al., 20 12). This adaptor degrades 

autophagosomcs containing polyubiquitylated NF-KB essential modulator (NEMO), the 
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r~gulatory subunit of the IKB kinase (IKK) complex. to prevent IKK signaling, which 

leads to d~crease of 1\'F-KB (Shibata et al.. 20 12). During \11CMY mfection. MCMY 

protem \145 mteracts with NEMO and targets E- MO to autophagosomes for subsequent 

degradation in l}'sosomes. This process blocks IL-l n:ceptor-depcndcnt NF-KB acti\ation 

to inhibit the inflammatory cascade. Thts mechantsm is used by virus to subvert the 

inflammatory cascade and suppress antiviralm~chanisms (Fliss ct al.. 20 12). 

In summary for specific aim 2, Atg5 knockout in nestin-exprcssing cells decreases 

v1rus clearance, increases cell death of uninfected retinal cells, and also induces dramatic 

inflammatiOn during MCMY retinitis, although MCMV protein M45 inhibits the 

inflammatory cascade. The reason 1s probably that the effect of autophagy deletion 

0\ ercomes the effect of \1CM\' protein \1145 on inflammation. Our obsen·ation 1s 

consistent with published genetic and functional stud1cs showing that autophagy 1s an 

anti-inflammatory mechanism . 

. U. /m·estigate the meclumisms of'cc>/1 death ofuninlected cells during MCMV retinitis 

In spcci lie aim 3. we tried to clarify the roles of cell death pathways during 

development of retinal tissue destruction. Both caspasc 3-dcpendcnt and independent 

apoptos1s has been demonstrated during MCMY rctintt1s (Zhou ct aL 2007~ Zhang et al., 

20 I 0). \1C\1\' 1s a large and slowly rephcatmg \ irus that suppresses Bcl-2 e.xprcss1on 

(Zhang ct al.. 20 II). Bcl-2 is a pro-sun ivai protein belonging to the Bcl-2 family. Bcl-2 

suppresses apoptos1s by blocking translocation of Bax from the cytosol to the 

mitochondrial outer membrane. and as a result blockmg the release of proapoptotic 

factors. Moreover. most of the TUNEL posHi\e apoptotic cells were not virus infected 
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and most of the v1rus infected cells \\ere not TUNl L postti\e (7hou ct al., 2007). Based 

on our preliminary results shO\\ mg that Bax was acti\ a ted and translocated to 

mitochondna b} MCMY infection. we hypothesi?ed that Bax-mediated mitochondrial 

pathway plays an important role in the cell death of unmfected retinal cells during 

MCMV retinitiS. 

In order to test this hypothesis. Bax knockout mice were bred and injected with 

MCMV \ia the supraciliary route. Although deletion of Bax did not affect virus 

replication in the retina, caspase 3-dcpendent apoptosis was decreased in Bax mice. 

MorcO\er, caspasc 3-independent apoptosis was also invohcd in cell death in the retina. 

llowe\ cr. E- R stress-mduced apoptos1s did not appear to be the main caspase 3-

indepcndent apoptottc pathway to induce more se\ere n:tinal disruption in Sax KO mice 

during MC \1\ rctmttis, becau ·e the lc\els of caspase 12 were not afTected by Bax 

delet1on. 

The curn:nt studies in our laboratory ha\C demonstrated the involvement of 

necroptosis (data not shown) during MCMY retinitis, \\hich is a programmed necrosis 

(Vandenabeclc ct al., 20 I 0). Upton et al. have shown that MCMV infection of 3T3-SA 

cells induces Rl P3-dependcnt but RIP !-independent necroptosis (upton et al., 20 I 0). 

Therefore it 1s qllltc poss1blc that the same process occurs during MCMY infection of the 

retma \\ c found that the e'\pression of cleaved Rl PI in Bax· · mice \\as greater than that 

in Ba:x CT m1cc after MCMV moculution, md1cating that RIP !-dependent necroptosis is 

responsible for the mcrcased number ofTlJ'\1( L poslll\e cells 111 the retina of Sax · m1ce 

after M( M\ mfectton. So, Sax plays dual roles 111 the cell death of uninfected retinal 

cells during MCMV retinitis. Bax activates caspase 3-depcndcnt apoptosis in uninfccted 
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retinal cells and also prc\ents uninfected cell from cell death by necroptosis during 

MCM\ retinitis. 

3/J. lm·estigale the mechanism\ by which il!/i!cted cells ew·ape .fi-lnn cell death during 

HC\.lV retinitis 

Another part of specific aim 3 was to address the mechanism by which infected cells 

escape from cell death. MCMY m38.5 has been reported to encode viral mitochondrial

locall.led inhibitor of apoptosis (vMIA) which pre\ents Bax-mediated apoptosis by 

interacting \\ ith Bax (Norris et at., 2008; Jurak ct at., 2008; A moult ct at., 2008; Manzur 

et at., 2009) Ma ct at., ha\e reported that \MIA strategically pos1tions itself to pre\ cnt 

the conformational changes Bax needs to undergo for its mitochondrial outer membrane 

insertion and oligomerization, e\ ents that invariably ll.!ad to the death of the cell (~1a et 

at., 2012). Human C}tomegalo\irus (IIC \1v) c\prcssc" the first exon of the LJL37 gene 

(ULJhl; Yu et at., 2003) encoding \MI \, whtch interacts with Bax and Bak, 

inacttvatmg the fus10n acti\ ity of both proteins and resulting mitochondrial fragmentation. 

