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"The most beautifut thingwe can experience is the mysterious. It is the source of all true art

and all science. He to whom this emotion is a stranger, who can no longer pause to wonder

and stand rapt in awe, is as good as dead: his eyes are closed."...

Albert Einstein
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Summary

Herpes simplex virus type 1 (HSV-l) produces acute muco-cutaneous infections, followed by

spread to sensory nerve ganglia, and establishment of latency. In the peripheral nervous

system, primary sensory neurons, which are found in dorsal root ganglia of the of the spinal

nerves, are the target for HSV and they may undergo either productive or latent infection.

productive infection of sensory neurons generates the potential for lethal spread of virus

through the nervous system but in immunocompetent hosts, viral replication is terminated by

timely development of an adaptive immune response. The infection of dorsal root ganglia that

follows cutaneous inoculation of the flanks of mice with HSV provides a well-charactetized

model of peripheral nervous system infection. The mechanisms responsible for clearance of

HSV are complex. At mucosal and cutaneous sites, local innate immune mechanisms act to

intelupt the initial spread of virus to the nervous system, while adaptive immunity is

important in limiting replication in the ganglia and extension of the virus to adjacent

dermatomes. Thus actions of both the innate and the adaptive immune systems are vital in

defence against replicating HSV-1, while it is thought that latent infection in the ganglia is

contained by the surveillance of the adaptive immune system.

Natural killer T (NKT) cells are a conserved subpopulation of lymphocytes that recognize

glycolipid antigens presented by the invariant MHC class I-like molecule CDld. Upon

activation through their semi-invariant T cell receptor, these cells rapidly release large

amounts of immuno-modulating Thl and Th2 cytokines. NKT cells have, therefore, been

implicated in immune responses controlling various diseases, including infection, cancer, and

autoimmunity, as well as having an involvement in allo-graft survival. Consideration of the

important contributions of innate and adaptive immunity to clearance of HSV prompted this

investigation of the role of CDld and of CDld-restricted NKT cells in the pathogenesis of

HSV infection.

The first part of this thesis (Chapter 3 and 4) describes investigations into the role of NKT

cells in immunity to HSV-1, using a zosteriform model of infection and two gene knockout

strains of C57BL|6 mice. CDld GKO and Jo18 GKO mice, which are deficient in NKT cells,



are compromised in controlling HSV-I as evidenced by mortality, virus loads in skin and

dorsal root ganglia, presence and size of skin lesions, persistence of HSV antigen, neuronal

damage and extent of latency. Comparisons between wild type (NKT cell replete), Jo18 GKO

(deficient in invariant Vo14+ NKT cells) and CDld GKO (deficient in all CDld-dependant

NKT cells) mice allowed assessment of CDld-dependant NKT cell subsets in defence against

the virus at various stages of infection. It was concluded that both subsets play important roles

in controlling the virus and in preventing Iethal neuro-invasive disease, that both are vital

adjuncts to the adaptive immune response and that without them, low doses of

neuropathogenic HSV-l can establish quickly and cause fatal infections.

The NKT-cell population appears to be quite dynamic in its response to a tange of pathogens

and other disease processes. The study described in Chapter 5 presents evidence suggesting

that the response of NKT cells during HSV infection is no less dynamic. In the axillary lymph

nodes, observations on numbers of cells expressing NKl.1 antigen and the invariant TCR

suggest that NKT cells are activated in the regional lymph nodes draining the infection site.

Observations on lymphocytes prepared from liver and spleen also suggested activation of

NKT cells, indicating that NKT cells at these sites are also activated during the course of

acute HSV infection.

The role of NKT cells in the control of HSV infection was further examined by adoptive

transfer studies, to investigate whetherthe defect in handling of HSV-l by Jol8 GKO mice

could be complemented by the adoptive transfer of lymphocytes from wt mice (Chapter 6).

Finally, the relevance of activated NKT cells in the anti-HSV response was examined by

observing the effects of cr-GalactosylCeramide therapy on the severity of HSV-1 infection

(Chapter 6). Activation of NKT cells by this compound delayed the onset of HSV disease,

decreased prevalence and severity of zosteriform lesions and reduced viral titres in skin and

ganglia. The beneficial effects of cl-GalactosylCeramide on the outcome and severity of HSV

infection in the skin were dose-dependent.

Collectively, the studies described in this thesis provide insights into how NKT cells,

normally aÍare population of cells, has the ability to regulate the protective immune response
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to HSV-I. As more understanding is gained about how NKT cells become activated during

HSV-1 infection, and how they mediate their antiviral effects, other ways may be developed

to modulate and activate this interesting subset to the benefit of infected individuals'
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Chapter 1

Literature Review
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1.1 Herpes simplex virus

1.1.1 Epidemioloey and Clinical Manifestations

Herpes simplex virus (HSV) is endemic in every nation and infects millions of people

worldwide, independently of gender or racial factors (Nahmias et al., 1976). Productive

infection and recovery from the acute HSV infection is followed by a latent phase, which can

reactivate from time to time to produce new infectious virus. The ability of HSV to establish a

latent state, with persistence and relapses, contributes to its success by providing a large

potential reservoir of virus for infecting susceptible individuals. The impact on society is

substantial, with 70 to 90%o of adults carrying a latent HSV infection (Perng et a\.,2000).

