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were more viral antigen positive cells and immune inflammatory cells. There was earlier 

microscopic evidence of retinal infection and destruction in these mice. In addition, the 

titer of virus in the uninjected eye·was significantly increased in KOSTNF-infected mice 

on day 7 ·p.i. compared with KOSpC/, KOS6Prescue, or with KOS6P infected mice. 

These results suggest that overproduction of TNF-a by HSV -1 (KOSTNF) facilitates 

spread of virus infection in the eye through increased inflammation and TNF-a-mediated 

damage to retinal cells. 

INDEX WORDS: cytokine; brain; eye; herpesvirus; immunomodulator; suprachiasrpatic 

nucleus; TNF-a 
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CHAPTERl 

INTRODUCTION AND JITERATURE REVIEW 

1 
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A. STATEMENT OF PROBLEM AND SPECIFIC AIMS 

The overall goal of this study is to investigate the immunologic and virologic 

mechanisms of ocular virus infections, namely acute retinal necrosis (ARN). Acute 

retinal necrosis (ARN) is a potentially blinding disease caused by neurotropic members 

of the herpesvirus family (HSV -1, HSV -2, and VZV). ARN can. occur in 

immunocompetent human patients and is characterized by necrotizing retinitis, optic 

neuropathy, and retinal vasculitis. This project speCifically seeks to understand the role 

of immune effector cells, such as,macrophages, and the role of cytokines, such as tumor 

necrosis factor alpha (TNF-a), in limiting virus spread in the eyes and brain ofHSV-1 

infected BALB/c mice. We hypothesize that production of TNF-a in or near the 

suprachiasmatic nucleus (SCN) is important for limitation of virus spread and for sparing 

of the retina of the injected eye. To test this hypothesis, 3 specific aims were proposed: 

Specific Aim I: To determine the role of TNF-a in the eyes and brain of HSV -1 infected 

BALB/c mice by blocking TNF-a. 

Specific Aim II: To identify the cells in the SCN and in the uninjected eye that produce 

TNF-a. 

Specific Aim III: To construct a recombinant of HSV -1 that expresses TNF-a and test 

whether it affects virus spread in the eyes and brain of HSV -1 infected BALB/c mice. 
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150 kilobase pairs with a high G+C content (Aurelius et al, 1993; Lasky et al, 1984). 
' ! 

The HSV genome consists of two covalently lihked components, a L (long) and S (short) 

component, flanked by inverted repeats (Wadsworth et al, 1975). 

HSV replication 

HSV enters cells in three stages. The first .stage involves the attachment of virus 

to the host cell. The second stage involves the ~nteraction of viral envelope glycoproteins 

with cellular receptors. The third stage involv~s the fusion of the viral envelope with the 
! 

host cell plasma membrane. Fusion of the vinl.l envelope with the ·host cell plasma 

membrane promotes the subsequent release of; the capsid-tegumunt structure into the 

cytoplasm. Upon entry of the virus into the c~ll the capsid is transported to the nu~leus 
- . I· -

I 

where viral DNA is released. The viral protein, vhs, causes degradation of host mRNAs. 

Viral DNA transcription is stimulated by the ~iral tegument protein vp16, which is 

transported to the nucleus upon viral entry. Vfral DNA transcription is controlled by host 

r 

RNA polymerase II. The viral immediate ear~:Y (IE) or a genes are transcribed. Five of 
~ . . 

the six IE gene proteins act to regulate viral gene expression in the nucleus. 

Transcription of IE genes leads to the express~ on of early (E) or~ gene expression. 

These genes are involved in controlling the expression of proteins that replicate the viral 

DNA. Viral DNA synthesis stimulates the expression of late (L) or y genes (reviewed in 

Roizman and Knipe, 2001). 

The L proteins are ~nvolved in assemb~y of the viraJ capsid in the nucleus and in 

modifying the host cell membranes for virion:formation. The capsids subsequently bud 

through the nuclear membrane into the cytopl:asm and eventually exit the cell by cell lysis 



releasing the infectious virions into the extrace~lular space (reviewed in Roizman and 

Knipe, 2001). 

HSV pathogenesis 

The pathogenesis of human disease depends -on contact of the virus with-a 

susceptible individual. Primary infection with /HSV -1 is typically limited to the 
I . 
i 

oropharynx and/or conjun~tiva. Primary infection occurs when an individual comes in 
. - I . 

contact with another individual who is active!~ shedding virus. HSV -2, on the other 
! 

5 

hand, typically involves the genitalia and occuts primarily through sexual contact -with an 

i 
individual who is actively shedding virus (W~tley, 1996). Approximately 70-80% of the 

' - l 
I 

U.S. population is seropositive for HSV-1 anti~ody by the time they become adolescents 

(Whitley, 1996). The prevalence ofHSV-2 infection in the United States is much lower 
. ! - -

I 

at 22% among the general population (Schwartz et al, 2007). 

After primary infection virus replicates! at mucosal surfaces or abraded skin and 
l 
I 

gains access to sensory nerve endings that inn~rvate the mucosal ~urfaces (Whitley, 

1996). Virus is then transported from the axo~al nerve ending to the nerve cell body 

where latency is established. In the presence of specific stimuli including trauma, 

i 
immunosuppression, or stress, reactivation ocqurs and virus will be present 

! 

predominately at the site of initial infection appearing as skin vesicles or mucosal ulcers. 

Neuroinvasiveness a'!-d Neurovirulence of H$V 

A virus is considered neuroinvasive if it has the ability to invade the central 

nervous system (Stroop,-1994). A virus is con~idered neurovirulent if it is able to cause 
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any clinical manifestation of disease (Stroop, 1994). Neurovirulence is related to the 

propensity for HSV to invade and replicat~ in t~e nervous system which would then 
! 

result in profound disease with severe neurolog~cal manifestations. Alternatively, a 
. I 

i . . 
neuroninvasive virus can infect sensory gangl~~jwithout causing any neurological disease. 

The Eye and Ocular HSV infections 

The basic structure of the mammalian eye cons~sts of the cornea, lens, pupil, ciliary body, 

sclera, choroid, retina, and optic nerve (Fig. 1).! The eye can be divided into three main 

I . 
layers or tunics, the fibrous tunic, the vascular tpnic, and the nervous tunic (Moore and 

I 

Dalley, 1999; Nolte, 2002). The fibrous tunic i~ the outermost layer of the eye consisting 
. ! 

of the cornea and sclera (Fig. 1). The sclera co*sists of dense connective tissue filled 
i 
l 

with the protein-collagen to both protect the inner components of the eye and maintain its 
. I 

shape. The vascul~ tunic is the middle vasculcirized layer which is also called the uvea 
i 
I 

and which consists of the iris, ciliary body, andichoroid (Fig. 1). Posteriorly, the uvea is 
I 
i 
I 

sandwiched between the sclera and the retina a~ the densely pigmented choroid.
I 

Anteriorly, the uvea continues to form the bulk I of the ciliary body and the stroma of the 
! 

I 

iris. The choroid contains blood vessels that sJpply the retinal cells with necessary 
i· 

oxygen and remove the waste products of respi~ation. The choroid gives the inner eye a· 
. i . 

I 

dark color, which prevents disruptive reflectioris within the eye.' The nervous tunic or 
- I , 

I • 

i 
layer consists of the retina (Fig. 1 ). The retina ~s a thin layer of neural cells that line the 

! 

posterior segment of the eye. Functionally, the; retina converts light into electrical signals 
. I 

I 

the exit the optic nerve and continue to the braip. 
. . . I 

I 



7 

HSV is the most common infectious caJse of blindness in many developed 
I . 
i 

countries (Pavan-Langston, 1997) .. HSV is belibved to be the leading cause of infectious 
. I . . 

I 

blindness in the U.S., leading to approximately JSOO,OOO cases of herpetic ophthalmic 
i . . . 

. . . I • . 
diseases reported annually (Pavan-Langston, 1~97). HSV causes a wide range of ocular 

infections including herpetic epithelial keratitis! herpetic keratoconjunctivitis, herpetic 
. . I , 

stromal keratitis and herpetic retinitis (Whitley 11996). A majority of HSV ocular 

infections are caused by HSV-1, but HSV~2 ha$ beeh implicated as an etiologic agent of 

·j ' 
ocular infections as well (Pavan-Langston, 19917). Most infection of neonates occurs as a 

result of the acquisition ofHSV-2 primarily du~g passage through the birthcanal of an 

I 

.infected mother. In adults, ocular infections cabsed by HSV-2 are typically due to 
. . . I 

reactivated virus acquired at birth.(Liesegang, fOOl; Pavon-Langston, 1997). 

I 
Herpetic stromal keratitis (HSK) can often lead to blindness due to destruction of 

the cornea (Pavan-Langston, 1997). Diseas~s lch as HSK affect the anterior segment of 
, .. . . I . 

the eye. Diseases of the posterior segment, such as acute retinal necrosis, can lead to 

blindness due to destruction of the retina (DuJr and Blumenkrantz, 1991). . 



Figure 1. Illustration of the eye. The basic struhtures of the eye are the cornea, lens, 
. I 

pupil, ciliary body, sclera, choroid, retil, and optic nerve. The eye consists of 

three main layers or tunics, the fibrous tlic (sclera), the vascular tunic (choroid, 

iris), and the nervous tunic (retina). (lmte adapted from Williams et al., 1995). 
I 
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Acute retinal necrosis 

Acute retinal necrosis (ARN) was described initially in Japan in 1971 as 

Kirisawa' s uveitis (Urayama et. al, 1971 ). ~ is a potentially blinding disease that is 

characterized by necrotizing retinitis, optiC leuropathy, retinal arteritis, vitritis, and . 

retinal vasculitis (Fisher eta/, 1982, Sergott eta/, 1989; Duker and Blumenkrantz, 1991; 

Culbertson and Atherton, 1993). Fundoscowy reveals patches of peripheral retinal 

whitening, which are indicative of areas of jetinal necrosis (Duker and Blumenkrantz, 

1991). Left untreated, necrosis is rapid and spreads circumferentially (Culbertson and 

Atherton, 1993). 

·ARN typically affects patients between the ages of20 and 60 years of age, · 

although patients as young as nine years of lge and as old as 89 years of age have been 

described (Duker and Blumenkrantz, 199l)J Two thirds of ARN cases are unilateral, 

although involvement of the fellow eye has ~een described (Duker and Blumenkrantz, 

1991; Culbertson and Atherton, 1993). ARN occurs primarily in immunocompetent and 
. I . . 

otherwise healthy individuals (Lewis eta/, 1989; Duker eta/, 1990; Azazi eta/, 1991; 

Culbertson eta/, 1991; Ganatra eta/, 2000; Lee and Charles, 2000). 

Members of the human herpesvirus family such as HSV-1, HSV-2, as well as, 

I 
VZV have been implicated as causes of A.RiN (Lewis eta/, 1989; Duker eta/, 1990, 

Azazi et al, 1991; Culbertson et al, 1991; dratra et al,_)QOO, Lee and Charles, 2000). 

Although, cyto~egalovirus has been implicated in a few cases of ARN, it is a rare 

occurrence (Silverstein et al, 1997; Akpek lt al, 1999; Ganatra et al, 2000). 

The current treatment for a majority of cases of ARN is intravenous 

administration of acyclovir, a guanine analogue antiviral drug primarily used in the 

9 
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activities such as cell growth, cell death, indue !on of inflammation, and induction of the 
. - - . I . . . -. . . 

immune response (Chen and Goedde!, 2002: Hrrbein and O'Brien, 2000). 

TNF-a signaling initiates a cascade of intracellular events. Binding of the TNF 

trimer to the extracellular domain of TNFR 1 triggers the release of the inhibitory protein 

silencer of death domain (SODD) from the TNFR,l intracellular domain (lCD) (Chen and 

Goedde!, 2002). ICD is recognized by the T, receptor-associated death domain . 

(TRADD). TRADD recruits additional adapto[ proteins such as receptor-interacting 

protein, TNF-R-associated factor~ (TRAF-2), land Fas~associa~ de~th doniain (FADD) 

(Chen and-Goeddel, 2002). · Recrmtment of thre protems sets m monon many of the 

biological functions that are mediated by TNF-a. ·For example, the recruitment of 

caspase-8 to FADD initiates the protease casJde that inevitably leads to apoptosis (Chen 

and Goedde!, 2002). TRAF2 recruits cellular irhibitors ofapoptosis such as the protein 

cellular inhibitor of apoptosis-2 (Chen and Go~ddel, 2002). Protein kinase receptor

interacting protein (RIP) activittes additional Jy pathwaY-specific enzymes to the 

TNFR 1 complex where they initiate downstreL events leading to the transcription of 

NF-KB (Chen and Goedde!, 2002). The activjion ofNF-KB is vitally important in the 

induction ofthe infl~atory arm of TNF-a lnction. The induction of NF-KB sets in 

·motion the transcription of many proinflarnma!ory proteins involved in cell recruitment, 

migration,. and activation (Karin and Lin, 200,). . . . . · . 

TNF-a has been implicated in the pathogenesis of many autoimmune and . 

inflammatory diseases such as rheumatoid mJntis and uveoretinitis (Dick et al, 2004; 

. Robertson et al, 2003). Induction of TNF-a 1so induces upr~gulation of adhesion 

_molecules, such as vascular cell adhesion molecule-1 (VCAM-1) on vascular 



endothelium, thereby upregulating the infiltrafn Of inflammatory cells such as T 

lymphocytes and m~rophages (Dick et.al, 21.; Robe~son e~ al, 2003). It has been 

shown also that an tenor chamber (AC) tnoculatton of mtce wtth HSV -1 upregulates the 

production of TNF-a by retinal glial cells; and this cytokine may act as an 

immunom. odulator of the inflammatory responre to HSV (Drescher and Whittum-

Hudson, 1996). · 

· · Macrophages provid~ an important role in the limitation of HSV -1 spread in the 

12 

central nervous syste~. Macrophages are molnuclear phagocyti~ cells that exist 

. throughout the body (Ellermann-Eriksen, 200t. Macrophages originate in the bone 

marrow where promonocytes eventually give tse to monocytes, which enter the 

bloodstream (Van Furth and Cohn, 1968). Upr circulation through the bloodstream 

monocytes migrate to tissues in which they direrentiate into macrophages with 

characteristics of the tissue in question (Laskin et al, 2001). Macrophages are 

strittegically situated in different tissues ihrouJhoUt the body where they process foreign 

material (Laskin et al, 2001). Macrophages sfve as scavenger cells initiating the. 

mononuclear-phagocytic system engulfing cellular debris and invading microorganisms 
. . . .I . 

such as viruses and bacteria (Laskin et al, 2001). 

Macrophages play an important role in the host defense against HSV-L infection 

(Wu and Morahan, 1992). Both intrinsic and extrinsic viral defense mechanisms of 

macrophages have been described. Intrinsic altiviral activity is defined as the ability of 

macrophages to restrict virus replication in m1crophages per se and thus to serve as 

non permissive targets for virus replication (Baskin et al, J 997). Extrinsic antiviral 

activity is defined as the ability of macrophagls t6 influence extracellular virus and to 
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interfere with virus replication in surrounding permissive cells (Baskin et al, 1997). 

Activated macrophages can produce and releaje antiviral factors such as IFN-a/P and 

TNF-a (Chen et al, 1993; Chen et al, 1994; Clieng et al, 2000; Rossol-Voth et al, 1991). 

In addition to the direct antiviral abilities possLsed by macrophages, they also have the 

ability to phagocytose and process antigen to Jresent toT-lymphocytes. 

Polymorphonuclear leukocytes (PMN) are the primary phagocytic effector cells 

against bacterial and mycotic infections. The PMN leukocyte response is categorized as 

part of the innate or nonadaptive immune resplnse to viral infection (Carr et al, 2001). 

PMNs also have an antiviral function through be binding and internalization of virus 

particles (Ratcliffe eta/, 1988; Raz et al, 19931 Smith ·et al, 1986). PMNs can synthesize 

and release several cytokines, such as TNF-a and interleukin~12 (IL-12), that contribute· 

to the immune response against certain pathoglns(Scapini et al, 2000). It has been 

shown that neutrophils' play a significant role L controlling ·replication and spread of 

HSV-1 after corneal infection in BALB/c an~ fB.17 mice (Tumpey et al, 1996) .. PMNs 

can also mediate cytotoxic effects on HSV-infected cells through antibody dependent 

cellular cytotoxicity (ADCC) (Van Strijp et a/11989). Results from an acute retinal 

necrosis model of HSV -1 suggest that PMNs ray play a role in the pathogenesis of 

retinitis in BALB/c mice (Zheng. and Atherto], 2005). 

· The T-lymphocyte response to HSV i~ection involves both a specific response 

and cross-reactive response (Eberle et al, 1981). It has been shown that virus-specific 

cytotoxic T lymphocytes (CTL) generated in jitro or in vivo-recognize viral antigens on 

virus-infected cells in association with certain antigens coded for by the major 

histocompatibility complex (Zinkernagel et al, 1979). A role forT -lymphocytes has also 
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been shown in a model of ARN. ·Uniocular antrior chamber injection of HSV" 1 into 

athymic BALB/c mice or BALB/c mice depletld of both CD4+ and CD8+ T cells results 

in bilateral retinitis and infection of the optic nlrve and retina of both eyes (Atherton et 

al, 1989; Azumi and Atherton, 1994; WhittumfHudson et al, 1985; Whittum-iiudson and 

Pepose, 1987; Zierhut et al, 1992). ·These resu1 ts support the idea tpat T cells play a role· 

in the protection of the retina and CNS upon SV -1 infection of BALB/c mice. 

HSV-Induced Immunopathology 

Immune mechanisms play a very important role in clearance of the virus and 

protection of the host during virus infection, bt it is also evident that immune reactions 

against infected cells or viral antigens may cJse tissue damage (Doymaz and Rouse, 

1992). Immunopathological states result from many circumstances. For example, 

mouse neutrophils that infiltrate the eye during HSV infection are a source of three key 

molecules, IL-12, TNF-a, and iNOS, which liJely influence subsequent events that 

culminate in fulminallt herpetic stromal keratit (HSK) (Daheshia et al, 1998). The 

inflammatory disease caused by HSK Jeads to corneal scarring and neovascularization, 

permanent endothelial destruction with comei edema, and even secondary glaucoma and 

cataract (Kaufman, 1978). It has been shown r the rabbit that HSK usually takes the 

necrotizing form, which is a direct result of the inflammatory response caused by PMNs 

(Meyers-Elliott and Chitjian, 1981).It has beel shown that the severity of the disease can 

be suppressed if PMNs are depleted or compljment activity is inhibited (Meyers-Elliott 

and Chitjian, 1981 ). Further support for the Jea that immune cells can contribUte to 

pathology of HSK wits shown in HSV -1 infecled athymic inice giVen adoptive transfers . 



of HSV immune cells (Doymaz and Rouse, 19r2). Upon adoptive transfer of immune 

cells, which were later identified as T cells, HSV -1 infected. athymic mice developed 

severe HSK (Doymaz and Rouse, 1992)~ 
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In ARN, from a histopathological standpoint, there is retinal necrosis and chronic 

inflammatory cell infiltrati~n (Zheng and Atheron, 2005). While the syndrome was first 

described experimentally in rabbits by Von Szily, Whittum described that inoculation of 

the KOS strain of HSV -1 in the anterior chamtr of one eye of BALB/c mice induces 

characteristic-retinal changes, including a devlstating inflammatory reaction in the 

posterior segment ofthe uninoculated eye thatlresults in pan-necrosis of the retina 10-14 

days post inoculation (Von Szily, 1924; Whittlm et al, 1984). These experimental 

observations support the idea thai immune effLtor cells may be actively involved in the 

pathology observed in ARN. 