Unlike I ICMY encoded \MIA, MCMY mJX.5 encoded \MIA selectively interacts with 

Bax, but not Bak, allowing Bak to regulate mttochondnal fusion leading to a normal 

rmtochondrial net\\Ork (Norris ct at., 2008) 

In order to imestigatc v.hcthcr MCM\ m38.5 protects\ tnts infected cells from cell 

death. 1( \1\ ~m38.5 ''as used. which lacks the m38 5 gene. MCM\' .lm38.5 

replicated less well in retina than wild type \1( \1\, and perhaps not surprismgly. 

decreased v1rus replication resulted in less sc,crc retinal dtsntptton during MCMY 

retinitis. IIO\\e\cr. m38.5 deletion did not affect the levels of Ba" in mitochondrial 
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fractton and clea\led caspase-3 in whole lysate, v .. hich 1s opposite to our hypothesis that 

MCMV ~m38.5 infection should result in higher mitochondrial-mediated apoptosis 

because protection from mitochondrial-mediated apoptos1s 1s removed by m38.5 deletion. 

These unexpected results suggest that there may be other apoptotic pathways, such as 

Bak, that play more important roles in regulating apoptosis during MCMV retinitis. 

Alternatively, the decreased apoptosis because of decreased virus replication counteracts 

the supposedly increased apoptosis by m38.5 deletion. 

Taken together, the studies tn speci fie aim 3 have shown that Bax is an important 

mediator of cell death of uninfected cells by a caspase 3-dependcnt pathway. ER stress

mediated apoptosis is not the reason more cell death 1s obsen.cd v .. hen Bax is deleted. 

ccroptos1s appears to be the mechanism by \\ hich unmfected retmal cells die when Bax 

1s deleted. On the other hand, MC\11V m38.5 protects mfccted cells from premature cell 

death by rccmiting Bax to mitochondria but pre\enting the conformational change 

ncccssal) for Bax activation during MCMV infection. 

In summary, we found that autophagy, Atg5, 111 particular, plays an important role 

during MCMV retinitis. Atg5 deficiency in ncstin-expressing cells causes the decreased 

capacity of clearance of \ irus in the retinas, which results in more apoptosis. Atg5 

dcfic1ency also leads to more inflammation \\hen the retinas arc infected with MCMY. 

The combmation of decreased clearance of\ tms and increased inflammation renders the 

ret mas susceptible to \ltCM\' infection. 'We will continue to im estigate \Vhether 

autophagy affects \ tral replication and how autoph.1gy regulates the immune response 

during M( MY retinitis. On the other hand. apoptosis 1s also \Cry important in the 

p;Hhogencsis of MCMV retinitis. Bax pla.>s a dual role during MCMY retinitis. Bax 
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actt\atcs caspasc 3-dcpcndent apoptosts but decreases caspase 3-indcpendent Rl PI

dependent nccroptotic pathway ofuninfected retinal cells during MCMV retinitis. 
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V. OVERALL U\1MARY 

The study focused on the role of apoptos1s and autophagy m the pathogenesis of 

MCMV retinitis after supraciliary inJection of MCMV K 181. Previous studies from our 

laboratory suggest that apoptosis of uninfected bystander neuronal cells appears to be an 

important component of the pathogenesis of IICMV retinitis, and during MCMY retinitis 

the majority of virus infected cells alive arc not apoptotic during MCMY retinitis. 

Whether I) mitochondrial-mediated apoptotic pathway, especially Bax is involved in 

uninfccted cells, and 2) how infected cells survive and escape from virus-induced death 

have not been addressed yet. Moreover, recent progress has highlighted the importance of 

autophagy during virus infection. Therefore. we hypothesized that both autophagy and 

apoptos1s pia} important roles, and that there 1s a functional relationship between them 

during MC\1V retmitis. 