Mouse Model of ARN and Experimental Problem: 

. . . The pathway by which virus spreads ,d enters the retina to cause ARN in 

humans is not well understood. Three possible path':\fays by which virus spreads to the 

retina and cause disease are 1) hematogenous lpread, 2) direct anterior segment to 

posterior segment spread, and 3) trans-synaptJ spread through the CNS (Archin, 2002). 

The first route does not appear to be likely sinle it has. also been shown that viremia is 

absent, particularly in patients with disseminajed HSV infection who are also suffering 

from HSV retiititis (Margolis and Atherton, 1~96). The second route suggests that virus 

spreads from the anterior segment to the posterior segment of the eye. However, it has 
. . I . 

been shown clinically that patients with virus rfettion of the anterior segment are no 

more susceptible to the development of retinitis than virall y infected patients in the 
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general population (Margolis and Atherton, 1996). Based on these observations and what 

is known in an animal model of acute retinal nlcrosis it seems likely that the third 

I 
possibility, trans-synaptic spread through theGNS, is the most likely route. 

. In 1924, Von Szily showed that injectiln ofHSV in one eye of rabbits resulted in 

retinal necrosis in the uninoculated eye (Von ,zily, 1924). Whittum and colleagues 

reported that following uniocular AC inoculatirn of HSV -1 (KOS), euthymic BALB/c 

mice develop retinitis in the uninoculated eye 011ly (Whittum et al, 1984). In 1991, Vann 

and Atherton described the pathway by which rims spreads sequentially frOm· the AC . 

after inoculation with HSV -1 to eventually infect the optic nerve and retina of the 

uninoculated eye (Vann and Atherton, 1991).[~ contrast, following intravenous injection 

of HSV -1 mice do not develop retinitis or ocut infection (Anderson and Field, 1982). 

Following AC inoculation with ~SV-1, virus ~preads i~ neurons ~n a sequential fashion 

through the. CNS between synaptically connected nuclei (Margolis et al, 1989;·vann and 

Atherton, 1991; Whittum-Hudson and Peposej 1987). Vann and Atherton have shown 

(Fig. 2) that following AC inoculation ofeuthtmic BALB/c mice with HSV -1 strain, 

virus leaves the injected eye and travels via pfasympathetic nerve fibers of the . 

oculomotOr nerve which supply the iris and ci iary body to the ipsilateral ciliary ganglion 

and from there to the ipsilateral Edinger. West~~ hal nucleus (Vann and Atherton, 1991). 

Virus then travels from the ipsilateral Edinger Westphal nucleus (EW) to infect the 
. . 

ipsilateral suprachiasmatic nucleus (SCN) of the hypothalamus (Vann and Atherton, 

1991 ). Virus then travels from the ipsilateral Lprachiasmatic nucleus to infect the · 

contralateral suprachiasmatic nucleus (Vann ald Atherton, 1991). From the ipsilateral 

I 
SCN virus infects the optic nerve and retina of the uninjected eye (Vann and Atherton, 
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1991). Interestingly, even though virus is able to infect the contralateral SCN ofHSV-1 

KOS strain infected BALB/c mice, virus does not infect the ipsilateral optic nerve and 

retina of these mice (Vann and Atherton, 1991 ). ]n 1994, it was shown that T cell 

depletion resulted in increased virus titer and bilatal retinitis in BALB/c mice following 

uniocular AC inoculation with HSV-1 (KOS) .(Az mi and Atherton, 1994). Further 

studies suggested that the site ofT cell dependent protection is in or near the SCN in the 

hypothalamus of euthymic BALB/c mice (Matsu,ara and Atherton, 1997). Results of 

additional studies suggested that cytokine mediated protection may take place in or near 

· the SCN of the hypothalamus of euthymic BALBt mice (Archin and Atherton, 2002). 



Figure 2. Schematic of the pathway of HSV-1 ( OS) strain through the CNS following 

AC inoculation of BALB/c mice. · NumbLs in parenthesis denote the day at which 

a particular area becomes infected. Upln uniocular anterior chamber 

inoculation with HSV-1 (KOS) strain vijus infects the ciliary body (CB) by day 

one·post infection (p.i) and then infects the ipsilateral ciliary ganglia (CG) by day 

two p.i. Virus then travels via parasymJathetic nerve fibers of cranial nerve 111 

(lll) to infect the ipsilateral Edinger weLphal nucleus (EW) by day 3 p.i. The 

ipsilateral suprachiasmatic nucleus (SC~) is irifected by day 5 p.i. and 

contralateral SCN by day 7 p.i. From tl ipsilateral SCN virus gains access to 

the optic chiasm (OC) and irifects the o~tic nerve (ON) and retina of the 

contralateral eye. Interestingly, even thLgh virus infects the contralateral SCN, 

the ipsilateral optic nerve and retina is tared from virus irifection. The medial 

pretectal area (MPA) is infected by day J4-5 p.i. but does not appear to play a role 

in infection of the optic nerve and retina of either eye. 
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The overall goal of my project is to defile the interactions of virus and immune 

effector modulators in the area of the suprachia matic nuclei (SCN) of the hypothalamus. 

After inoculation of HSV -1 (KOS) into the AC If one eye, virus enters the optic nerve 

and retina of the contralateral eye by spreading from the ipsilateral SCN (Matsubara and 
- I - . 

Atherton, 1997; V ann and Atherton, 1991 }. Although virus infects the contralateral SCN 

in euthymic mice, it does not spread from there L the optic nerve and retina of the 

I 
injected eye (Azumi.and Atherton, 1994; Matsubara and Atherton~ 1997; Vann and 

Atherton, 1991). Together these results suggest that ifHSV-1 can be contained in the 

SCN, such containment would likely prevent viis infection of the retina of the 

uninjected eye (Azumi and Atherton, 1994; Mat~ubara and Atherton, 1997). My 

preliminary studies support the idea that produJon of tumor necrosis factor alpha (TNF

a), a proinflammatory cytokine, in the SCN isilportant for limitation of virus spread 

and possibly for sparing of the retina of the injJted eye (Fields et al, 2003). TNF-a is a 

cytokine produced by macrophages and T cells. Studies have shown that in vivo 

neutralization of TNF-a results in increased viruls replication in the trigeminal ganglion 

ofBALB/c mice (Kodukula et al, 1999). Other studies have shown that TNF-a directly 

decreases viral gene expression during HSV -1 ijfection in vivo (Shimeld et al, 1995). 

TNF-a has multiple functions in the immune response, such as containment of local 

• .c • d h" k" 1 . . . l h . d tn1ecttons, an t IS cyto 1ne a so participates 1n wot neuroprotecttve an 

neurodestructive processes in chronic and acute Lurodegenerative disorders (Fontaine et , 

al, 2002). 
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Hypothesis 

We hypothesize that production of TNF a in or near the SCN is required for 

limitation of virus spread and for sparing of the retina of the injected eye. To test this 

hypothesis, 3 specific aims were proposed: 

Specific Aim I: To determine the ·role of TNF- . in the eyes and brain of HSV- ~ infected 

BALB/c mice by blocking TNF-a. 

Specific Aim II: To identify the cells in the SCN and in the uninjected eye that produce 

TNF-a. 

Specific Aim III: To construct a recombinant of HSV -1 that expresses TNF-a and test 

whether it affects virus.spread in the eyes and bjain ofHSV-1 infected BALB/c mice. 

Rationale and Approach 

Acute retinal necrosis syndrome (ARN) is a potentially blinding disease that is 

characterized by necrotizing retinitis, optic neurlpathy, retinal arteritis, vitritis, and . 

retinal vasculitis (DUker et al, 1990; Culbertson Ld Atherton, 1993; Lewis et al, 1989). 

ARN CaJ"l be unilateral, involving one eye or bildteral, involving both e)'es (Culbertson 

and Atherton, 1993; Duker et al, 1990). ARN olcurs primarily in immunocompetent and 

otherwise healthy individuals of all ages (Culbetson et al, 1991; Duker et al, 1990; . 

Lewis et al, 1989) .. Several members of the hu,an herpesvirus family, including herpes 

simplex virus type 1 (HSV-1) and type 2 (HSV-2) as well as varicella-zoster virus 

(VZV), have been implicated as causes of ARN ~Azazi et al, 1991; Culbertson et al, 

1991; Duker et al, 1990; Ganatra et al, 2000; Leland Charles; 2000; Lewis et al; 1989). 

Neurotropic human herpesviruses persist in humL hosts by establishing late~t infection 
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in sensory neurons, and most cases of ARN probably result from virus reactivation 

(Culbertson and Atherton, 1993). 

In a mouse model of ARN, after inoculation ofHSV-1 (KOS) into the anterior 

chamber (AC) of one eye, virus enters the optic nerve and retina of the contralateral 

(uninoculated) eye by spreading from the supra~hiasmatic nucleus (SCN) ipsilateral to 

the side of injection (Matsubara and Atherton, lr97; Vann and Atherton, 1991). 

Although virus infects the SCN opposite the side of injection (contralateral), it does not 

spread from there to the optic nerve and retina J the injected eye in immunocompetent 

mice. 

· In contrast, following uniocular AC inocration ofT cell depleted BALB/c mice 

HSV -1 (KOS) also spreads from the contralateral SCN to the optic nerve and_retina of the 

. inoculated eye resulting in bilateral retinitiS (Azlmi and Atherton, 1994; Matsubara and 
l ' . . 

Atherton, 1997). Further studies suggested that r cell dependent protection takes place in 

or near the SCN in the hypothalamus-of euthymic BALB/c mice (Matsubara and 

Atherton, 1997). 

The interaction between virus and specific immunomodulators in patients with 

ARN is a complex process (Zheng and Atherton] 2005). The traffic of immune effe~tor 
cells and effector modalities, such as cytok:ines, ~lay both a protective and pathogenic 

role in the progression of ARN (Archin and AthJrton, 2002; Azumi and Atherton, 1998; · 

Zheng and Atherton, 2005). The immune respJse to HSV infection involves both innate 

and adaptive immune responses (Shimeld et al, 1995; Thomas and Rouse, 1997). A 

primary infection is normally associated with a vigorous host response, including 

infiltration of immune cells, cytokine production] and chemokine upregulation. The 
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innate response is characterized by infiltration of effector cells of the immune system 

such as macrophages, neutrophils, and naturallll~rcells(Wu and ~orahan, 1992). 

These effector cells have the capacity to producl cytokines, such as TNF-a:, and the ty~e 
1 interferons (Wu and Morahan, 1992). 

Many kinds of cells are capable ofprodring TNF-a such as T cells, · 

macrophages, astrocytes, and glial cells (Andersson et al, 2005; Kodukula et al, 1999; 

. I -
Lokensgard et al, 2001; Sebbag et al, 1997; Smyth and Johnstone, 2000; Zheng and 

Atherton, 2005). In vivo neutralization of TNFt results in increased virus replication in 

the trigeminal ganglion ofHSV-1 infected mice (Kodukula et al, 1999). Other studies 

have shown that TNF-a affects viral gene expression and replication in vitro during 

HSV-1 infection in Hep-2 cel~s (Feduchi et al, 1989). TNF-a has multiple functions in 

the immune response, such as containment ofllal infections, synergy with antiviral 

cytokines such as the interferons, and participation in both neuroprotective and 

neurodestructive processes in chronic and acute lneurodegenerative disorders (Chen et al, 

1993; Feduchi, et al, 1989; Fontaine et al, 2002; Minagawa et-al, 2004). TNF-a is a 

pleiotropic proinflammatory cytokine that has a ride range of biological activities such 

as initiation of the immune response and induction of cell death (Chen and Goedde!, 
I 

2002). TNF-a is a 26~kDa type II tran~membra~e glycoprotein, with a C terminus that is 

external to the cell and an intracellular cyt~plas+c domain (Ictriss and Naismith, 2000). 

The mature active form of TNF-a exists as 17-kba protein that is cleaved by rD:atrix 

metalloproteinase enzymes (Idriss and Naismith] 2000). TNF-ci. bas been implicated in 

the pathogenesis of many autoimmune and inflLatory diseases such as rheumatoid 

arthritis and uveoretinitis (Catrina et al, 2006; Rlbertsonet al, 2003). Induction ofTNF-
- - I 

I 

I 
1 
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a also induces upregulation of adhesion molecu]es, such as vascular cell adhesion 
. ,. ,. ' ' 

molecule (VCAM-1) on vascular endothelium, tpereby upregulating and promoting the 

infiltration of inflammatory cells such as neutro~hils and macrophages (Bacon et al, 

I 
1998; Paleolog et al, 1994; Robertson et al, 200:0). Although the physiological activity of 

. I 
TNF-a has been well described, the role it plays lin the development of ARN has not been 

defined. 

Results from studies using a mouse mod~l of ARN suggest that cytokines, such as 
I 

TNF-a, are active participants in the developmeht of HSV -1 retinitis (Zheng and 

Atherton, 2005). In contrast, TNF-a has also beln shown to ·play a proiective role in the 

eye and brain of HSV -1 infected BALB/c mice ~Fields et al, 2006; Minagawa et al, 

i 

. I 
2004). 

Thalidomide ( a-N-phthalimidoglutafimibe) is a psychoactive drug that readily 

·I . -

crosses the blood brain barrier (Lokensgard et al, 2000; Moreira et al, 1993). 
I 

Thalidomide has been used in the treatment of tbany disorders such as erythema nodosum 
. . . I - -

leprosum and Crohn's disease (Ginsburg et al, 2001; Sampaio et al, 1993). Thalidomide 
! 
l 

has been shown to effectively inhibit TNF-a prd>duction by enhancing the degradation of 
·r -

TNF-a mR~A and by selective inhibition of T~F-a produced by stimulated human 

monocytes (Moreira et al, 1993; Sampaio et al, 1991). 

Macrophages play a central role in antigen presentation. In addition to pr:oducing 

. I 
TNF-a, they produce a variety of other proinflahunatory chemokines and cytokines such 

. I 
as IFN a/~ (Cheng et al, 2000; Rossol-'Voth et ifl, 1991). Macrophages also play a role 

I 
• I 

in extrinsic resistance to HSV which is defined as the ability of these cells to influence 

I 
extracellular virus through suppression of virus !growth and selective lysing of HSV-
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I 

infected cells (Baskin et al, 1997; Benencia and!Courreges, 1999; Scieux, 1997). For 

example, peritoneal macrophages infected with fl-SV-2 inhibit viral replication when co

cultured with HSV-1 or HSV-2-infected Vero c~lls (Benencia and Courreges, 1999). 

Prior_to T cell arrival, macrophages are one of the primary defenses against infectious 
! . . 

agents and foreign substances (Kodukula et al, i 999; Shimeld et al, 1995). Macrophages 

are active participants in host resistance to HSV~ 1 infection because they have the 

i 
potential to produce chemokines which play a :rq.ajor role in the infiltration of 

I 
I 
I 

inflammatory cells (Johnson, 1964; Widmer et dl, 1993; Zisman et al, 1970). In an HSV-

1 chorioretinitis model it has been shown that p~ripheral blood macrophages as well as 

splenic macrophages participate in the immune mechanisms that lead to retinal 
I 

destruction (Berra et al, 1994). Liposome enca~sulated dichloromethylene-biphosphate 
i. 
: 

(L-ChMBP or clodronate liposomes) has been shown to effectively deplete macrophages 

I 

in vivo (Van Rooijen and Sanders, ~994). Injec~ion ofliposomes containing C}zMBP 

eliminates macrophages without affecting other ~mmunocompetent cells (Van Rooijen, 

! 
1989). In a model of HSK, the incidence and se:verity of stromal disease was decreased 

I 
. I 

in animals in which macrophages had been depl~ted by treatment with clodronate 

liposomes (Bauer et al, 2001). 

The purpose of these studies was to test ~he hypothesis that TNF-a and 

macrophages play a role in the pathogenesis of ~irus infection of the brain and eye · 

following uniocular AC inoculation of HSV -1 a~d to determin_e whether the expression of 

TNF-a by HSV -1 (KOS) strain would affect vi~s location and spread in the eyes and 

I . 
brain following uniocular AC inoculation of BA~B/c mice. 

I 
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CHAPT~R2 

MATERIALS AND METHODS 

25 



26 

Animals 

Adult female BALB/c mice 6-8 weeks old (Taconic, Germantown, NY) were used in all 

experiments. The mice were housed in accor~ance with National Institutes of Health 

guidelines. All study procedures conformed to the ARVO Statement for the Use of 
.I 

Animals in Ophthalmic and Vision Research and were approved by the Institutional 

Animal Care and Use Committee of the Medical College of Georgia. Mice were 

maintained on a 12-hour light-dark cycle and w~re given unrestricted access to food and 
! ' 
'I 

water. Mice were anesthetized with 0.5-0.7 mllkg of a mixture of 42.9 mg/ml ketamine, 
. : ~ 

8.57 mg/ml xylazine, and 1.43 mg/ml aceprom*ine before all experimental 

i 

manipulations. Each experimental group included a minimum of 5 mice and all 
I 

experiments were repeated at least once. 

Anterior Chamber (AC) Inoculation ofHSV·J (KOS) 

Mice were anesthetized and inoculated using th~ AC route. The right eye was proptosed, 
' 

aqueous hum~r was removed by paracentesis, ah'd 2f..Ll containing 2 x 104 PFU ofHSV-1 

' .r 

(KOS) was injected into the AC with a 30-gaug~ needle attached to a 100 f..Ll 

i 

microsyringe (Hamilton, Reno, NV). The inocqlum was prepared by diluting virus stock 
! 

in Dulbecco's·Modified Eagle Media (DMEM) [with antibiotics. Control mice were 
. I . . 

inoculated in the AC with 2f..Ll of DMEM with ~tibiotics without virus. 
. I 

! 
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I 
I Thalidomide Treatment 
i 

For TNF-a depletion; euthymic BALB/c mice ~ere injected intraperitoneally with 100 
' ' 

I 

mglkg of a-N-phthalimidoglutarimide (thalidod;ride, THAL), a TNF-a inhibitor (ICN 
. i 

! 

Biomedicals, Inc., Auro~a, Ohio), diluted in dir»ethylsulphoxide (DMSO) (Sigma-

Aldrich) and phosphate buffered saline (PBS) o~ days -1, 0, 1, 2, 3, 4, 5, 6, and 7. 

Control mice were injected intraperitoneally with DMSO (vehicle in which thalidomide 
' . 
I 

is diluted) and PBS on days -1, 0, 1, 2, 3, 4~ 5, 6, and 7. On day 0, mice in both groups 
. . 

were inoculated with 2 x 104 PFU ofHSV-1 (~OS) in the AC of one eye. Mice from the 

thalidomide treated group and from the control :group were sacrificed on day· 3-7 p.i. 

Macrophage Depletion 

For macr9phage depletion, experimental mice ~ere injected intravenously with 0.2 ml of 

dichloromethylene-biphosphate liposomes (ChMBP, dodronate) on days -1, 2, and 5, a 

regimen that has been shown to deplete macrophages in vivo (Van Rooijen and Sanders, 
. ~ 

1994). Control-mice were injected intravenous1y with 0.2 ml ofliposomes containing 

PBS on day -1, 2, and 5. On day 0, all mice w~re inoculated with 2 x 104 PFU ofHSV-1 
·, 

(KOS) in the AC of one eye. Macrophage dep~eted and control mice. were sacrificed 
. : 

daily beginning on day 2 p.i. and continuing th~ough day 7 p.i. 

Perfusions 

Mice were deeply anesthetized and perfused tr~nscardially with PBS for approximately 3 

minutes. After perfusion, the brain and both eyes were removed and immediately stored 
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Flow Cytometry for F4/80+ and Mac~ 1 + Cells in: M~crop~age Depleted Mice 

Single cell suspensions were prepared from the spleens of KOS infected mice, KOS 

infected mice treated with ~lodronate liposomes, ~OS infected mice treated. with PBS 

liposomes, and uninfected, untreated mice at different days post infection. Splenocytes 

were teased out with a 21 gauge bent needle into tPedia (i% PIS, DMEM) and filtered 

through a 70 Jlm nylon cell strainer (~D Falcon, Bedford, MA). Cells were suspended in 

Hank's balanced salt solution (Cellgro, Mediated), Herndon, VA) and centrifuged at 400 

x g, at 4°C for 5 minutes. The supernatant was rerp.oved and 2-3 ml of ACK lysing buffer 
I 

(Cambrex Bio Science, Walkersville, MD) was added to lyse red blood cells. Cells were 

1 -
then centrifuged and resuspended in PBS-contain~ng 0.5% FBS, 1mM EDTA, and 25mM 

HEPES (Cambrex Bio Science). The antibodies flTC anti-mouse F4/80 (Caltag 

Laboratories, Burlingame, CA) and FITC mouse ~D 11 b (Integrin UM chain, Mac-1 a 
i 

chain, BD PharMingen) were used to determine the extent of macrophage depletion. 
,, 

Flow cytometry of stained cell samples was performed (F ACSCalibur, Becton Dickinson, 
I 

Franklin Lakes, NJ) and the flow cytometry results were analyzed using Cellquest 

software (Becton Dickinson). 

RNA Isolation and RT -PCR for TNF -a-Expre~sion 

Brain tissue was homogenized in 1 ml of Trizol ~eagent (Invitrogen, Carlsbad, CA). The 

sample was vortexed and 200 Jll of chloroform added. The sample was incubated at 1 

room temperature for 10 minutes then centrifuged at 13,000 x g for 15 minutes at 4°C. 

The RNA conta~ning aqueous phase was collect~d, precipitated with an equal volume of 

isopropanol, and washed twice with 70% ethanol. RNA pellets were dissolved in 
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distilled water and the amount of RNA was quantified using a PerkinElmer MBA 2000 

Spectrometer (PerkinElmer, Wellesley, MA). One J..Lg of total RNA was reverse 

transcribed and eDNA amplified using the SuperScript Til One-Step RT-PCR System 

with Platinum® Taq DNA Polymerase (Invitrogen). The specific primers for ~-actin and 

for TNF-a were as follows: 

·~-actin: (S) 5'-TCCTTCGTTGCCGGTC<::;ACJ.\.-3', 

(A) 5'-CGTCTCCGGAGTCCATCACA-3' 

TNF-a: (S) 5'- TTCTGTCTACTGAACTTCGGGOTGATCGGTCC-3', 

(A) 5'-GTATGAGATAGCAAATCGGCTGACGGTGTGGG_-3' (Zheng and Atherton, 

2005).· 

Using a Perkin Elmer Cetus DNA Thermal Cycler (PerkinElmer, Wellesley, MA), DNA 

synthesis was done at 1 cycle at 50°C for 30 ini~utes. Denaturation was done for 1 cycle 

at 94°C for 2 minutes foll?wed by 40 cycles of the following: 94°C for 15 seconds, 55°C 

for 30 seconds, and 68°C for 1 minute. The products were separated by electrophoresis 

on a 1% agarose _gel and visualized under UV light. 

Plaque Assay for HSV -1 in Thalidomide and Macrophage Depleted Mice 

The brain and eyes were removed from HSV-1.infected mice treated with THAL or 

. clodronate, and from control mice. Frozen brain tissue was thawed slightly and placed in 

a rodent brain matrix (ASI Instruments, Warren, Ml) which had been chilled on ice. 

When each brain was thawed, coronal slices containing the SCN (Sidman et al, 1971) 

. were made using alcohol-steriiized disposable microtome blades (Accu-Edge blades, 

Sakura Finetek, Torrance, CA). Each section was divided in the midline, and the right 
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(ipsilateral) and left (contralateral) halves of each SCN-containing section were placed in 

separate sterile tubes and homogenized in 500 J..tl DMEM containing antibiotics. Each 

eye was homogenized in 500 J..tl DMEM containing antibiotics. For virus titration, each 

homogenate was serially diluted and plated on Vero cells (American Type Culture 

Collection, A TCC, Manassas, VA) that were 80% confluent. Adsorption of virus was 

carried out for 1 hour at 37°C in a C02 incubator. Following adsorption, the cells. were 

overlaid with a 1: 1 solution of 2X DMEM containing 10% serum and antibiotics and 1% 

low melt agarose (Life Technologies, Rockville, MD). After 5 days at 37°C, the cells 

were fixed with 10% buffered-formalin and stained with 0.13% crystal violet (Sigma). 

Plaques were counted, the titer of virus was calculated and analyzed for significant 

differences using Student's t-test, and the results were plotted using Delta Graph (Delta 

Point, Inc, Monterey, CA). p < 0.05 was considered to be statistically significant. 

Immunohistochemistry 

The uninoculated (contralateral) eye and .. brain of each mouse were removed, 

' 
snap-frozen, and embedded in Tissue-Tek O.C.'t Compound (Electron Microscopy 

Sciences, Hatfield, PA). Eight to ten J..tm sections were prepared on positively charged 

slides (Fisher Scientifi9, Pittsburgh, P A) using a: Microm HM505E Cryostat slicer 

,(EquipNet, Inc., Canton, MA). The frozen secti9ns of brains and uninoculated ·eyes were 

fixed with 4o/o paraformaldehyde~ washed in phdsphate buffered saline (PBS) and 

blocked with normal goat serum (Vector Laboratories, Burlingame, CA.) diluted in PBS 

for 1 hour. The sections were incubated with ral;>bit anti-HSV-1 polyclonal antibody 

(Accurate Chemicals, Westbury, NY). Sections 'were washed in PBS, incubated with a 
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biotinylated anti-rabbit IgG (Vector Laboratories), washed again and reacted with avidin-

bi.otin solution (Vector Laboratories). Diaminobenzidine (DAB, Sigma, St. Louis, MO) 

was used as the chromogen to obtain a final color reaction. The color reaction was 

intensified by adding 0.4% nickel chloride to the DAB solution. Sections were then 
i 
I 

counterstained with methyl green (Sigma), dehydrated in a graded ethanol series, cleared 

with xylenes, coverslipped, and examined micro:scopically for blue-stained virus positive 

cells. 

For detection of HSV -1 and TNF-a positive cells, frozen sections were fixed with 

4% paraformaldehyde. The sections were washtpd in PBS and blocked with normal goat 
I 

sef\lm (Vector laboratories, Burlingame, CA), b9vine serum albumin (Fisher Scientific, 

Fair Lawn, NJ), and Triton X-100 (Sigma) for 30 minutes. Sections were incubated with 

FITC conjugated HSV-1 specific polyclonal antibody (DAKO, Carpinteria, CA), washed 

with PBS and mounted with VectorShield containing DAPI (Vector Laboratories). 

Sections were incubated with FITC conjugated anti-mouse CD 11 b (lntegrin UM chain, 

Mac-1 a chain, BD PharMingen) to detect Mac-1 cells. To detect TNF-a, the hybridoma 

XT-311 producing anti-mouse TNF-a antibody was generously provided by Dr. Gary 

Klimpel, (University of Texas Medical Branch, Galveston,TX). The antibody was 

purified·from culture medium of the hybridomausing ammonium sulfate precipitation 

and then biotinylated with Sulfo-NHS-LC-Biotii;l (Pierce, Rockford, IL) according to the · 

manufacturer's instructions. Sections were then: incubated with the biotinylated anti-

mouse TNF-a antibody, washed and reacted with Fluorescein A vi din D (Vector 

Laboratories). Sections were washed with PBS ~nd mou_nted with VectorShield 

containing DAPI (Vector Laboratories). To detect F4/80 cells, the hybridoma for F4/80 
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(anti-mouse macrophage) was obtained from the ATCC. The antibody was purified from 

culture medium of the hybridoma using ammonium sulfate precipitation and then 

biotinylated with Sulfo-NHS-LC-Biotin (Pierce) according to the manufacturer's 

instructions. Sections were then incubated with the biotinylated anti-mouse F4/80 

antibody, washed and reacted with Fluorescein Avidin D (Vector Laboratories). Sections 

were washed with PB-S and mounted with VectorShield containing DAPI (Vect9r 

Laboratories). Slides were examined using a Ni:kon Labophotfluorescence microscope 
' -
I 

I 

(Nikon, Melville, NY) connected to a computer :equipped with a SPOT camera and SPOT 

Advanced software (Diagnostic Instruments, Inc., Sterling Heights, Ml). 

Recombinant Viruses 

HSV-1 (KOS6/.?), constructed by insertion of a ~assette containing the early ICP6 

promoter regulating th~ expression of p.galacto~idase i~to the KOS strain of HSV -1 (a 

gift of David A. Leib, PhD, Washington University School of Medicine, St. Louis, MO), 

was used as the parental strain in studies using iecombinimt viruses (Davida et al, 2002). 
! 

HSV -1 (KOS) wild type (wt), without insertion :of p.galactosidase, was also used in some 

I 

studies. Stocks of all viruses used in this study ~ere propagated on Vero cells (ATCC, 
i 
I 

Manassas, VA) grown in complete Dulbecco's ~odified Eagle's medium (DMEM) 

! 

containing 5% fetal bovine serum (FBS) and anfibiotics. The titer of virus stocks was 

determined by standard plaque assay on Vero c~lls and titers were expressed as plaque-
[ 

forming units (PFU) per milliliter. Stocks were: stored at -80°C in 0.5 ml aliquots, and a 

fresh aFquot of stock virus was ~hawed and use1 for each experiment. The titers of virus 

stocks used in these· studies were 2.20 x 108 PFU/ml (KOS6/3), 2.75 x 108 PFU/ml 
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I 

. (KOSTNF), 4.04 x 108 PFU/ml (KOSpCJ), 2.02 108 PFU/ml (KOS6prescue), and 9.3 x 

108 PFU/ml (KOS wild type). 

Plasmids 

pMuTNF, a plasmid that contains. a 1.1 Kb sequ~nce for mouse TNF-a (American Type 
I 

l 

Culture Collection, ATCC, Manassas, VA), was! used in these studies. ·The mouse 
I 
I 

TNF-a DNA was excised from pMuTNF by EcbR1 restriction digestion and purified. 

The gene for TNF-a was then ·cloned into the p(j:I mammalian expression vector 
. . I . 

(Proinega, Madison, WI). This vector contains the human cytomegalovirus (CMV) major 

immediate-early gene enhancer/promoter regionl. The mouse TNF-a DNA was cloned .. 

into the pCI vector at the EcoRl site to generate! the expression vector, pCIITNF-a. In 

this vector, the mouse TNF-a gene is located do~nstream of the CMV major immediate-
[ 

i 

early gene enhancer/promoter region. The pUiq plasmid contains a unique BgliT site in 
I 

the intergenic region between the UL49 and UL~O genes of HSV -1 (Davida et al,-2002). · 
! 

i 

The CMV IE promoter::TNF-a cassette was d~g~sted with BamHI and BgliT and ligated 

i . 
into pUIC at the BgliT site to create pUIC/TNF-lf. The pUIC/lacZ plasmid contains an 

·' 

i 
ICP6 prom:oter::lacZ cassette at the unique Bgl~ site in the intergenic region between the 

I 

UlA9 and UL50 gene of HSV -J (KOS) (DaVidol et al, 2002). 
I 

.Generation of HSV-1 (KOSTNF) 

Recombinant viruses were generated from HSV11 (KOS6fJ). HSV-1 (KOS6fJ) was 
. . i . 

propagated on Vero cells. KOS6Pvirions were (solated by centrifugation and DNA was 

\ i 

extracted from purified virions. ·pUI(::/TNF-aDNA was amplified by transforming E. 
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l 
I 

coli HB101 cells (Promega) and plasmid DNA.fas extracted and purified using the 
! 
I 

Invitrogen S .N .A.P. Midi prep kit (Invitrogen, C~rlsbad, CA). An isolate containing the 
i 
i 

TNF-a gene was selected, grown in large cultur~, and purified using the Invitrogen 
I 

. i 
S.N.A.P. Midiprep kit (Invitrogen). pUIC/TNF-!a plasmid DNA was extracted and 

i 
I 

purified using the Invitrogen S.N.A.P Midiprep lrit (Invitrogen) and digested with Fspl 
I 

(New England Biolabs, B~verly, MA). BHK-211 (hamster; kidney) cells (ATCC).were · 
' I 
l . 

cotransfected with KOS6fi and digested plasmi<;l DNA using a lipophilic transfection 
I 

) 

agent, Lipofectamine 2000 (Invitrogen). To sc~een for recombinants, tra~sfected cell 
I . . . 

l 
supernatants were incubated with complete D~M containing 5% fetal bovine serum, 

. I 
I 

antibiotics, 1% agarose, and 250 f.Lg/ml fi-galactbsidase (fi-gal) chromogenic substrate, X-
. I . 

. I 

GAL (5-bromo-4-chloro-3-indolyl-fi-n-galactopyranoside) (Promega) at 37.°C in 5% C02 
• . ·! . I 

for several days on cultured Vero cells. Clear plaques (indicative of recombinant viruses) 
. ! 

' i 

were selected and virus was plaque purified by tpree passages through cell culture before 
i 
i 

growing to high titer. Recombinants were then *ssayed for the presence of the TNF-a 
l . . 

insert by PCR and for production of TNF-a by ~LISA. 
I 
i 

! 
I 
I 
I 

Generation of HSV -1 (KOSpCI) 1 

A 1344 bp fragment ofpCI plasmid DNA alonej containing the CMV major immediate-

. . I . 
early gene enhancer/promoter region and multiple cloning region without TNF-a DNA, 

was amplified in HB101 cells by the process desfribed above. BHK-21 cells were then 

cotransfected with HSV -1 (KOS6/3) and Fspl-digested DNA. Recombinants were 

screened and purified using the procedures desc1bed in the previous s~ction .. 



Generation of HSV -1 (KOS6prescue) ! 

- I 
Recombinant virus was generated from HSV-1 (KOSTNF). HSV-1 (KOSTNF) was 

propagated on Vero cells. KOSTNF virions wet isolated by centrifugation and DNA 
I 
i 

was extracted from purified virions. pUIC/lacZjDNA, (a gift ~f_David A. Leib, PhD, 

. I 
Washington University School of Medicine, St. jLouis, MO), was amplified by 

. I 
transforming E. coli HB101 cells (Promega) anq plasmid DNA was extracted and 

I 
. I . 
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purified using the Invitrogen S.N.A.P. Midipre1 kit (Invitrogen, Carlsbad, CA). BHK-21 

(hamster; kidney) cells (ATCC) were cotransfected with KOSTNF and digested plasmid 

DNA using a lipophilic transfection agent, LipJectamine 2000 (Invitrogen). To screen 
- . I -

.for recombinants, transfected cell supernatants '1vere incubated with complete DMEM 
l 

containing 5% fetal bovine serum, antibiotics, 1:% agarose, and 250 f.!g/ml P- -

galactosidase (/3-gal) chromogenic substrate, X -bAL ( 5-bromo-4-chloro-3-indolyl-p.o
! 
I 

galactopyranoside) (Promega) at 37°C in 5% C?2 on cultured Vero cells. Blue plaques _ 

(indicative of recombinant rescue virus) were sdlected and virus was plaque purified by 

I 
three passages through cell culture prior to prep~ation of stock virus. Recombinant 

I 
i 

HSV-1 (KOS6firescue) ·was then assayed forth~ presence of the lacZ gene insert by PCR 

and for production of TNF-a by ELISA. 

I 

PCR for TNF-a, lacZ, and'VP16 Exp~ession in Recombinant Viruses 

PCR was used to genotype the HSV-1 (KOSTNf) recombinant virus. Primers were 

designed from publicly available Genbank sequences to ensure specificity of the primers 

for the gene of interest. Samples were mixed with 100 pmol of primers specific for 

mouse TNF-a DNA: 



I 

i 
(S) 5'- TCCAGAACATCCTGGAAATAGCTC~3', 

I . . I 

i 
(A) 5' -AGAGGCCCACAGTCCAGGTCACTG-3'. 

I 

; 
Standard primers specific for lacZ DNA were u~ed: 

(S) 5' -GATGCGC~CATCT ACACCAACGTGi3', 
! 

l 
(A). 5' -CAGCGCGGATCATCGGTCAGACG~-3'. 

Standard primers specific for HSV-1 VP16 genJ were also used: 
I 
I 

(S) 5'~CGGTACCTGCGCGCCAGCGTC-3', ~ 
I 

(A) 5'-CAGCGGGAGGTTAAGGTGCTC-.3'. ! 

PCR was done using the PCR Reagent Syste~ Cilnvitrogen) and a Biometra T3000 
' I 

i 

Thermocycler (Biometra, Goettingen, Germany). The PCR reaction was performed 
I • . • 

• I 

i 
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according to the manufacturer's PCR protocol (Jnvitrogen) with 35 cycles at 94°C for 45 
i 
i 
I 

seconds, 55°C for 30 seconds, and 72°C for 90 seconds. After 35 cycles, the reaction 
. . I . . . . 

was maintained at 72°C for an additional90 secpnds. The products were separated by 
. . I 

electrophoresis on a 1% agarose gel and visuali*ed under UV light. 
i 

. I 
! 

i 
I 
I 

Production of TNF -a in Cultured Cells i 
i 

Vero (African green monkey; kidney) cells and!SH-SY5Y (human; brain 

. . . 

[neuroblastoma]) cells (ATCC) were infected W;ith HSV-1 (KOSTNF), HSV-1 (KOS6{J), 
I. 

i 
HSV-1 (KOSpC[), HSV-1 (KOS6f3rescue) or ~SV-1 (KOS wild type) at a multiplicity of 

i 
: 

infection (MOl) of 5/PFU·per cell and incubate~ at 37°C in 5% C02 for 1 hour to allow 

virus to attach. Plates were then washed with P~S to remove any unattached virus, 
I 

. overlaid with 2 ml DMEM containing 5% FBS ~nd antibiotics, and incubated at 37°C in 

5% COz. ·At 0, 2, 4, 6, 12, and 24 hours after i~fection, cell supernatants were collected 
. ! . 
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I 
. I . 

and stored at -80°C. The samples were thawed ~nd centrifuged at 300 x g, at 4°C, for 15 
I 

min. The protein concentration 'Yas determined ;and normalized using BIO-RAD protein 

assay (BIO-RAD.Laboratories, Hercules, CA). The supernatants were then assayed for 
. ! . 

i 

TNF-a using Quantikine Mouse TNF-a ELISA ~t (R&D Systems Inc., Minneapolis, 

i 

MN) .. The results were read by microplate read¢r (AT 400; SLT, Hillsborough, NC) set . 
. I 

to 450 nm and analyzed using the Delta soft platb reader software (DeltaSoft, Princeton, 

. i 

NJ). Uninfected cell supernatant was used as th~ negative control. The results were 
I 

plotted graphically (Deltagraph 5.0; Rockware, -~nc., Golden, CO). 