Our first aim was to identify the funct1onal rc.!lationship between autophagy and 

apoptos1s during MCMV infection. We examined the levels of autophagy by performing 

EM, western blot and transfection of GFP-LCJ in RPE. MCMV infection increased the 

accumulation of LCJ-11 at day 2 and 3 p.i .. Treatment with rapamycin induced autophagy 

by blocking mTOR signaling pathway and reduced caspase 3-mediated apoptosis. 

llo\'.evcr, treatment with chloroquine did the oppos1te. suggesting that autophagy plays a 

C}toprotectJ\C role during MCMV infectton of RPC. The results of the studies that 

autophagy pre\ents caspase-dependent apoptos1s may also help to explain the paradoxical 

findmg that during MCMY infect1on in the mouse model of retinitis, MCMY infected 

cells do not undergo apoptosis. 
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Then the role of autophagy during MC\ItV retin1tis in dm was investigated using 

Atg5 110
' 

110
'; nestin-cre mice. Atg5 is essent1al for induction of autophagy and deletion of 

Atg5 in mice with nestm-cre expressiOn leads to impaired autophagy in nestin-exprcssmg 

cells The results demonstrated that Atg5110
' 

110
'; nestm-crc mice had similar pattern of 

virus infection as control mice because RPE and glial cells were the main targets for virus 

. r . . no, tlox . . fit . I . f 1n.ect1on 111 Atg5 ; nestm-cre m1ce a er mocu atlon o MCMV via supraciliary 

injection. The infiltration observed between RPE and outer nuclear layer, and even 

inward to \ itreous from inner nuclear layer 4 days p.i. in Atg5110
" 

110
'; nestin-cre mice 

indicates that autophagy may play an anti-inflammatory role during MCMV retinitis. 

Last!}. the role of apoptosis during MCMV retmitls in d1·o was also imestigatcd. 

Ba'\ KO m1ce \\ere used to detcm1ine \\hether the Sax-mediated mitochondrial apoptotic 

pathway is invoh ed m the mechanism by \\ h1ch unmfected cells undergo apoptosis 

during MCMV retinitis. The results ha\e shown that Bax \\Us activated by MCMV 

infectton. 1\lthough Bax is not required for viral replication. Bax deletion decreased 

caspase 3-dependent apoptosis and increased retinal damage during MCMV retinitis. We 

proposed that ER stress-mediated apoptosis might be another apoptotic pathway which is 

increased by Bax deletion and contribute to increased retinal damage. However, ER 

stress-mediated apoptosis was not increased by Bax delet1on. The results suggest that Bax 

is an important mediator of cell death of uninfected celb by caspase 3-dependent 

pathway. On the other hand. act1ve Ba'\ pre\ cnts cell death of uninfected cells by 

nccroptos1s. 

MCMV ~m38.5 \ irus \\as used in order to imest1gatc how virus infected cells m 

rctma escclpc from cell death during MCMV retinitis. The results have shown that m38.5 
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1s md1spcnsable for virus replication. MCMV m38.5 deletion leads to less \ 1rus 

replication and less severe retinitis as \veil. llowevcr, deletion of m38.5 did not affect the 

le\els of active Bax and cleaved caspase-3. The poss1ble reason is that decreased \irus 

replication by m38.5 deletion counteracts the supposedly increased apoptotic level by 

m38.5 deletion during MCMV retinitis. The severity of MCMV retinitis was accordingly 

decreased because of decreased viral replication when m38.5 was depleted. Another 

reason is that another apoptotic pathway such as Bak, still induces apoptosis and may 

play more important role in the apoptotic pathways during MCMV retinitis. 

Taken together, this study investigated the roles of autophagy and apoptosis in the 

pathogenesis of MCMV retinitis. In aim I, we studied the effect of MCMV infection on 

autophagy and the functional relatiOnship bet\\een autophagy and apoptosis during 

MCMV infection of RPE cells. In aim 2, we exammed the important role of autophagy in 

clearance of\ irus in the retinas and in protectiOn of retinal cell survival during MCMY 

retinitis b) comparing Atg5 control mice and Atg5 defieicient mice. In aim 3, we found 

that BtL\ 1s an important mediator to regulate cell death of unin fectcd cells during MCMY 

retinitis; MCMV gene m38.5 is important to protect infected cells from premature cell 

death during MCMV retinitis (Figure 40). llowcvcr whether Bak (Bcl-2 homologous 

antagonist !...iller). another proapoptotic protein localized in mithchondria, plays a similar 

role as Ba\. during MCYIV retinitis is not clear. We now arc breeding Bak- - mice to 

1mesugate the role ofBak during MCMV retm1t1s. 



Figure 40. chematic oHrvien of the result . 

MCMV infection in RPE cells initiates autophag} during the early time points of 

infectton but inhibits autophag) b) blocking the ruston of autophagosome with lysosome, 

or the degradation of autolysosome during the latc time pomts of infection. The 

cytoprotecttve role of autophag} is mediated by Atg5. Knockout of autophagy gene AtgS 

in the retina leads to an increase in apoptosis. Dunng MCMV infection of the retina, Bax 

is activated in uninfected cells. Activated Bax is then translocated to mitochondria to 

tnduce the activation of caspase 3, resulting in apoptosts. On the other hand, Bax might 

act as an inhibitor of the activation of RIP I, which interacts with RIP3 to induce 

programmed necrosis (necroptosis). In infected cells, MCMV gene m38.5 encodes v ira I 

mitochondrial-localized inhibitor of apoptosts (vMIA) to inhibit Bax-medtated 

mitochondrial apoptotic pathway. 
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