I 
I 

In Vitro Single-Cycle Growth Kinetics of Virrlses 
. I 

Cell culture dishes (35 mm) were seeded with 2L 106 Vero cells or with 2 x 106 SH~ 
i 

. I 

SY5Y cells/dish and incubated overnight at 37oq: in 5% C02. Cells were then infected 

I 
with HSV-1 (KOS6f3rescue), HSV-1 (KOS6/3), HSV-1 (KOSpCI), and HSV-1 

I . 
(KOSTNF) at an MOl of 5 PFU/cell and incubated at 37°C in 5% C02 for one hour to 

. . I 

I 

allow virus to attach. Plates were then washed ~ith PBS to remove any unattached virus, 
. I . . I . 

overlaid with 2 ml DMEM containing 5% FBS ~nd antibiotics, and incubated at 37°C in 
! 

5% C02. Samples· were collected at 0, 2, 4, 6, 1~, and 24 hours post infection and stored 
. I 

at -80°C. Samples were then freeze-thawed three times and centrifuged at 300 ·x g. The . 

titer of virus in the supernatants was determined tby plaque assay on duplicate cultures of 

Vero cells. 



In Vivo TNF -a Production 

The uninjected eye from mice infected with HSV-1 (KOS6fJ), HSV -1 (KOSTNF), and 

HSV -1 (KOSpCI) was removed and homogeniz~d in 500 Jll DMEM containing 

antibiotics. The samples were then centrifuged at 300 x g,·at 4°C, for 15 min. The 
I 

I 
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protein concentration of the supernatant was determined and normalized using BIO-RAD 

protein assay (BIO-RAD). The supernatant was fhen assayed for TNF-a using 

Quantikine Mouse TNF-a ELISA kit (R&D Sys~ems Inc). The results were read by 

I 

microplate reader (AT 400; SLT) set to 450 nm ~nd analyzed using the Delta soft plate 

reader software (DeltaSoft). The results were pl~tted graphically using Deltagraph 5.0 
I 

(Rockware, Inc.). 

Biological Activity of TNF -a in Cultured Cells 

Cytotoxic activity of the recombinant TNF-a was assayed using WEHI-13VAR (mouse 

fibrosarcoma) cells (ATCC). The cells were gro~n in RPMI 1640 medium (ATCC) 

containing 10% FBS and 1% antibiotics-antimycotics (GIBCO). The cells were seeded 

in a 96-microwell plate at 2 x 104 cells per well ih 0.1 ml RPMI medium, containing 3% 

FBS and 1 Jlg/ml actinomycin D (Sigm~). Reco~binant TNF-a was concentrated from 

HSV -1 (KOS TN F) infected Vero cell supernatants using the Centricon Plus-70 

centrifugal filter device (Millipore, Bedford, MA) and.quantified u~ing ELISA. Tenfold 

dilutions of recombinant TNF-a from HSV -1 (KbSTNF) and recombinant mouse TNF-a 

(R&D Systems Inc.) were made in RPMI 1640 medium and 0.1 ml of the dilutions were 

added to WEHI cells (in triplicate). Afte~ 6 h incubation, cytotoxicity was d~termined 

using the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega). The absorbance 
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was recorded· at 490 nm using a microplate reader and the Delta Soft plate reader 
. . j . 

software (Deltasoft). 

Anterior Chamber (AC) Inoculation of Reco~binant Viruses 

I 

Mice were anesthetized and inoculated through t~e AC route. The right eye was 

proptosed, aqueous humor was removed by parabentesis, and 2f..Ll containing 2 x 104 PFU 
i 
'[ 

ofHSV-1, (KOS6fJ), HSV-1 (KOSTNF), HSV-1 :(KOS6f3rescue), or HSV-1 (KOSpCI) 
I • 

: 
was injected into the AC with a 30-gauge needle! attached tq a 100 f..Ll microsyringe 

. . I 

i 

(Hamilton, Reno, NV). The inoculum was prepared by diluting virus stock in DMEM 

with antibiotics. 
I . 
I 

I 

. . . t 
Plaque Assay for HSV-1 in KOS6p, KOSTNF~ KOSpCI, and KOS6prescue Infected 

. . J 
I • 

Mice j 

. I 

The brain and eyes from mice infected with HS~-1 (KOS6fJ), HSV-1 (KOSTNF), HSV-1 

. I 

(KOS6f3rescue), and HSV-1 (KOSpCI) were removed artd one millimeter coronal slices 
. I 

I 
'I 

were prepared from the brain using a brain matrif (ASI Instruments, Inc., Houston, TX). 

Slices containing the SCN were collected. and hobogenized in 500 f..Ll of DMEM 
I . 

containing antibiotics. In addition, each eye was;/ homogenized in 500 f..Ll of DMEM 

containing antibiotics. Each homogenate was se~ially diluted and plated on Vero cells 
. ! 

I 
I 

(ATCC) that were 80% confluent. Attachment of virus was carried out for 1 hour at 
I 

.I 
I 

37°C in a C02 incubator. After 1 hour, the cells rere washed to remove any unattached. 

virus and overlaid with a 1: 1 solution of 2X DM:t:M (containing 10% serum and 
I 

i 

antiqiotics) and 1% low melt agarose (Life Techrtologies, Rockville, MD). After 5 days 
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at 37°C, the cells were fixed with 10% buffered-formalin and stained with 0.13% crystal 
I 

violet (Sigma). Plaques were counted, the titer Jf virus Wl)S calculated and analyzed for 
. . . I 

I 

significant differences using-Student's t-test, and the results were plotted using Delta 

. I . 

Graph (Delta Point, Inc, Monterey, CA). p < 0.05 was considered to be statistically 

significant. 

Hematoxylin and Eosin Staining of the Contralateral eye of KOS6p, KOSTNF, 

KOSpCI, and KOS6prescue Infected ·Mice 

Frozen sections were fixed with acetone, air dried and placed in hematoxylin for 2 min. 
. ·I . 
Sections were washed in water, placed in 0.5% iCl in 70% EtOH, washed again in 

water, and stained with eosin for 30 seconds. Sections were then washed in water, 

I 

dehydrated in a graded ethanol series, cleared with xylene, coverslipped, and examined 

microscopically. 

. . I . . 

Flow Cytometry of Mac-1+ and Gr-1+ cells in ·KOS6p, KOSTNF, KOSpCI, and, 

KOS6Prescue Infected Mice 
. . 

Single cell suspensions were prepared from the eyes of HSV- i (KOSTNF), HSV -1 
. I 

(KOSpCI), and HSV-1 (KOS6jJ) infected mice lt different days post infection. 

Enucleated whole eyes were incubated with colllagenase IV for 60 min. at 37°C in a C02 

.· . I . 

incubator. After incubation, cells were removed by pressing the digested eye through a 
. I ·. . 

. j 

70 J..Lm nylon cell strainer (BD Falcon, Bedford, MA). Cells were suspended in Hank's 

balanced salt solution (Cellgro, Mediatech, Hejdon, VA), centrifuged at 400 ><gat 4°C 

for 5 minutes, and resuspended in PBS containi{g 0.5% FBS, hnM EDTA, and 25mM 

! 

I 

I 
I 
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HEPES. FITC anti-mouse CD11b (lntegrin aM chain, Mac-1 a chain) (Pharmingen) and 

FITC anti-mouse Ly-6G and Ly6C (Gr-1) (RB618C5) (Pharmiugeu) antibodies . 

recognizing macrophages and neutrophils, respeltively, Were used to determine the extent 

of ceilular infiltration. Flow cytometry of staint cell samples was perf~rmed . 

(FACSCalibur, Becton, Dickinson, Franklin LaMes, NJ) and the flow cytometry results 

·were analyzed using Cellquest software (Bectonl Dickinson, Franklin Lakes, NJ). 

DNA: Microarray 

The contralateral eye of 5 mice infected with 2~1 04 PFU of HSV -1 (KOS TN F), HSV -1 

(KOSpCI), or HSV -1 (KOS6f3) were removed, nooled, and total RNA was isolated using 

Trizo1 Reagent{Invitrogen). The samples were rortexed and200 J.1l of chloroform 

added. The samples were incubated at room temperature for 10 minutes then centrifuged 

at 13,000 x g for 15 minutes at 4°C. RNA con~1ned in the aqueous phase was collected, 
. ·I . . . . 

precipitated with an equal volume of isopropanol, washed twice with 70% ethanol and 
. j 

dissolved in distilled water. .! 

i ' 
I 
I • 

T7-based RNA amplification. Five J.Lg of total RNA was converted into double-stranded 
! 

I 

eDNA ( ds-cDNA) using the Superscript Choice :system (Gibco BRL) with an oligo-dT 
! ' 

'primer containing a T7 RNA polymerase promoter (Geneset, Evry, France). After 

second-str~nd synthesis, the reaction mixture w~s extracted with pheno-chloroform-

isoamyl alcohol, and ds-cDNA was recovered by ethanol precipitation. 
I 

Labeling, hybridization, and scannif!,g. In-vitro ,transcription was performed on the above 

. ds-cDNA using the Enzo RNA transcript Labeli~g Kit (Enzo Bioarray, Valencia, CA,. 

USA). Biotin-hibeled cRNA was purified using; an RNeasy affinity cohimn (Qiagen, 
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Valencia, CA, USA) and fragmented randomly fo sizes ranging from 35 to 200 bases by 

incubation in 40 mM tris-acetate pH 8.1, 100 mM potassium acetate, and 30 mM 
! 

magnesium acetate at 94 oc for 35 min. The hy~ridization solution cont~ined herring 
! 

sperm DNA and 0.5 mg/ml acetylated bovine s~rum albumin (BSA) (Invitrogen, 

Carlsbad, CA, USA) in buffer containing 100 mM 2-[N-Morpholino] etanesulfonic acid 
• I 

! 

(MES), 1.0 M NaCl, 20 mM EDTA and 0.01% t~een 20. Target was hybridized for l6 
I 

h at 45°C to a set of oligonucleotide arrays (GeJechip~ouse Genome 430 2.0 Array, 

Affymetrix, Santa Clara, CA). Arrays were the~· stained with strepavidin-phycoerythrin 

(MolecularProbes, Inc. Eugene, OR, USA) at 25°C. DNA chips were read at a resolution 

of 3J..Lm with a Affymetrix GeneChip Scanner 3900 (Affymetrix) and analyzed with the 
I 
i 

Affymetrix Genotyping Console Software Version 1.0 ·(Affymetrix). Genes with a least a 
'I 

2 fold increase or decrease in expression were· cbnsidered significant. 
I 

·, 

PCR for Neutrophil Gelatiitase Associated Lipocalin (NGAL) and Matrix 
I 

Metalloproteinase (MMP-9) 

Eye samples were homogenized in 1 ml of Trizol Reagent (Invitrogen, Carlsbad, CA): 
., 

The sample was vortexed and 200 J..Ll of chlorof?rm added. The sample was incubated at · 

room temperature for 10 minutes then centrifug¢d at 13,000 x g for 15 ininutes at 4°C. 
I 

RNA contained in the upper aqueous phase was; collected, precipitated with an equal 

volume of isopropanol, and washed twice with 70% EtOH. RNA pellets were dissolved 
.: 

in distilled water and quantified using a Perkin~lmer MBA 2000 Spectrometer 

(PerkinElmer). To verify microarray data, primers were designed from publicly available 

Genbank sequences to ensure specificity of genes of interest. Samples were mixed with 



_ 100 pmol of primers specific for mouse NGAL (lipocalin 2) DNA (S) 5'

CACCACGGACT ACAACCAOTTCGC-3', (A)l 5'

TCAGTTGTCAATGCATTGGTCGGTG-3' an~ mouse MMP-9DNA (S) 5'-
, 

. ·: 
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CGACGACGACGAGTTGTG-3', (A) 5'-CTG1GGTGCAGGCCGAATAG-3' (Mishra 

et al, 2004 for NGAL sequence). 

Total RNA (1J..Lg) was. reverse transcribed and cPNA amplified using the SuperScript III 
l 

.i 

One-Step RT -:PCR System with Platinum® Taq[ DNA Polymerase (Invitrogen). The 

i 

process was done in a Per:Jpn Elmer Cetus DNAj Thermal Cycler. _DNA synthesis was 

done at 1 cycle at 50°C for 30 minutes. Denaturation was done for 1 cycle at 94 oc for 2 
. I 

minutes followed by 40 cycles-ofthe following:.! 94°C for 15 seconds, 55°C for 30 
i 

-. . .I -

seconds, 68°C for 1- minute. The products were.! separated by elecrophoresis on a 1% 
j -
J . 

agarose gel and visualized under UV light. · :I 

·I 

1 
I 

Immunofluorescence for NGAL :[ 
l 

Frozen sections were fixed with 4% paraformal~ehyde. The_sections were washed in 
I 

• I 

PBS and were blocked with normal goat serum ;(Vector laboratories, Burlingame, CA). 
I-
I 

Sections were incubated with anti-neutrophil g~latinase-associated lipocalin (NGAL) 
1 
1 . 

(Santa Cruz Biotechnology, Santa Cruz, CA). .fections were then incubated with 

biotinylated anti-goat or anti-rabbit IgG (Vecto~ Laboratories), washed_and reacted with . -

i 
Texas Red Avidin D or Fluorescein Avidin D (Vector Laboratories). Sections were 

- I 

washed with PBS and mounted with VectorShi~ld containing DAPI (Vector 
-1 
I 

Laboratories). Slides were examined using a fl\}orescence microscope connected to the 
I - • 
I 
I 

-computer program SPOT Advanced (Diagnosti~ Instruments, Inc., Sterling Heights, MI). 
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RESULTS 

44 
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HSV -1 and TNF -a in the SCN 

To determine whet~er TNF-a is produced in the SCN, HSV -1 (KOS) was -injected 

into the AC of one eye of euthymic BALB/c mice.· In agree.ment with previously 

published results, the ipsilateral (on the side of injection) SCN was HSV -1 positive at day 

5 post inoculation (p.i.) (Fig. 3A) and both SCN were virus positive by day 7 p.i. (Fig. 

3B) (Vann and Atherton, 1991; Matsubara and Ati?.erton, 1997). At day 5 p.i., a small 

amou_nt of TNF-a was detected in the ipsilateral SCN (Fig. 3C) while at day 7 p.i., the 

amount of TNF-a was increased in both SCN (Fig. 3D). 

Downregulation of TNF -a mRNA after thalidomide treatment 

Thalidomide selectively inhibits TNF-a production by enhancing degradation of 

TNF-a mRNA (Moreira, 1993). To determine whether thalidomide depleted TNF-a · 

· rnRNA, experimental inice were injected intraper~toneally with thalidomide while control 

mice received an equivalent amount of vehicle alone (DMSO and PBS). RT -PCR was 

used to determine the effect of thalidomide treatment on the level of TNF-a mRNA in the 

SCN ofHSV-1 infected BALB/c mice. As shown in Figure 4, TNF-a mRNA levels in 

the SCN were decreased in thalidomide treated mice compared with control mice on d~y 

5, 6, and 7 p.i. in HSV-1 infected BALB/c mice. : 



Figure 3. Photomicrograph of HSV-1 and TNF,-a in the SCN of BALB/c mice infected 

with HSV-1 (KOS). At day 5 p.i. the ipsilateral (side of virus injection), SCN was 

HSV-1 positive (A). At day 7 p.i. both SCN were HSV-1 positive (B). TNF-awas 

detected in the ipsilateral SCN at day 5 p.i. (C) and in both SCN at day 7 p.i. (D). 

Arrows- TNF-a; (*)-midline of the brain. /psi- ipsilateral to the side of 

injection; contra - contralateral to the ~ide of injection. Original magnification: · 
: . 

i 

100x (A and B); Originalf!lagnification.; 200x (C and D) 
i 
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Figure 4. TNF-adepletion in the SCN of thalidomide-treated (THAL) mice at day 5, 6, 

and 7 p. i. All mice were injected with HSV-J via the A C route on day 0 and RNA 

from the SCN of THAL-treated miCe a~d control ( Ctr.) mice was amplified for 

TNF-aor for fi-actin (A). (B) Band intensities of the TNF-a. message as 

normalized to /3-actin, which was used ~s the internal control. Each experimental 

group included a minimum of 5 mice e~aluated individually. 
/ 
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Effect of Thalidomide Treatment on Virus Spread 

To determine if thalidomide treatment and concomitant reduction of TNF-a 

affected virus spread in the SCN, the brains of experimental and control mice were 

removed, frozen, sectioned, and the area of the SCN was stained for HSV -1. Viral 

' antigen was detected in the ipsilateral SCN in both thalidomide-treated mice and the 

control group on day 5 p.i. (Fig. SA, 5B). However, virus was also detected in the 

contralateral SCN at day 5 p.i. in the thalidomide-treated group (Fig. 5B). On day 6 and 

day 7 p.i., virus was detected in both the ipsilateral and contralateral SCN in botl;l groups 

(data not shown). 

To determine whether "detection of viral antigen at day 5 p.i. in the contralateral 

SCN of thalidomide-treated mice correlated with an increase in virus, the titer of virus in 

the ipsilateral and contralateral SCN of mice treated with thalidomide was compared to 

- -

mice treated.with DMSO and PBS. The titer of virus in the ipsilateral SCN of mice 

treated with thalidomide was not significantly different from the mice treated with 

DMSO and PBS at all time points (Fig. 6A). In agreement with the viral antigen results, 

-the titer of virus in the contralateral SCN of thalidomide-treated mice was significantly 

higher than the titer of virus in the contralateral SCN of mice treated with DMSO and 

PBS on day 5 p.i. (Fig. 6B). -On day 6 and 7 p.i. there was no significant difference in 

either the ipsilateral or contralateral SCN of experimental and control mice (Fig. 6A, 6B). 

Taken together, the viral antigen detection studies and the virus recovery studies suggest 

that TNF-a in the SCN plays a role in limiting virus spread and/or viral replication during 

early infection of the SCN (day 5 p.i.). 



Figure 5. Photomicrograph of HSV-1 infection of the SCN of mice infected with HSV-1 

(KOS). At day 5 p.i., only the ipsilateral SCN was infected in HSV-1 (KOS) 

infected control mice treated with DNf.SO and PBS (A), while both the ipsilateral 

and contralateral SCN were infected in THAL-treated mice (B). (*)Midline of the 

brain, ipsi = ipsilateral to side of injection; contra = contralateral to side of 

injection. Original magnification: 1 OOx 
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Figure 6. Titer of virus (average PFU :tSEM) in the ipsilateral SCN (A) and 

contralateral SCN (B) of mice infected with HSV-1 (KOS). Mice were inoculated 

in the AC of the right eye with 2 x 10 4 PFU of HSV-1 (KOS) and treated with 

thalidomide (THAL) or DMSO and PBS daily. Mice were sacrificed on days 

i'!dicated. Ipsilateral and contralateral SCN were separated from the brains, the 

SCN were pooled, homogenized, and the titer of virus determined by plaque 

assay. The titers represent the average :t SEM of five animals in each group. ·The 

minimum level of detection was 0.7 Log1o PFU/tissue. *-Significantly different 

from control group (p<0.05). 
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Macrophages and Virus Spread 

While the results of the thalidomide treatment studies suggested that TNF-a was 

involved in limitation of virus spread in the SCN after AC inoculation of HSV -1, the 

source of the TNF-a remained to be determined. Since macrophages produce TNF-a and 

have been implicated in early control of virus infection, experiments were performed to 

determine whether macro phages were the source of TNF-a detected in the SCN. As 

shown in Figure 7, macrophages and TNF-a co-localized in the SCN ofHSV-1 infected 

mice suggesting that TNF-a in the SCN was produced by Mac-1 + macrophages. 

To investigate the role macrophages play in HSV -1 infection of the SCN, 

depletion experiments were performed by intravenous injection of clodronate containing 

liposomes. The extent of macrophage depletion in splenocytes of HSV -1 infected 

BALB/c mice, PBS liposome-treated HSV -1 infected mice, clodronate liposome-treated 

HSV -1 infected mice and uninfected mice was assessed on days 2, 4, and 6 p.i. by flow 

cytometry (Fig. 8 and Fig. 9). After treatment with clodronate liposomes, >99% of 

F4/80+ cells in the spleen were depleted on day 2·p.i.; after continued treatment with 

clodronate liposomes, >99% ofF4/80+ cells were depleted on day 4 p.i. and >98% of 

· F4/80+ cells were depleted on day 6 p.i. (Table I, Fig. 8). After treatment with clodronate 

liposomes, 90.4%, 76.2%, and 85.8% of Mac-1 +cells in the spleen were depleted on day 

2, 4, and 6 respectively (Table I, Fig. 9)~ 



Figure 7. Photomicrograph ofMac-1+ cells and TNF-ain the SCN after AC inoculation 

of HSV-1. Mac-1+ cells (A) and TNF-a(B) were observed in the SCN of HSV-1 

infected mice and as shown inC (merge), Mac-]+ cells and TNF-acolocalized in 

the SCN of HSV-1 infected mice (C). DAPI(D). Colocalization of Mac-1+ cells 

and TNF- a indicated by arrows. Original magnification: 200x 
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Figure 8. Flow cytometric profiles of F-480+ splenocytes isolated from HSV-1 (KOS) 

infected mice (ilSV-1), clodronate liposome-treated HSV-1 (KOS) infected mice 

(L-Cl2), PBS liposome-treated HSV-1 (KOS) infected mice (L-PBS), and 

uninfected mice (normal). On days 2, 4, and 6 p.i., splenocytes were stained with 

FITC-conjugated anti-mouse F4/80. Results were analyzed by flow cytometry. 

. + 
x-axis represents the number of F-480 cells. 
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Figure 9. Flow cytometric profiles of Mac-1+ splenocytes isolated from HSV-1 (KOS) 

infected mice (HSV-1), clodronate liposome-treated HSV-1 (KOS) infected mice 
. . 

(L-Cl2), PBSliposome-treated HSV-1 (KOS) infected mice (L-PBS), and 

uninfected mice (normal). On days 2, 4, and 6 p.i., splenocytes were stained with 

FITC-conjugated anti-mouse Mac-1 (B). Results were analyzed by flow 

cytometry. X-axis represents the number ofMac-1+ cells. 
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To determine the effect of macrophage depletion on virus spread, clodronate 

liposome-treated and control HSV .:.1 infected mice were sacrificed and the brain and 

. ' 

contralateral eye were removed and prepared for immunohistochemistry or virus titration .. 

At day 5 p.i., the ipsilateral SCN of clodronate liposome treated mice and PBS treated 

control mice was viral antigen positive (data not shown). However by day 6 p.i., more 

viral antigen was detected in the ipsilateral SCN as well as in the contralateral SCN of 

macrophage depleted mice (compare Fig. lOA with Fig. lOB). On day 7 p.i., both the 

ipsilateral and contralateral SCN of macrophage depleted mice and control mice were 

HSV-1 antigen positive (data not shown). At day 7 p.i., [the time when virus is first 

observed in the retina of the uninoculated eye; (V ann and Atherton, 1991)], more virus 

infected cells were observed in the retina of the uninoculated contralateral eye of 

clodronate liposome-treated mice than in the retina of the uninoculated eye of control 

mice (compare Fig. llA with Fig. llB). 

To determine the effect of macrophage depletion on the amount of virus in the 

brain and uninoculated contralateral eye, the titer of virus in _the brain of mice treated 

with clodronate liposomes was compared to that of mice treated with PBS liposomes. No 

significant difference in virus titer between macrophage depl_eted and control mice was 

observed in the ipsilateral SCN (Fig. 12A). In contrast, the titer of virus in the 

contralateral SCN of clodronate liposome-treated mice was significantly higher than that 

in the contralateral SCN of PBS liposome-treated ·mice on day 6 and 7 p.i. (Fig. 12B). 

The titer of virus in the uninoculated contralateral eye of mice treated with clodronate 

liposomes was also compared to that of mice treated with PBS liposomes. At day 7 p.i., 
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· the titer of virus in the contralateral eye was significantly increased in clodronate treated 

mice (Fig. 13). 

To confirm that systemic macrophage depletion correlated with depletion of 

macrophages in the brain, the brains of clodronate liposome-treated mice and control 

HSV -1 infected mice were removed, sectioned and stained for F4/SO+ cells. At day 6 p.i., 

fewer F4/80+ cells were observed in the SCN of clodronate liposome-treated mice than in 

the SCN of control mice (compare Fig. 14A to Fig. 14B). 



Figure 10. Photomicrograph of HSV-1 antigen positive cells in the SCN of mice infected 

with HSV-1 (KOS). At day 6 p.i., only the ipsilateral (side of virus injection) SCN 

was virus positive in mice treated with PBS liposomes (L-PBS) (A), ·whereas, both 

SCN were virus positive in mice treated with clodronate liposomes (L-Cl2) (B). 

DAPI (C, D).(*) Midline of the brain. Original magnification: 200x 
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Figure 11. HSV-1 infection of the retina of the uninoculated contralateral eye of mice 

infected with HSV-1 (KOS) at day 7.p.i. More viral antigen was observed in the 

retina of the contralateral eye of mice treated with clodronate liposomes (L-Cl2) 

(B) than in the retina of in mice treated with PBS liposomes (L-PBS) (A). DAPI 

. ( C, D). Original magnification:· 200x 
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Figure 12. Titer (average PFU :tSEM) ofviru.s recovered from the ipsilateral SCN (A) 

and contralaterai SCN (B) of mice infected with HSV-1 (KOS). Mice were 

inoculated in the AC of the right eye with 2 X 10 4 PFU of HSV-1 (KOS) and 

treated with clodronate liposomes or PBS liposomes on days -1, 2, and 5. Mice 

were sacrificed on days indicated. The ipsilateral and contralateral SCN were 

separated from the brains of HSV-1 infected mice and the titer of virus was 

determined by plaque assay of tissue homogenates. Plaques were stainedwith 

crystal violet, counted, and differences betw~en groups were analyzed for 

statistical significance. The titers represent the average :t SEM of five animals in 

each group. The minimum level of detection was 0.7 Logw PFU/tissue. *

Significantly different from non-depleted control group (p<0.05). Ipsilateral= 

side of injection; contralateral = uninjected side. 
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Figure 13. Titers (average PFU ::tSEM) of virus recovered from the uninoculated 

contralateral eye of mice infected with HSV-1 (KOS). Mice were inoculated in 

the AC of one eye with 2 X 104 PFU of HSV-1 (KOS) and treated with clodronate 

liposomes or PBS liposomes on days-], 2, ~nd 5. Mice were sacrificed on days 

indicated. ·The uninoculated eye was remo~ed and the titer of virus was 
i 

determined by plaque assay of tissue homogenates. Plaques were stained with 

crystal violet, counted, and results were analyzed for statistical significance. The 

titers represent the average ::t SEM of five arzimals in each group. Minimum level 
I 

of detection was 0.7 Logw PFU/tissue. *-Significantly different from non-

depleted control group (p<0.05). 
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i 
Figure 14. Photomicrograph of F4/80+ cells in th~ SCN 6 days after AC inoculation of 

I 

HSV-1. At this time, fewer F4/80+ cells we~e observed in the SCN of clodronate 
I . 

I 
liposome-treated mice (L-Cl2) (B) than in t~e SCN of PBS liposome-treated mice 

I 
. I 

(L-PBS) (A). DAPI (C, D). (*)Midline oft~e brain. F4/80+ cells indicated by 

arrows. Original magnification: 200x 
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Construction of Recombinant Viruses 

\ 

For these studies HSV -1 (KOS6/l) was used as the parental virus. HSV -1 

. I 

(KOS6fi) was constructed by insertion of a cass~tte containing the early ICP6 promoter 

regulating the expression of ft. galactosidase int<? the KOS strain of HSV -1 (a gift from 

David A. Leib, Ph.D., Washington University S~hool of Medicine, St. Louis, MO) 

! 
(Davido et al, 2002). The pUIC plasmid contairy.s a unique Bglll site in the intergenic 

region between the UL49 and UL50 gene of Hsr -1 which allows genes to be inserted 

without affecting the replication efficiency of th~ virus (Fig. 15). The pUIC/TNF-a 

expression vector was then introduced-into the HSV-1 (KOS6fi) viral genome by-
. I 

homologous recombination to generate the HSVt1 (KOSTNF) recombinant virus 

(Fig. 'I 5). To control for the effect of the pCI mammalian expression vector in these 
I 

studies, a recombinant virus containing the pCI ~ector alone was also constructed (not 

shown). 
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Figure 15. Construction of HSV-1 (KOSTNF). (i) Diagram of the HSV-1 (KOS6fJ) 

genome showing unique long (UL) and unique short (Us) regions of the HSV-1 

genome, each flanked by inverted repeat se~quences (ab and b'a' fULl and a'c' 

and ca [Us! respectively) which are illustrated as open boxes (~iagram adapted 

from Davido et al.) (Davido et al, 2002). (ii) Diagram ofpUIC relative to the 

locations of the UIA9and UL50 genes in t~e cloned,- subgenomic Pvu/1-Pstl 

fragment (Davido et al, 2002). This plasmifl contains a unique Bgl/1 site in the 

intergenic region between the VIA? and U~50 genes (Davido et al, 2002). (iii) 

Diagram ofpUIC/TNF-a The CMV IE pr~moter and mouse TNF-a protein 

encoding sequence was cloned into the uniq~ue Bglll site in pUIC. 

! . 
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I 

To eliminate the possibility of an inadvertent genetic change or second-site 
. i 

mutation within the viral genome upon generation of the H$V-1 (KOSTNF) recombinant 

virus affecting the results, a revertant virus (HSV-1 (KOS6Prescue) was generated. 
! 

Through homologous recombination pUIC/lacZ plasmid ~NA (a gift of David A. Leib, 
I 

PhD, Washington University School of MediCine, St. Loui&, MO) was introduced into the . 

I 
HSV-1 (KOSTNF) viral genome generating an HSV-1 (Kqs6{Jrescue) recombinant virus 

! 

(Fig.16). 

I 
To confirm the presence ofTNF-a in the HSV-1 (J1.0STNF) viral genome, viral 

I 

DNA was isolated and PCR was done with appropriate prikers. All plasmid DNA was 
. . I 

I 
sequenced for verification of proper insertion of genes of itterest into the intergenic 

region of the HSV -1 genome between the UL49 and UL5o; gene sequence (not shown). 
·I 

The TNF-a sequence was detected by PCR in the HSV-1 qKOSTNF) recombinant virus. 

. . i 
(Fig. 17). TNF-a was not detected in HSV~1 (KOS6/1), H~V-1 (KOS6fJrescue), or HSV-

i 
1 (KOSpCI) (vecto~ alone recombinant) DNA (Fig. 17). 1[o confirm the presence of the 

·- I . 
lacZ gene in the HSV-1 (KOS6fJrescue) recombinant, vira~ DNA was isolated and PCR 

was d~ne with appropriate primers. LacZ was detected in !the HSV -1 (KOS6fJ) parental 
! 

strain and the HSV-1 (KOS6fJrescue) recombinant but not[ in the HSV-1 (KOSTNF) or 
I 

I 

HSV-1 (KOSpCI) recombinants (Fig. 17). As expected, t*e sequence for VP16 was 

I 
amplified from all parental and recombinantvi~ses. (Fig. ~ 7). 

! 



Figure 16. Construction of HSV-1 (KOS6firescue). (i) Diagraf,n of the HSV-1 

. I 
(KOSTNF) genome showing unique long (UL) and uniqife short (Us) regions of 

I 

! 

the HSV-1 genome, each flanked by inverted repeat sequences (ab and b'a' fULl 

. i 

and a'c' and ca [Us] respectively) which are illustrated, as open boxes (diagram 
I 

adapted from Davida et al.) (Davida et al, 2002). (ii) ~iagram ofpU/C relative 
I 

to the locations of the .UIA9 and UL50 genes in the elated, sub genomic Pvull-
- I 

Pstl fragment (Davida et al, 2002). This plasmid contains a unique Bgl/1 site in 
I -

the intergenic region between the UL49 and UL50 genJs (Davida et al, 2002). 
. . I 

I 

(iii) Diagram ofpUIC/lacZ. The ICP6 promoter and p~galactosidase· (fi-gal) 
I 

I 
- l 

protein encoding sequence was cloned into the unique fglll site in pUIC . 

. i 



.. 

... -. .· '· ... 
: -'\ f.:rJJ.S:pilf! :_ . . . . .·r"l.b • ~···· .•. ·.· ... ·•.·••·· /~ • ~~~~· • ~~ • ..• 1 b'B' ~:'I . u •• ·· •..• l .·c.~ 

:::·· .. · 

.. ·.·~ 

. :_ii.:..kP:r9~: _. .- . 

· · ~ ill·. j~~'z ~ ~a:s~~ft~ i :~ :. 

:. 

. "0\- . 
'·Q\· ... 

:-



Figure 17. Genotypic analysis of HSV-1 (KOSTNF) by PCR. Viral DNA was isolatei 
I 
I . 

- ' I •• 

and purified. Polymerase chain reaction (PCR) was 'done and the PCR products 

were electrophoresed to detect the TNF-a sequence (top row). Primers specific 
I 

I 

for the lacZ gene sequence were used (middle row). Primers specific for the 

HSV-1 VP 16 gene sequenr;e were also used as a positive control (bottom row). 
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In Vitro Growth Kinetics of Viruses 1 

To assay the in vitro replication of HSV -1 (KOS6 ,8),! HSV -1 (KOS6flrescue ), 

I 

HSV-1 (KOSTNF), and HSV-1 (KOSpCI), single-cycle gro{vth experiments were 
I . 
! 

performed in Vero (African green monkey; kidney) and SH~SY5Y (human; brain 
• . I . 

[neuroblastoma]) cells. The kinetics of viral replication wa~ similar for all viruses in 

Vero cells (Fig. 18A) and in SH-SY5Y cells (Fig. 18B). 

l 

In Vitro Production ofTNF-a by HSV-1 (KOSTNF) 

i· 
_To verify production ofTNF-a by HSV-1 (KOSTNf>, ELISA was performed on 

infected Vero cell and SH-SY5Y cell supernatants by using! a Quantikine Mouse TNF-a 

ELISA kit (R&D Systems Inc., Minneapolis, MN). As shown in Fig. 19A and 19B, 
; 

TNF-a was detected as early as 4 hours aft~r infection-in Vero cells and SH-SY5Y cells. 
I 

TNF-a was not detected in the supernatants of Vero cells iijfected with HSV -1 (KOS 

! 
wild type), HSV-1 (KOS6{J), HSV-1 (KOS6f3rescue), or H~V-1 (KOSpCI) (Fig. 19A). 

I 
I . . 

TNF-a was not detected in the supernatants of SH-SY5Y c~lls infected with HSV-1 

(KOS6{J) or HSV-1 (KOSpCI) (Fig. 19B). 



Figure 18. Single-cycle growth kinetics of HSV-1 (KOS6p), !fSV-1 (KOSpCI), HSV-1 
i 
I . 

(KOS6{Jrescue) and HSV-1 (KOSTNF) in Vero cells (A) and of HSV-1 (KOS6p), 

HSV-1 (KOSpCI), and HSV-1 (KOSTNF) in SH-SYSY!cells (B) infected at an MOl 
• I 

I 

of 5 PFU/cell. Samples were collected at different tinie points and plaque assay 
. I 

was used to determine the titer of virus i~ each samplJ. The limit of detection was 

0.7logw PFU/2 x 106 cells. 
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Figure 19. In vitro production ofTNF-aby.HSV-1 (KOSTN{). The supernatants from 

j 

Vero cells (A) and SH-SY5Y (B) cells infected with HS;V-1 (wt), HSV-1 (KOS6fJ) 
I 

I 

parental strain, HSV-1 (KOSpCI), HSV-1 (KOS6f3resque), or HSV-1 (KOSTNF) 
. I 

! 

were analyzed for TNF-ausing ELISA. -TNF-awas dktected only in the 
. ! 

I 

supernatants from HSV-1 (KOSTNF) infected cells and was not detected in the 
. ! .. 

I 
I 

supernatants of HSV-1 KOS (wt), HSV-1 (KOS6fJ), H~V-1 (KOS6f3rescue), or 

HSV-1 (KOSpCI) infected cells. 

i 
I 

j 
-I 

I 

I 

! -
I 
I 
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-I 

' . 
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Activity of TNF~a Produced by HSV-1 (KOSTNF) 

! 

To assess the activity of TNF-a produced by HSV -1 (KOSTNF) a cytotoxicity 
I 

assay was performed using the CytoTox 96® Non~ Radioactivf Cytotoxicity Assay 

(Promega) on WEHI-13VAR (mouse fibrosarcoma) cells (A1CC). A recombinant TNF-
. ' 

a protein (R&D Systems Inc.) was used as the positive contr~l. As shown in Fig. :iO, at 

all dilutions, the cytotoxic activity of TNF-a p~otein produceh by HSV -1 (KOSTNF) was 
. I 

! 

comparable to that of an equivalent amount of recombinant l!NF-a. - . - I -

Viral Antigen and Virus Recovery in the Injected Eye 

. i 
The above results show that replication. of HSV -1 (KpS TNF) is comparable to 

. I 

that of wild type virus, that TNF-a is produce4 by the virus, /and that the TNF-a is 
! 

biologically active. To determine the in-vivo effects of an H~V-1 (KOS) virus e)\pressing 
! 

TNF-a on virus spread and location in euthyrriic BALB/c mfce, the AC of one eye of 
I 

each mouse was injected with 2 x 104 ofHSV~1 (KOSTNF)( HSV-1 (KOSpCI) (vector 
! 

l 
alone), or HSV-1 (KOS6/3) (parental strain) and mjce were ~acrificed at several times 

j 

after injection. The eyes and brain were removed, frozen, sectioned, and stained for 
! . 

HSV -1 _or homogenized_ for recovery of replic~ting virus. · J 

. . I 

Virus infection was observed in the AC of mice inje~cted with HSV-1 

(KOSTNF), HSV -1 (KOSpCI), or HSV -1 (KOS6j3) beginnJng at day 1 p.i. and 
:· I 

I 

continuing until day 9 p.i. (not shown). Irrespective of the infecting virus, infection was 
I I . 

. : I 
not observed in the retina of the injected eye ?f any mouse fit any time (not shown). 



Moreover, there was no significant difference in the ainount of virus recovered 

from the injected eye.ofmice infected with HSV.,.1 (KOSTN~, HSV-1 (KOSpCJ), or 

HSV -1 (KOS6/3) at any time (not shown). 

Viral Antigen and Virus Recovery in the Brain 
I 

72 

After AC inoculation with HSV -1 (K9S) virus spre*ds from the injected eye and 

infects the ipsilateral SCN by day 5 p.i., the ti~e when virus lis first observed in the 
. . : ! 

. I 

hypothalamus (Vann and Atherton, 1991 ). Vi~s infects the ~contralateral SCN by day 7. 
. : .1 . . 

p.i. (Vann and Atherton, 1991 ). To determine if expression of TNF-a would affect virus 
; I 
' ! 

. I 

spread and/or titer in the brain, the brains of rnjce injected w;ith HSV-1 (KOSTNF), HSV-

. . I 
1 (KOSpCI), or HSV -1 (KOS6/3) were remov~d, frozen, sec~ioned, and the area of the 

i 
SCN was stained for HSV -1 or homogenized for recovery of replicating virus. Viral 

i 

antigen was detected in the ipsilateral SCN at day 5 p.i. (Fig. 21A) and in both the 
: I 

I 

ipsilateral and contralateral SCN at day 7 p.i. (Fig. 21B) in nuce infected with HSV-1 
. I 

(KOSTNF), HSV-1 (KOSpCI), and HSV-1 (KOS6/3). The titer of virus from the 
. . . I I . 

I 

ipsilateral SCN and contralateral SCN of mice infected HSV -1 (KOSTNF) was not 
. I I. 

: I 

significantly different than that recovered from HSV -1 (KQSpCI) and HSV -1 (KOS6/3) . . I . 

infected mice on day 5, 6, and 7 p.i. (Fig. 22A amd 22B). 1 

I 



Figure 20. In vitro biological activity ofTNF-aproduced by.HSV-1 (KOSTNF). The 
! 

TNF-a. concentrated from the supematan'ts ofVero cells infected with (KOSTNF) 

and, as a positive control, purified recombinant TNF-a(rTNF) were analyzed for 
: 

cytotoxic activity using WEHI-13VAR cells. The cytotbxic activity ofTNF.-a 
I 

. I 
protein produced by HSV-1 (KOSTNF) was comparable to that of purified 

. • I 

recombinant TNF-as. 
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! 
I . 
I 

! 
I 
I 

I 

l ' 

Figure 21. Photomicrograph of viral i~Jfection! of the SCN of mice infected with HSV-1 
i 

f I 

(KOS6fi), HSV-1 (KOSpCI), or HSV-1 (KOSTNF). Ait day 5 p.i.(A) and 7 p.i. (B), 
I I 

. . ! . I . 

viral antigen was detected in the SCN djmice infeciei;l with HSV-1 (KOSTNF), 
I i · · 

- . I - i 
HSV-1 (KOS6fi), and HSV-1 (KOSpCI)t !psi- ipsilaJeral and Contra-

) i : 
I ' i I 

contralateral to the injeated eye. Origifzal magnification: 1 OOx 
! ! 
: 

'! 
I, 
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Figure 22. Titers (average PFU iSEM) ofvir~s recoveredf:rom the SCN of mice 
. I 

infected with HSV-1 (KOS6fi), HSV-1 (KOSpCI), or HSV-1 (KOSTNF). Mice 

were inoculated.in the AC of the right. eye with 2 x 1 q4 PFU of HSV-1 (KOS6fi), 
I : 

HSV-1 (KOSpC/), and HSV-1 (KOSTN#). Mice were
1 

sacrificed on day 5, 6, and 
I I 
I I ' 

7 p. i. The brain was removed and slices containing t~e SCN were isolated. A 

standard plaque assay was performed 9n tissue hom~genates. Plaques were 
I I 

stained with crystal violet, counted, and analyzed. Virus titers were determined. in 
I 

- I i 
duplicate. Minimum level of detection ras 0.7 Logw;PFU/tissue. 

I 
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i 
Detection of Viral Antigen in the Uninjecte~ Eye 

." I i 

·To determine the effect of an HSV -1 (KOS) virus e~pressing TNF-aon virus 
! :. -

spread to and-location in the contralateral (un~noculated) ey~, the contralateral eyes of 

mice ihjected ~ith HSV -1 (KOSTNF), HSV-i (KOSpCJ), dr HSV -1 (KOS6/]) were 

. I ; 
removed, frozen, sectioned, and stained for H;SV -1. As shown in Fig. 23, at day 7 p.i., 

[the time when virus is first observed in the r~tina of the un\n.oculated eye; (Vann and 
- ; I ' 

I 

Atherton, 1991)], more virus infected cells w~re observed i~ the uninoculated 
I 

1 

contratateral eye of mice infected with HSV- ~ (KOSTNF) ~han in mice infected with 
I I • 

76 

HSV-1 (KOSpCI) or HSV-1 (KOS6/3). At d~y 8 and 9 p.i.imore viral antigen continued 
- I I 

I I 

I ., 

to be observed in the retina of mice infected fith ~SV -1 (~OSTNJ0 as compared with 
. I : 

mice infected with HSV -1 (KOSpCI) or HSY -1 (KOS6/3) ,(Fig. 23). · 
• ' I 

I i 
I 

I 
I 

' I 
Recovery of Virus in the Contralateral Ey~ 

! ~ 

To determine whether increased viral! antigen in th~ contralateral eye of mice 

infected with HSV -1 (KOSTNF) correlated tith a ·compar~ble increase in virus titer in 
! . 
! . . 

these mice, the titer of virus in the contralateral eye of mic~ infected with HSV -1 
I 

(KOS TN F) was compared with the titer of vtrus recovered: from mice infected with HSV
I 
i 

1 (KOSpCJ) or with HSV-1 (KOS6/3). As s~own in Fig. 24, the titer of virus recovered 
I 
I 

from the contralateral eye of mice infected 'Yith HSV -:-1 (~OSTNF) was significantly 
I I 

• - I 
I 

higher (p<0.05) than mice infected with HSY -1 (KOSpCI) or HSV -1 (KOS6/3) on day 7, 
! . 
I 

8, and 9 p.i. 



Figure 23. Photomicrograph of viral infection. of the retina 9f the uninoculated eye of 
I 
I 

mice infected with HSV-1 (KOS6f3), HSY-1 (KOSpCI), or HSV-1 (KOSTNF). At 

j 

day 7, 8, and 9 p.i., more viral antigen ivas detected tn mice infected with HSV-1 

(KOSTNF) as compa~ed with HSV-1 (MOS6f3) and H~V-1 (KOSpCI) infected 

mice). Original magnification: 200x 
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Figure 24. Titers (average PFU :tSEM) of virus recovered from the contralateral eye of 

. ' 

mice infected with HSV-1 (KOS6ft), HSV-1 (KOSpCI)~ or HSV-1 (KOSTNF). 
I ' I 

I 

Mice were inoculated in the AC of the right eye with~· x 104 PFU of HSV-1 
i 

(KOS6ft), HSV-1 (KOSpCI), or HSV-1 ('J(OSTNF). Mice were sacrificed on day 

I i 
7, 8, and 9 p.i. The contralateral eye wqs removed and homogenized. The 

! . j 

homogenates were diluted and plated ott Vero cell monolayers (in duplicate). 
. I 

: 

Plaques were stained with crystal violet~ counted, ant:( analyzed for statistical 
. I , 

significance. The titers represent the av.erage ± SEM:of five animals in each 
I ' 

group. Minimum level of detection wasi0.7 Log10 PFU/tissue. *-Significantly 

I 

different from HSV-1 (KOS6ft) and HSV-1 (KOSpCI) 1(p<0.05). 
i 

i. 
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Retinitis in the Contralateral Eye 

To determine whether detection of more viral antige~ and increased viral titers 
. I 

I 

correlated with an increased retinal pathology, hematoxylin ~and eosin staining was· 
. I . 

I 

performed on frozen and sectioned slides of the contralateral eye. As shown in Fig. 25, 

the extent of retinal damage and disruption of the r~tinal architecture was greater in the 

79 

contralateral eye of HSV -1 (KOSTNF) -infected mice than i~ the contralateral eye of mice 

infected with HSV -1 (KOSpCI) or HSV -1 (KOS6{J) at all tiFe points. HSV -1 

(KOS TNF) infected mice were observed to have greater degree of retinal infiltration of 

leukocytes, atypical retinopathy, and necrotizing retinitis ex~ending from the ciliary body 

. I 

throughout the retina as compared to HSV-1 (KOSpCI) or HSV-1 (KOS6{J) infected 
- I . I 

I 

mice. 

TNF -a Production ~n the Uninoculated Eye 

ELISA was used to determine whether TNF-a was ~eing produced in the 
. . . 

uninoculated eye of mice injected with HSV -1 (KOSTNF). j As shown in Fig. 26, TNF-a. 

production was significantly higher in the contralateral eye bf KOSTNF mice compared 
, - I . 

• • I 

with HSV -1 (KOSpCI) or HSV -1 (KOS6{J) i~fected mice oh day 7, 8, and 9 p.i. 

Inflammatory Cells in the Uninoculated Eye 

Because TNF-a. is a chemoattractant for cells such as macrophages and 

ne~trophils, the contralateral eyes from mice infected with ~sv ... 1 (KOSTNF), HSV-1 

(KOSpCI), and HSV-1 (KOS6{J) were analyzed by flow cytometry to determine whether 

overproduction of TNF-a affects recruitment ·of these cells into infected tissues. Flow 
l 
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I 

i 

cytometry revealed that there were more Mac-1 + (Fig. 27) a~d more Gr-1 + (Fig. 28) cells 

' ' ' 

in mice infected with the HSV -1 (KOSTNF) recombinant b~ days 7, 8, and 9 p.i. in the 
I 

contralateral eye than in the contralateral eyes :of mice injectkd with HSV -1 (KOSpCI) or 

with HSV-1 (KOS6/3). 

I 
I 

! ., 



·I 

Figure 25. Photomicrographs illustrating differences in the ~xtent and severity of 

retinitis in the contralateral eye of mice infected with HSV-1 (KOS6p), HSV-1 

(KOSpCJ), or HSV-1 (KOSTNF) at day 7, 8, and 9 p.i.j Original magnification: 

200x 
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Figure 26. TNF-ain the contralateral eye of BALB/c mice. The contralateral eye of 

mice infected with HSV-1 (KOS6fJ), HSV-I (KOSpCJ)~ or HSV-1 (KOSTNF) was 

removed and homogenized. Supernatants from the hdmogenates were assayed by 

ELISAfor TNF-ausing a microplate reader set to 4~0 nm and the Delta soft 

plate reader software. The results were plotted using/ Deltagraph S.O. * :.. 
I 

Significantly different from (KOS6fJ) and HSV-1 (KOSpCJ). 
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Figure 27. Flow cytometric profiles of Mac-]+ cells in the c~ntralateral eye of mice 

infected with HSV-1 (KOS6fJ), HSV-1 (KOSpCI), or HSV-1 (KOSTNF) on· day 7, 

8, and 9 p.i. Ocular cells were stained with FITC-conjugated anti-mouse Mac-1. 

x-axis represents the number of Mac-]+ cells .. Results are from five eyes pooled 

at each time point and the experiment was done twzc~. 
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Figure 28. Flow cytometric profiles of Gr-1 + cells in the contralateral eye of mice 

infected with HSV-1 (KOS6f3), HSV-1 (KOSpCI), or HSV-1 (KOSTNF) on day 7, 

8, and 9 p.i. Ocular cells were stained with FITC-con)ugated anti-mouse Gr-1. 

x-axis represents the number ofGr-1+ cells. Results ~refromfive eyes pooled at 

each time point and the experiment was done twice. 

I 

I. 
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Viral Antigen and Virus Recovery from·BALB/c mice I~fected with the Rescue 

Recombinant 
I 

I 
To eliminate the possibility of any inadvertent generic change or second-site 

mutation within the viral genome upon generation of the HfV-1 (KOSTNF) ·recombinant 
I 

virus affecting the results, a revertant virus was generated. iEuthymic BALB/c mice were 

. i 
injected with 2 x 104 ofHSV-1 (KOSTNF) or HSV-1 (K0$6prescue). Mice were 

I 

·sacrificed on day 7, 8, and 9 to determine the degree and amount of viral spread. As 

shown in Fig. 29, more virus infected cells were observed in the contralateral eye of mice 
! . 

I 

infected with HSV-1 (KOSTNF) than in mice infected with HSV-1 (KOS6Prescue) at 
. I - . 

. I 

day 7 p.i. Moreover, the amount of virus recovered from t)le contralateral eye was 

i 

significantly higher in mice infected with HSV-1 (KOSTNF) than in mice infected with 

· HSV -1 (KOS6Prescue) at day 7 p.i. (Fig 30). 

To determine whether detection of more viral antig
1

en and increased yiral titer 
• I • 

correlated with an increased retinal pathology, hematoxyli~ and eosin staining was 

performed was performed on frozen and sections of the contralateral eye. As shown in 

I 

Fig. 31, the extent of retinal damage and disruption of the retinal architecture was greater 

I 
in the contralateral eye of HSV -1 (KOSTNF) injected mic~ than in the contralateral eye 

i 
of mice injected with HSV-1 (KOS6Prescue) day 8 and 9 p.i. There was a greater degree 

. i 

I 

of retinal infiltration of' leukocytes, atypical retinopathy, apd necrotizing retinitis 

extending from the ciliary body throughout the retina in rrlic·e infected with HSV-1· 

. I 
(KOSTNF) as compared to mice infected· with the rescue yirus. 

! 



. I 

I 
! 

Figure 29. Photomicrographs of the retina of the uninoculat~d eye of mice infected with 
I 
I 
i 

HSV-1 (KOS6f3rescue) and HSV-1 (KOSTNF). More viral antigen was detected 
I 

I 
in mice infected with HSV-1 (KOSTNF) at day 7 p.i. Original magnification: 

I . 

200x 
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Figure 30. Titers (average PFU :tSEM) of virus recoveredfr~m the contralateral eye of 
! . 

i 
mice infected with HSV-1 (KOS6f3rescue) or HSV~1 (~OSTNF). Mice were 

I . 
I 
I 
I 

inoculated in the AC of the right eye with 2 x 104 PFU:of HSV-1 (KOS6f3rescue) 

or HSV~1 (KOSTNF). Mice were sacrificed on day 7, 8, and 9 p.i. The 
i 
I 

I 

contralateral eye was removed and homogenized~ The'homogenates were diluted 
' , I 

i 

I 

and plated on Vero cell mono/ayers (in duplicate). Plli:ques were stained with 

crystal violet, counted, and analyzed for statistical sigr~:ificance. The titers 

represent the average ± SEM of five animals in each g~oup. Minimum level of 
I 

-I 
detection was 0.7 Log10 PFU/tissue. *- ~ignificantly 4ifferentfrom HSV-1 

( K OS6 flrescue ). 
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Figure 31. Photomicrographs illustrating differences in the (!Xtent and severity of 

retinitis in the contralateral eye of mice infected with:HSV-1 (KOS6Prescue) or 
j 

HSV-1 (KOSTNF) at day 7, 8, and 9 p.i. Original ma!gnification: 200x 
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DNA Microarray 

To test whether increased expression of TNF-a affec~s gene expression in the 

contralateral eye on day 7 p.i.; a DNA microarray profile ofithe uninoculated contralateral 
I 

eye was done. For these experiments, mice were inoculate~! with 2 x 104 PFU of HSV -1 

(KOSTNF), HSV --1 (KOSpCJ), ·or HSV -1 (KOS6f3) in one A. c. Mice were sacrificed on 

day 7 p.i. and the uninoculated eye was removed and prepa~ed for microarray analysis as 

described in the materials and methods. As shown in Table! II, forty-five genes involved 

in the immune response and inflammation were upregulate~ or downregulated in the 
! 

KOSTNF infected mice as compared with KOSpC/ infected mice. As shown in Table III, 

forty genes involved in the immune response and inflammation were upregulated in the 
! 

KOSTNF infected mice as compared with KOS6fiinfected :mice. As shown in Table IV, 

- ! 

sixty genes involved in the immune response and inflamm~tion were upregulated or 

downregulated in the KOSTNF infected mice as compared ,with an uninfected control 
I 

group. 



Of the· forty-:five genes upregulated or downregulated in the KOSTNF infected 
I. 

I 
mice compared. with KOSpCI infected mice, 16 genes are i~volved in the immune 

i 

response, 7 are chemokine related genes, 20 are cytokine related genes, and 2 are genes 
. I 

- i . 

90 

· - involved in antigen presentation~ Of the forty genes upregulated in the KOSTNF infected 

I 

mice compared with KOS6f3infected mice 12 genes are in~olved in the immune 
• I 

response, 5 are chemokine related genes, 16 are cytokine re~ated genes, and 7 are genes 

involved in antigen presentation. Of the sixty genes upreg~lated or downregulated in the 

KOSTNF infected mice compared with an uninfected contrpl group 19 genes are 
! . 

• I 

involved in the immune response, 7 are chemokine· related genes, 23 are cytokine related 

genes, and 11 are genes involved in antigen presentation. 
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Table II. Functional classification of genes up regulated or down regulated (-) in 
·contralateral eyes of HSV-l(KOSTNF) infected vs. HSV~l(KOSpCI) infected mice 

Fold 
Class ·Gene 

,change 
Immune 
Response 

Antigen 
Presentation 

Chemokines 

Cytokines 

guanylate nucleotide binding protein 4 
RIIffiN eDNA 5830443L24 gene 
guanylate nucleotide binding pro~ein 1 
guanylate nucleotide binding protein 2 
tumor necrosis factor alpha-induced .protein 9 · 
lymphocyte. antigen 6 complex, locus A 
macrophage activation 2like (Mpa21) 
T -cell specific GTPase 
vascular cell adhesion molecule 1 
S100 calcium binding protein A9 (calgranulin B) 

oidA3 

signal transducer and activator of transcription! 1 
signal transducer and activator of transcription: 1 
prostaglandin-endoperoxide synthase 2 
granzyme B 

histocompatibility 28 
histocompatibility 2, D region locus 1 

chemokine (C-X-C motif) ligand 9 
chemokine (C-X-C motif) ligand 10 
chemokine (C-X-C motif) ligand 11 
chemokine (C-C motif) ligand 2 
chemokine (C-X-C motif) ligand 2 
chemokine (C-X-C motif) ligand 1 

. chemokine (C-X-C motif) ligand 1 
interferon-induced protein with tetratricopeptide repeats 3 

I • 

interferon-induced protein with tetratricopeptide repeats 1 
interferon activated gene 202B · 
interferon induced transmembrane protein 3 · 

·interferon inducible GTPase 1 
interferon inducible GTPase 1 
interferon gamma inducible protein 47 
interferon inducible protein 1 
interferon induced with helicase C domain 1 
interferon gamma induced GTPase 
interferon induced protein 44 
interferon regulatory factor 1 
interferon alpha inducible protein 
interleukin 6 
suppressor of cytokine signaling 3 
suppressor of cytokine signaling 3 
interferon-induced protein with tetratricopeptide repea~s 2 
interferon activated gene 202B 
tissue inhibitor of metalloproteinase I 
tissue inhibitor of metalloproteinase 2 

3.6 
3.6 
6.3 
4.9 
5.8 
2.0 

.3.2 
6.3 
2.6 

2.0 
2.0 
2.6 
2.0 

10.9 

2.0 

8.4 
10.9 
10.9 
9.0 
2.0 
2.3 
2.0 
2.6 
4.8 
2.0 
2.0 
2.3 
3.2 
2.3 
2.0 
2.0 
4.8 
2.0 
2.0 
2.0 
4.4 
6.8 
3.6 
9.6 
2.0 
2.0 
-2.0 
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Table Ill. Functional classification of genes up regulate{J in contralateral eyes of 
HSV-l(KOSTNF) infected vs. HSV-l(KOS6f3) infected mice 

Class 

Immune 
Response 

Antigen 
Presentation 

Chemokines 

Cytokines 

Gene 

guanylate nucleotide binding protein 4 
guanylate nucleotide binding protein 1 
guanylate nucleotide binding protein 2 
tumor necrosis factor alpha-induced protein 9 ; 
lymphocyte antigen 6 complex, locus· E ; 
lymphocyte ~ntigen 6 comple~, locus A 
macrophage activation 2 like 
T -cell specific GTPase 
vascular cell adhesion molecule 1 
S100 calcium binding protein A9 (calgranuliniB) 
intercellular adhesion molecule 

histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus 1 
histocompatibility 2, T region locus 23///RIKEN eDNA 
C920025E04 gene · · 
beta-2 microglobulin 
beta~2 microglobulin 

chemokine (C-X-C motif) ligand 10 
chemokine (C-X-C motif) ligand 11 
chemokine (C-C motif) ligand 2 
chemokine (C-X-C motif) ligand 2 
chemokine (C-X-C motif) ligand 9 

interferon-induced protein with tetratricopeptjde repeats 3 
interferon-induced protein with tetratricopept~de repeats 1 
interferon activated gene 202B 
interferon induced transmembrane protein 3 i 

interferon-induced protein with tetratricopept~de repeats 2 
interferon activated gene 202B 
interferon gamma i!!ducible protein 4 7 
interferon inducible protein 1 
interferop. gamma induced GTPase 
interferon inducible GTPase 2 
interferon induced protein 44 
suppressor of cytokine signaling 3 
suppressor of cytokine signaling 3 
interferon inducible GTPase 1 
interferon inducible GTPase 1· 
macrophage migration inhibitory factor 

Fold 
Change 
14.4 
5.8 
9.6 
9.6 
22.1 
2.9 
3.2 
5.8 

2.0 
21.2 
2.0 
11.6 

2.9 

2.0 

2.0 

13.7 
19.4 
26.0 
2.0 

6.3 

2.3 
·6.8 

2.9 
4.0 
11.6 
3.2 
3.2 
2.0 
2.9 
2.0 
2.0 
5.6 
20.3 
2.0 
2.3 
2.0 
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Table IV. Functional classification of genes up regulated or down regulated(-) in 
contralateral eyes of HSV-l(KOSTNF) infected vs. eyes ofjzormal uninfected mice 

Class 

Immune 
Response 

Antigen 
Presentation 

Chemokines 

Gene 

vascular cell adhesion molecule 1 
beta-2 microglobulin 
beta-2 microglobulin 
guanylate nucleotide binding protein 4 
RIIffiN eDNA 5830443L24 gene 
glycoprotein 49 All/leukocyte immunoglobulin-like receptor, 
subfamily B, member 4 · 
guanylate nucleotide binding protein 1 
guanylate nucleotide binding protein 2 
SAM domain and HD domain, 1 
lymphocyte antigen 6 complex, locus A 
macrophage activation 2like 
macrophage activation 2like 
S 100 calcium binding protein A9 ( calgranulin1 B) 
T cell specific GTPase 

1 

tumor necrosis factor, alpha-induced protein~ 
vascular cell adhesion molecule 1 
guanylate nucleotide binding protein 2 
S 100 calcium bin · · A6 

histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus _1 
histocompatibility 2, D region locus J 
histocompatibility 2, D region locus 1 
histocompatibility 2, Q region locus 6 , 
histocompatibility 2, T region locus 23 Ill RIKEN eDNA 
C920025E04 gene 
histocompatibility 2, K1, K region 
histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus 1 
histocompatibility 2, D region locus 1 

chemokine (C-X-C motif) ligand 9 
chemokine (C-X-C motif) ligand 10 
chemokine (C-X-C motif) ligand 11 
chemokine (C-C motif) ligand 2 
chemokine (C-X-C motif) ligand 2 
chemokine (C-X-C motif) ligand 1 
chemokine (C-X-C motif) ligand 5 

Fold 
Change 
3.6 
4.4 
3.2 
16.8 
18.5 

2.0 

7.8 
11.6 
2.0 
2.25 
11.6 
19.4 
7.84 
16.9 
2.0 
3.6 
3.6 
-2.0 

2.0. 
2.0 
4.9 
2.0 
2.6 

3.2 

2.0 
2.0 
2.0 
4.8 
2.0 

39.7 
30.3 
4.8 
29.2 
3.2 
30.3 
2.0 
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Table IV. Continued 

Class 

Cytokines 

Gene 

interferon inducible GTPase 1 
interferon inducible GTPase 1 
interferon gamma inducible protein 47 
interferon inducible protein 1 
interferon induced with helicase C domain 1 
interferon-induced protein with tetratricopeptide repeats 2 
interferon-induced protein with tetratricopeptide repeats 1 
interferon activated gene 203 
interferon activated gene 202B 
interferon induced transmembrane protein 3 
macrophage rriigration inhibitory factor 
interleukin 6 
suppressor of cytokine signaling 3 
suppressor of cytokine signaling 3 
interferon gamma induced GTPase 
interferon inducible GTPase 2 
interferon induced protein 44 
'interferon induced transmembrane protein 1 
tissue inhibitor of nietalloproteinase 2 
tissue inhibitor of metalloproteinase 2 
interferon-induced protein with tetratricopeptide repeats 2 
interleukin 6 
interferon consensus sequence binding protein I 

Fold 
Change 
14.4 
12.9 
19.4 
4.4 
2.0 
5.3 
4.4 
2.0 
2.0 
2.0 
-2 
3.6 
7.29 
16.0 
16.0 
4.4 
2.0 
-2 
-2 
-2 
5.3 
3.6 
2.0 
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Qf interest, lipocalin 2 (Neutrophil Gelatinase Associated Lipocalin, NGAL) had 

one of the highest fold changes among the groups. There was a 37.21 fold difference in 

NGAL between the KOSTNF infected group and the KOSpCI infected group, a 64 fold 

difference between the KOSTNF infected group and the KQS6fJ infected group, and a 36 

fold difference between the KOS TNF infected group and normal uninfected mice. 

Differences in the levels of NGAL were confirmed by RT -PCR (Fig. 32) and by 

inimunohistochemistry (Fig. 33). 



Figure 32. NGAL and MMP-9 expression in the contralateral eye of KOSTNF, KOS6p, 

KOSpC/, and uninfected mice at day 7 p.i. The contfalateral eye of mice infected 
. ! . 

I 

with HSV~1 (KOS6fJ), HSV-1 (KOSpC/), or HSV-1 {f(OSTNF) was removed and 

RNA isolated (A). (B) Band intensities of the ·NGALiand MMP-9 message as 
. : 

I 

normalized toP-actin, which was used as the intemql control. 
. ! 
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Figure 33. Photomicrograph of NGAL expression in the cdntralateral eye of mice 

infected with HSV-1 (KOS6{J), HSV-1 (KOSpCI), or HSV-i (KOSTNF). At day 7 

I 

p. i. increased NGAL expression was detected in the contralateral eye of mice 

infected with HSV-1 (KOSTNF). Original magnification: 200x 
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I 

The interaction between immune effector cells, cyto~ines, and virus in patients 
I 
I 

99 

with ARN is a complex process that has yet to be fully und~rstood. The murine model of 

J ! 

ARN has provided insights into the interaction between inurune cells, 
i 

immunomodulatory factors, and the pathogenesis of human! disease. Previous studies of 
' . 
i 
I 

the BALB/c model ofARN have show·n that after inoculation ofHSV-1 (KOS) into the 
1 

I . 
AC of one eye, virus enters the optic nerve and retina of the contralateral eye by 

I 

spreading from the ipsilatentl suprachiasmatic nucleus (V ~n ~nd Atherton, 1991; 
I 
I . 

Matsubara and Atherton, 1997). Results from previous stupies using a mouse model of 
i 
I 

ARN have suggested that both CD4 + and CDS+ T cells are important in preventing viral 
I • 

! 

spread from the brain to the optic nerve and retina of the i~jected eye of HSV -1 infected 
I . . . . -. ' . i 

rmce (Azurm and Atherton, 1994; Matsubara and Atherton:, 1997). It has also been 

I 
shown that cytokines such as TNF-a are present in the retina and are involved in the 

' . 
I 

development of ARN (Zheng and Atherton, 2005). Howeyer the role of other 

immunomodulatory cells and molecules remains to be detttrmined. In this st~dy we 

investigated the effect of depletion of TNF-a and macropliages on viral spread in the 
'. ' i 

brain and contralateral eye of HSV -1 infected BALB/c miCe. We also investigated the 
. I 

i 
effects of TNF-a on viral spr~ad using a TNF-a expressin~ Hsv.:.1 recombinant. 

I 

In order to ~lucidate the role of TNF-a in the deve~opment of ARN, thalidomide 

was used to deplete TNF-a. In addition, the major cell ty~es producing TNF-a in the 

CNS were investigated. As previously reported, thalidom~de exerts its inhibitory action. 

on TNF-a by enhancing mRNA degradation (Moreira et G;l, 1993). TNF-a production 
j 

has been shown to be decreased in vivo in male ICR mice:treated with thalidomide (Lee 

! ' 
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et al, 2004). In the studies reported herein, treatment with thalidomide reduced TNF-a 

mRNA'levels in the brain ofHSV-1 infected BALB/c mice. 

Immunohistochemistry and depletion studies were used in order to identify the 

TNF-a producing cell types. Liposome encapsulated dichloromethylene-biphosphate (L-

ChMBP or clodronate liposomes) has been shown to selectively deplete macrophages in 

vivo in animal models (Van Rooijen. and Sanders, 1994). In these studies, treatment with 

L-ChMDP depleted splenic macrophages when clodronate liposomes were injected 

intravenously into HSV -1 infected BALB/c mice. Treatm~nt with clodronate liposomes 

resulted in >98% depletion ofF4/80+ macrophages and 90~4%, 76.2%, and 85.8% 

depletion of Mac-1 +cells on day 2, 4, and 6 p.i. respectively. The M~c-1 antigen is 
I 

expressed on macrophages, microglia, dendritic cells, natu~al killer cells, and neutrophils 

after activation (Kishimoto et al, 1989; Springer et al, 1979; Vremec et al, 1992). 

Because the Mac-1 antigen is expressed not only by macrdphages but also by other cell 

types, depletion ·of Mac-1 + cells appears to be lower than that of F4/80+ cells in L-

ChMDP treated mice. Therefore, although our initial observations were of Mac-1 

expressing cells in the spleen and brain, the depletion stud.ies focused on F4/80 

expressing cells since most F4/80+ cells are systemic macrophages. 
i 

In this study, treatment with thalidomide resulted in increased viral spread from 

the ipsilateral SCN to the contralateral SCN on day 5 p.i. in HSV -1 infected BALB/c 
i 

mice. Treatment of mice with thalidomide also resulted in increased viral titers in the 

contralateral SCN on day 5 p.i. when compared to control: mice. Although there was a 

. . . 

slight increase in the titer of virus in the contralateral SCN on day 6 and 7 p.i. in the 

thalidomide treated group, th~re was no significant difference between the thalidomide 
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treated mice and control mice. There was also no- significant difference in viral titer in 

the ipsilateral SCN of mice in both groups. Collectively, th~se results suggest that TNF-
1 

a plays a role in limiting early viral spread/replication in the SCN of HSV -1 infected 

BALB/c mice. Although the main mech~nisin of thalidom~de as an anti-inflammatory 

agent is thought to be the inhibition of TNF-a production, other studies suggest that in 

addition to inhibition of TNF-a, thalidomide may have oth~r effects such as the 

I 

inhibition of IFN -y (Keifer et al, 2001; Majumdar et al, 2002; McHugh et al, 1995). 
i 

While we believe that the results of our study support a rol~ for TNF-a in early limitation 

of virus spread in the hypothalamus, the effect of thalidomtde on other 

immunomodulators, especially at later time points of infection, cannot be determined 

from these studies. In addition, limitation.of virus might Ofcur during spread of v~rus to 

: 

the.SCN from t~e Edinger-Westph~ nucleus but this also cannot be determined from the 

experiments done during these studies. 

TNF-a is a pleiotropic proinflammatory cytokine that has a broad range of 
I 

·biological activities such as containment of local infection~ (Chen and Goeddel, 2002). 
I 

TNF-a is also required to initiate the immune response to ~ertain antigens (Kasahara et 
I 

I 
· al, 2003; Trevejo et al, 2001). In this study, production of:TNF-a appear~d to be 

I , 

important in the containment of HSV -1 infection in the ip~ilateral SCN which, in turn, 

delayed spread of virus into the contralateral SCN. This conclusion is supported by the 

result that in the PBS and DMSO treated control mice, virus was observed in the 

ipsilateral SCN ?nly on day 5 p.i., whereas, at this _time in _the thalidomide treated nrice, 

virus was observed in both SCN. Thus, production of TNr-a seems to play an important 

role in limiting virus spread and/or virus replication in the, SCN of HS~ -1 infected mice. 
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There are many mechanisms by which thalidomide treatment of HSV -1 infected 

BALB/c mice may have resulted in increased virus spread and replication. For example, 

TNF-a is known to be involved in leukocyte migration intd tissue (Wan et al, 2001). 

Since treatment with thalidomide resulted in a decrease in TNF-a production, a decrease 

in the amount of TNF-a might limit leukocyte migration i~to the brain which, in tum, 
i 

might reduce the immune response to infection. TNF-a is! known to induce cell surface 

expression ofiCAM-1 (Sasaki et al, 2001). So by reducing the amount ofTNF-a, 

thalidomide treatment could also have an affect on the expression of this cell surface 

receptor which, in turn, would limit leukocyte migration i~to infected tissue. TNF-a also 

causes apoptosis of virus infected cells by binding to the TNF-a receptor which is present 

on most cell types (Galvan and Roizman, 1998). The triggering of apoptosis is initiated 

when factors such as a viral infection disrupt the orderly program of cellular events 

(Galvan and Roizman, 1998). Treatment with thalidomide could alter TNF induced 

apoptosis in the SCN of HSV -1 (KOS) infected ~ALBic mice by-allowing more cells to 

survive which could result in increased virus spread. 

Immunohistochemistry of the hypothalamus revealed thafF4/80+ macrophages 

produce TNF-<i in the SCN of HSV -1 infected BALB/c mice. Treatment of rriice with L-

ChMDP resulted iri increased viral spread in the SCN at d:ay 6 p.i. when compared to the 

L-PBS treated control group. Treatment of mice with L-ChMDP also resulted in 

increased viral titers in the SCN on day 6 and 7 p.i. More ;viral antigen was observed in 

the uninoculated eye which correlates with an increase in viral spread in-mice treated 

with L-ChMDP when compared to L-PBS treated controls. Viral titers were significantly 

increased in the contralateral eye of mice treated with L-ChMDP on day 7 p.i. 
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Collectively these results suggest that infiltration of F4/8o+:macrophages into the SCN 

plays a role in limiting viral spread in the SCN which, in tum, might reduce the amount 

of virus that can spread to the optic nerve and retina of the uninoculated eye. 
• I 

Alternatively, F4/80+ macrophages might play a role in limjting virus replication in the 

contralateral eye during the acute phase of retinal infection; in HSV -1 infected BALB/c 

mice. 

Macrophages have been shown to play a crucial rol~ in host resistance to HSV -1 

infection (Cheng et al, 2000; Zisman et a_l, .1970). 'The obsbrvationthat the timing of 
i 

virus spread and the titer were altered on ~ay 6 p.i. upon d~pletion of systemic 

macrophages supports the idea that F4/80+ macrophages play a role in limiting virus 

spread and/or replication in the SCN. Early phase response to host infecti?n-depends on 

the innate arm of the immune response. There are a varietr ~f mechanisms that 
!r '-

contribute to this response and macrophages are an:iong th¢ most important 

immunomodulatory cell.types in the early phase response (Gauldie et al, 1985). 

Macrophages serve as antigen-presenting cells and as effe9tor· cells in humoral and cell-· 

i 

mediated immunity (Janeway et al, 2001). These cells are: migratory and are able to 

. ' 

travel to and then infiltrate infected host tissue (Kim et al, 2006). The results of the 

present study suggest that macrophages play a role by infiltrating ~nto the SCN during 

virus infection since in macrophage depleted mice the am6unt of virus ~ri the ipsilateral 

and contralateral SCN was increased on day 6 p.i. and spread within the SCN seemed to 

increa~e. Based on Tesults from flow cytoinetry and obserVations from 

immunofluorescence, the percentage of inacrophages in cJodronate liposome treated mice 

was re~uced when compared to PBS lipospme treated mice in the SCN. Macrophages 
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are likely recruited to the site of infection by cytokines sue~ as TNF-a., produced early in 

infection i.e., by day 5 p.i. Macrophages were observed in: the SCN on day 6 p.i. One 

arm of protection against virus infection in the SCN is likely cell-mediated protection by 

I 

macrophages entering the brain which, in tum, leads to antjgen-presentation to other 

leukocytes which initiates the adaptive immune response t6 virus. The findings from this 

study support the idea that TNF-a. and systemic macropha~es play a role in limiting 

HSV -1 (KOS) infection in the SCN of BALB/c mice. 

i 

In order to further investigate the role of TNF-u in the· development of ARN, a 

recombinant HSV-1 (KOS) virus expressing TNF-a. was cpnstructed and tested to 

determine whether production of TNF-a. would affect viru~ spread after uniocular AC 

inoculation of BALB/c mice. TNF-u was produced in epithelial (Vero) and neuronal 

(SH-SYSY) cell lines during infectiol) with the TNF-a expressing recombinant, and 
• • I 

virus-produced TNF-a was cytotoxic to WEBI cells. Sev~ral key differences were 

observed in mice. infected with the TNF-a. expressing recqmbinant HSV -1 compared with 

• I 

mice infected with the HSV -1 · (KOS6{J) parental strain, wi:th the HSV -1 (KOSpCI) 

recombinant control, or with the HSV-1 (KOS6f3rescue) revertant virus. The maino 

differences were observed in the contralateral eye of mice :infected with the HSV -1 

(KOS TNF) recombinant. More viral antigen was observed in these mice and the amount 

of virus recovered from the contralateral eye of these mice was significantly higher than 

from mice infected with HSV-1 {KOS6{J) or mice infected with_HSV-1 (KOSpCI). 

These differences were observed on day 7, 8, and 9 p.i. w~ich is the anticipated time of 

onset .of acute retinitis in the contralateral eye in the· BALB/c. mouse model of HSV -1 

acute retinal necrosis· (V ann and Atherton, 1991). No significant differences were 
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observed in the ipsilateral eye of mice infected with any of the viruses used in this study 

and infection by all viruses appeared to follow the previously described pattern of 

infection in the injected eye (Vann and Atherton, 1991 ). 

In addition, no significant differences in virus titer were observed in the brain of 

mice infected with.HSV-1 (KOSTNF), HSV-1 (KOSpC/),[ot HSV-1 (KOS6fi). The 

finding that no difference was seen in the SCN could be due to the relatively low titer of 

virus (typical for brain· infection in the mouse model of ARN) from mice of all groups. 

These low titers would affect the amount of TNF-a produced by the recombinant which, 
• ' I 

in turn, would affect any biological activity induced by or dependent on the recombinant 
"\ 

protein. In contrast to the observations in the injected eye and the brain, the extent of 

retinitis in the uninjected contralateral eye of mice infecte<;l with the HSV -1 (KOSTNF) 

recombinant was increased compared with retinitis in the ~SV -1 (KOS6fi) and HSV -1 

(KOSpCI) infected mice and more severe retinitis in the HSV -1 (KOSTNF) infected mice 

correlated with the amount of recombinant TNF-a produced in· the inoculated eye. There 

were significantly higher amounts of TNF~a in the contra~ateral eye of mice infected with 

HSV-1 (KOSTNF) and flow cytometry revealed JllOre Mac-1 (CD11b)+ and Gr-1 + 

inflammatory cells in the uninoculated eye of HSV -1 (KOSTNF) infected mice. 

. . . 

In order to demonstrate that these results were not :dtie to an inadvertent genetic 

change or second site mutation, a revertant virus was gen~rated .from the HSV -1 

(KOSTNF) recombinant. More viral antigen was observed as well as increased viral 

titers at day 7 p.i. in the uninoculated eye of mice infected with HSV-1 (KOSTNF) when 

compared to the rescued virus. In contrast, no significant changes in the spread of virus 

. or viral titers were observed at day 8 and 9 p.i. in the uninoculated eye of mice infected ~ 
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with HSV-1 (KOSTNF) when compared to the HSV-1 (KOS6{Jrescue) revertant. The 

most interesting observation was the difference in the degree of retinitis in mice infected 

with HSV -1 (KOSTNF) when compared to the rescue con~rol.virus. At day 8 and 9 p.i. 

the extent of retinal pathology seemed to be markedly increased in mice infected with 

HSV -1 (KOSTNF). Although both groups of mice developed retinitis by day 7 p.i., 

retinitis in mice infected with HSV-1 (KOSTNF) seemed to be more severe and infection 

was observed throughout the retina. Surprisingly, there were no differences in the 

amount of virus in mice infected with HSV -1 (KOSTNF) when compared to mice 

infected with the rescue control virus at day 8 and 9 p.i. While we cannot completely 

rule out that the lack of difference at day 8 and 9 p.i. may pe caused by some 

unanticipated mutation or second site mutation, use of the rescue recombinant virus 

suggests that overexpression of TNF-a exacerbates retinal pathology rather than limiting 

virus spread or replication. . 

TNF-a has been shown to have multiple functions in the immune response, such 

as containment of local infections and participation in both netiroprotective and 

neur6destructive processes in chronic and acute neurodegenerative disorders (Fontaine et 

al, 2002; Minagawa et al, 2004). As mentioned, TNF-a has also been shown to be. 

involved in leukocyte migration into tissue, in upregulation of intracellular cell adhesion 

molecule-1 (ICAM-1), and is a major causative agent in the induction of apoptosis 

(Galvan and Roizman, 1998, Koizumi et al, 2003, Sasaki et al, 2001, Wan et al, 2001). 

Many of the functions associated with TNF-a are directly attributable to its 

proinflammatory properties. These propef!ies directly contribute to the pathogenic 

effects of TNF-a. For example, during endotoxin~induced uveitis (EIU) in a rat model, 
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production of TNF-a correlates with the extent of apoptotic cell death and vascular 

leakage (Koizurlli et al, 2003). After treatment with a TNF-a inhibitor, a significant 

reduction in leukocyte rolling, adhesion, activation, and apoptosis was observed thereby 

limiting the rate of inflammatory uveitis (Koizumi et al, 200~). Moreover, treatment with 

antibodies against TNF-a and sTNFr-IgG, a soluble TNF-~ receptor, in models of 

experimental autoimmune uveoretinitis (EAU) and experimental allergic 

encephalomyelitis (EAE) delays the onset of pathogenesis. and tissue damage in the retina 

and the central nervous system (Baker et al, 1994; Dick et! al, 1996; Robertson et al, 

2003). TNF-a has also been implicated in the pathogenesis of H~V -1 retinitis and acute 

retinal necrosis (Zheng and Atherton, 2005). Interaction df this cytokine with other 

immunomodulatory factors is thought to be involved in the development or evolution of 

HSV retinitis (Zheng and Atherton, 2005). 

In the study of the TNF-a expressing recombinant, although infection with HSV -1 

(KOSTNF) did not affect the location or the titer of virus in the ipsilateral eye or brain, 

significant differences were observed in the uninoculated contralateral eye. In mice 

infected with HSV-1 (KOSTNF), spread of virus to the retina at day 7 p.i. was increased 

when compared to HSV -1 (KOS6fi) and HSV -1 (KOSpCI) infected mice. This trend 

continued until the peak of the disease at da:Y 9 p.i. Sprea~ of virus to 'the retina at day 7 

p.i. was increased in HSV-1 (KOSTNF) infected mice when compared to mice infected 

with HSV-1 (KOS6Prescue). In accordance with the observation of increased viral 

spread in ~he retina of HSV ~1 (KOSTNF) infected mice, the titer of virus in the· 

uninoculated eye was also significantly increased. Hemqtoxylin and eosin staining 

revealed that the extent of retinitis and the amount of tissue damage (as characterized by 
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a greater degree of retinal infiltration of leukocytes, atypical retinopathy, and necrotizing 

retinitis extending from the ciliary body throughout the retina) were increased at day 7, 8, 

and 9 p.i. in mice infected with HSV -1 (KOSTNF). As mentioned, TNF-a plays an 

important role in the initiation of the immune response. TNF-a can upregulate cell 

surface receptors such as ICAM -1 and recruit immune effector cells to sites of infection 

which helps to initiate the inflammatory response (Sasaki et al, 2001). Inflammation and 

. apoptosis i~duced by cytokines_, such as TNF-a., are regulated by factors such as NF-KB 

during immune and inflammatory responses in many p~thological conditions (Papa et al, 

2004; Sebban and Courtois, 2006). However, respon~e to overproduction of TNF-a. is 

not well defined. 

Based on the results from experiments involving the TNF-a. expressing 

recombinant, we conclude that overproduction of TNF-a. leads to increased inflammation 

as observed in the contralateral retina of mice infected with HSV -1 (KOS TN F). Tlie · 

amount of tissue damage in the contralateral retina of mice i;nfected with HSV -1 

_(KOSTNF) was increased when compared to the vector alone control, the parental strain 

or to the rescue control virus. Moreover, because there wer~ no significant differences 

observed in the pattern of virus spread and amount of virus in the brain and injected eye, 

it appears that the majority of the TNF-a. mediated damage was lirhited to the 

contralateral, uninjected eye. This finding suggests that there is a direct correlation 

between overproduction of TNF-a by the recombinant virus and the evolution of retinitis 

in the contralateral eye in our model of ARN. One possible explanation for this 

observation is that the increase in inflammation may result in more rapid retinal 

destruction due to increased infiltration of leukocytes to the site of infection, in this case 
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-the retina. In tum, increased retinal destruction and tissue degradation may facilitate viral 

spread resulting in an increase in virus titer at earlier time points corresponding to earlier 

destruction of the retina of the uninoculated contralateral eye. The observation that no 

significant differences were seen in viral_titers in the contralateral eye at day 8 and 9 p.i. 

when comparing the TNF-a recombinant to the revertant virus when there were dramatic 

differences in the degree of retinitis further ~upport the idea' that inflammatory mediators 

such as TNF-a play a major contributing role in the pathology of ARN. In HSV~1 (KOS) 

infected Gr-1 depleted mice, the extent of retinitis in the uninoculated contralateral eye is 

reduced as well as the virus titer compared to control IgG tr~ated mice (unpublished 

data). These observations suggest that infiltration of inflammatory cells, such as Gr-1, 

play a role in the exacerbation of the pathology seen in ARN. 

Mi~roarray analysis revealed that many genes involved in the inflammatory 

immune response were ·upregulated. The most ·significant genes that were observed to be 

upregulated were the chemokine gene family and genes involved in the immune 

response. One of the most interesting findings was upregulation of lipocalin 2. 

Lipocalins ~e a large group of small extracellular·proteins (Flower, 1996). Lipocalin 2, 

also known as neutrophil gelatinase-associated lipocalin (NOAL), belongs to a family of 

matrix metalloproteinases involved in tissue invasion, extracellular matrix degradation, 

and tissue remodeling (Sivak and Fini, 2002). Neutrophil gelatinase-associated lipocalin 

is a 25-kDa lipocalin originally purified from ~uman neutrophils (Kjeldsen et al, 2000). 

NGAL was first identified in primary cultures of mouse kidneys that were induced to 

proliferate (Hraba-Renevey et al, 1989). It is presently thought that NGAL is an acute 

phase protein and that its expression is upregulated in humans during a variety of 
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inflammatory conditions such as inflammatory bowel disease and diverticulitis (Nielsen 

et al, 1996; Nilsen-Hamilton et al, 2003). NGAL expression has also been observed in 

breast carcinoma cells and in epithelial cells of human colorectal neoplasia in breast and 

col~rectal cancer, respectively (Nielsen et al, i996; Stoesz et al, 1998). Matrix 

metalloproteinases (MMPs) have been implicated in the pathology of retinal diseases 

such as uveitis, proliferative retinopath:ies, and Kawasaki disease (Biezeveld et al, 2005; 

Sivak and Fini, 2002). NGAL expression is increas~d during inflammation and MMPs 

are regulated by various cytokines, such as TNF-a, leading .to tissue· destruction (Majka 

et al, 2002; Sivak and Fini, 2002). NGAL also forms a complex with MMP-9, protecting 

MMP-9 from autodegradation and stabilizing .the activity of the protein (Y an et al, 2001 ). 

NGAL is also thought to limit bacterial growth by sequestering iron (Flo eta!, 2004). 

However, in spite of the plethora of information about the molecule, the full function of 

NGAL still remains unclear. 

In the mouse model ofHSV-1 ARN, one possibility:for the increase .in 

inflammation and virus spread in the contralateral eye is the expression of lipocalin. As 

mentioned, lipocalin has beeri implicated in the pathology of many diseases due to its co

expression with MMP-9. MMP-9 is an important enzyme used by immune cells to 

migrate to sites of infection through extra cellular matrix degradation (Sivak and Fini, 

2002; Xia et al, 1996). NGAL forms a complex with MMP-9 and protects it from 

autodegradation (Yan et al, 2001). It is possible that an increase in the stabilization of the· 

MMP-9/NGAL complex leads to increased tissue damage iri the retina. The resulting 

tissue damage associated with a migration of immun_e cells into the retina may facilitate 

virus spread by allowing virus to spread throughout the retina and infect more types of 
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retinal cells and/or infect more cells at the same time. This tissue damage and resultant 

viral spread leads to fulminant retinitis. An overproduction of TNF-a. may exac~rbate 

this process and lead to an earlier induction of fulminant retinitis. 

Recent studies done by Tong et al. suggest that NGAL plays a key role in cell 

survival (Tong et al, 2005). In these ~tu~ies it is suggested that induction of NGAL in 

response to apoptotic stressors may be a compensatory response that involves cellular 

defense pathways (Tong et al, 2002). These c~nclusions were supported by the 

observation that overproduction of NGAL in human l_ung adenocarcinoma A549 cells 

significantly reduced cell death upon treatment of cell death-inducing agents and that 

siRNA against NGAL resulted in significantly less cellular proliferation following 

xenobiotic treatment (Tong et al, 2002). These data indicate the induction of NGAL 

correlated with the induction of apoptosis. Based on the evidence presented in the paper 

by Tong et al., induction of NGAL acts as a survival response against toxic stimuli (Tong 

et al, 2002). In studies done by Mishra et al., it was suggested that NGAL plays a role in 

cell survival of proximal tubule cells (Mishra et al, 2004 ). Sorensen et al. reported that 

.NGAL was strongly induced by growth factors IGF and TGF-a. in primary keratinocytes 

and that this induction plays a role in wound healing (Sorensen et al, 2003). Another 

report suggested that down regulation of related ExF ABP, a 21 kDa lipocalin, induces 

apoptosis in chicken chondrocytes (DiMarco et al, 2003). 

A possible conclusion from these studies is that in the presence of overproduction 

of TNF-a. by KOSTNF, overproduction of NGAL ensues a~: a cellular defense 

mechanism. TNF-a. is well documented as an executioner of cell death. There is an 

overproduction of this cytokine during infection by the recombin-ant HSV-1 (KOSTNF). 



112 

Studies have suggested that in the presence of toxic stimuli, surviving cells become more 

resistant to apoptosis ·as a cellular defense mechanism (LeGrand, 1997). So in response 

to an overproduction of TNF-a, which would be the toxi~ stimuli in this case, induction 

of NGAL ensues to match or overcome the cellular response to increased apoptotic 

pressure. This cellular survival due to NGAL expression correlates with an increase in 

permissevness for viral replication allowing the virus to spread throughout the retina 

resulting in a earlier onset of retinitis in mice infected with ·HSV -1 (KOSTNF). Although 

it seems that NGAL may be acting as a survival factor, it is· not clear whether 

overexpression of NGAL is an innate cellular response, a response to the virus 

manipulating cellular machinery, or induced by the overexpression of TNF-a. · Additional 

experiments will need to be done in order to· differentiate whether upregulation of NGAL 

is_ a cellular, viral, and/or TNF-a induced response. Because initial rtlicroarray 

experiments were done with the parental strain and vector alone control only, additional 

experiments will need to ?e don~ with the HSV -1 (KOS6fJrescue) revertant virus to 

verify the pathophysiological role ofNGAL in an animal model of ARN. 
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The degree to which the immune system plays a role in the pathology of ARN is 

not well understood. Many factors can contribute to the onset of viral infection and 

inevitably ARN. Here we have shown that TNF-a. plays a direct anti-viral role in the 

pathogenesis of ARN. In contrast, under conditions of increased inflammation the spread 

of virus and the onset of retinitis can be induced earlier by factors such as TNF-a and 

NGAL. These proinflammatory factors can work against the host in many situations. 

Additional studies will need to be done to understand the exact mechanisms of increased 

TNF-a and NGAL expression in our model and their role in the evolution of ARN. 

Understanding in this area will elucidate the mechanisms of inflammation in the eye and 

perhaps ultimately lead to therapies that can limit disease progression and prevent visual 

loss. 
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The purpose of these studies was to investigate the role of TNF..:a in the eyes and 

brain of HSV -1 infected euthymic BALB/c mice. The results presented herein have 

raised several questions about the function of TNF-a and its role in the evolution of 

retinitis. In our initial studies the use of thalidomide, a pharmacological inhibitor of 

TNF-a, limited viral spread in the SCN and; jnevitably, li~ted the onset of retinitis in the 

contralateral eye. We then employed the use of clodronate liposomes (L-ChMDP) to 

deplete macrophages which express TNF-a in the SCN of HSV -1 infected BALB/c mice. 

Increased virus spread and increased viral titers were observed in the SCN in macrophage 

depleted mice infected with HSV -1 (KOS). These findings suggest that infiltrating 

immune cells are expressing TNF~a and that the TNF-a expressed has a direct role in the 

limitation of virus spread. 

Based on these results we asked whether a recombinant virus that expresses TNF-

. a constitutively would affect virus spread in the eyes and brain of HSV -1 infected mice. 

Interestingly, upon infection of a recombinant virus that expresses TNF-a constitutively 

more severe disease was observed in the contralateral eye. Furthermore,_ the onset of 

retinitis (as characterized by greater degree of retinal infiltration of leukocytes, atypical 

retinopathy, and necrotizing retinitis extending from the ciljary body throughout the 

retina) was· much earlier in these mice. This result raises interesting questions that must 

be addressed about the relationship between TNF-a and the: evolution of retinitis in our 

model. One explanation would be that TNF-a is tightly regulated under normal 

physiological conditions. Because of its distinct ability to induce events such as 

leukocyte recruitment, vascular leakage, and apoptosis, TNF-a must be regulated as a 

proinflammatory cytokine. These events play an _important role in the immune re-sponse 
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to pathogens, but they can also play significant roles in the evolution of pathology seen in 

many diseases such-as ARN. 

The data obtained herein have suggested several future studies as the natural 

extension of this project. One future stu4y would be to investigate the effects that 

thalidomide has on other cytokines and proinflammatory molecules. · RT -PCR or ELISA 

of other proflammatory molecules could be performed to directly answer this question. 

The use of a TNF-a. knockout mouse would be ideal to continue this study. At the present 

. ' 

time there is a not a TNF-a knockout mouse available on a BALB/c background. Genetic 

engineering of a TNF-a knockout mouse on a BALB/c background would contribute 

greatly to answering questions of the role of TNF-a in our model. 

Another future study would be to elucidate the role of other cell types in the 

limitation of virus spread and in the evolution of ARN. Glial cells, T cells, neutrophils, 

and astrocytes are able to express 'TNF-a and therefore any: or all of these cell types may 

play a direct anti-viral role in limiting viral spread. Altem~tively, because these cells 

express proinflammatory cytokines they may also contribute to immunopathology seen in 

ARN. 

The results from experiments done with the KOSTNF recombinant point to the 

need for further investigation into the role of TNF-a mediated retinal damage. Because 

TNF-a is a potent inducer of apoptosis, the use of TUNEL assays and/or an investigation 

of the role of the caspase family of proteins upon infection ~ith the KOSTNF 

recombinant would be interesting avenues of study.· It would also be interesting to infect 

a TNF-a knockout mouse with the KOSTNF recombinant virus. These experiments 

could help to decipher the direct relationship between TNF-a and virus in our model of 
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ARN. Based on the observation of more immune infiltrating cells into the retina of 

KOS TNF infected mice, specific cell depletion experiments Would help to elucidate the 

immunopathologic role of infiltrating leukocytes in the retina and in the evolution of 

retinitis. Depletion of cell types such as_macrophages and neutrophils in an environment 

of TNF-a overexpression by a KOS recombinant would help define the role of these cells 

in the evolution of retinitis. Depletion studies would also ~elp decipher whether events 

such as apoptosis are important processes in the progr~ssion of pathology in ARN: 

Microarray studies appear to point to the imporlanGe of proteins such as .· 
• I 

neutrophil gelatinase associated lipocalin (NGAL) in the evolution of ARN. Future 

I 

experiments elucidating the role of these proteins would be an important step in 

understanding the immunopathology seen in ARN. Investjgating the role of NGAL 

through in vivo depletion experiments and in vitro assays to elucidate the signaling 

mechanisms of the protein could 'Contribute to the knowle~ge of the global effect of the 

immune response during virus infections and during inflammatory events. 

These studies present evidence for the potential of:immunomodulatory inhibitors 

to combat the progression of disease seen in ARN. Moreover, these studies also present 

evidence for the challenge of exploiting cytokine gene-delivery systems in combating 

disease progression in disorders such as ARN. Taken together, the results of the studies 

described herein underscore the idea that the exact relationship between in~ammatory 

modulators and virus in the ·evolution of HSV -1 induced r~tinitis is a complex process 

and that additional studies are. needed to be_ done to decipher these interactions. 
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