There are two distinct sero-types of HSV - type I (HSV-l) and type 2 (HSV-2). HSV-I is
associated primarily with infections of the head, neck and mouth while HSV-2 is the

predominant infection in the genital and anal regions (Corey et al., 1983, Dowdle et al.,

1967). However, this anatomical preference is not absolute and both sero-types can be isolated

from the respective areas of infection. Both HSV-I and HSV-2 can be excreted

asymptomatically during primary or recurrent infection, therefore creating a silent reservoir

for transmission of the disease. Seropositivity for HSV-1 is more common than for HSV-2.

HSV infections are distributed worldwide and the prevalence of infection is the same in

females and males (Nahmias et a|.,1990). Animal vectors for human HSV infections have not

been described and humans remain the sole reservoir of infection. Transmission is by close

personal contact between susceptible individuals and primary infection is usually associated

with mucosal surfaces or abraded skin (Roizman et o1.,2001). High prevalence of HSV

infections can be attributed to the fact that the virus is rarely fatal and consequently there is a

large pool of latently infected individuals who can potentially transmit HSV during episodes

of productive infection.

Geographic location, socioeconomic status and age are the primary factors that influence the

acquisition of HSV infection (Roizman et a1.,2001). In developing countries up to 99% of

2



people have been infected with HSV-l by adulthood, compared to 40-80% of people in more

developed countries (Roizman et aL.,2001) The most common sites of infection are the mouth

(gingivostomatitis) and lips with kissing being the most common mode of transmission..

Among middle and upper socioeconomic classes, there is a signifrcantly lower prevalence of
antibodies during childhood, adolescence and even later in life (Whitley et al., 1993). In

children of undeveloped countries and those of lower socioeconomic classes, primary

infection occurs much earlier in life than in children from developed countries and of higher

socioeconomic classes. In the latter, primary infection may be delayed until adolescence or

perhaps even adulthood. Crowding appears to be a major factor determining prevalence of
infection in areas of lower socio-economic status (Whitley et o1.,1993).

In general, genital infections are caused by HSV-2 and since most primary infections occur

through sexual contact, antibodies to this virus are rarely found before the age of onset of
sexual activity. Primary genital infection are often asymptomatic (Corey et a\.,1983, Rattray

etal., 1978)andonly30%oare clinicallyapparent(Mertz etal., 1992a). Arecentstudyhas
found that an increasing proportion of genital HSV infection (20%) is now due to HSV-I,

which may reflect changing sexual practices (Lafferty et a1.,2000). Genital infection due to

HSV-1 is generally less severe and less prone to recur.

Maternal genital HSV infection during pregnancy poses a significant risk to the unborn foetus.

In neonates, primary HSV-2 infection is usually acquired from the mother by contact with

genital lesions during childbirth. Mild infections are usually restricted to the skin, eyes and

mouth. Once disseminated infection is established it can cause widespread damage to most

organs. Reported incidence of perinatal HSV infection in Australia is 3.4 of 100 000 live

births, and is predominantly caused by HSV-I (Freedman et al., 2004). Of the 43 cases

reported in Australia between 1997 and 2001, 19 (44%) were due to HSV-I, 15 (35%) to

HSV-2, and in 9 cases (2lo/o) the virus type was unknown or not recorded. Despite the

availability of antiviral therapy, there was mortality of 23Yo.

Herpes infections of the eye (keratoconjunctivitis), usually caused by HSV-1, cause corneal

scarring and in the USA, this is the second most common cause of corneal blindness. Herpetic
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whitlow (infection of the finger) and herpes gladitorium, found among wrestlers and spread

through skin abrasions, are other common forms of HSV infections. People with skin bums

and abrasions are particularly susceptible to HSV-l and HSV-2 infections.

1.1.2 Components of the HSV virion

The HSV virion contains a large (-l52kb) double stranded (ds) DNA genome. It is packaged

within an icosahedral capsid, wrapped in a toroid (Furlong et al., 1972) or a spool (Zhou et al.,

1999). Most virions are approximately round in shape, but they are pleomorphic, with

signifrcant departures from sphericity in many cases. It was reported recently that the position

of the nucleocapsid within the envelope can be eccentric (Grunewald et a1.,2003). [n this

model the capsid is in close proximity to the envelope at the proximal pole, but separated from

it by 30 to 35 nm of tegument at the distal pole (Figure l).

The genome contains aproximately 90 unique transcriptional units and has a genomic weight

of 96x106 Daltons (Lehman et a\.,1999, Miller et a\.,1998a, Pringle, 1993). At least 80 of

these genes encode proteins, with approximately 40 structural proteins incorporated into the

virion (Roizman et a1.,2001). The genome is composed of two covalently linked segments,

termed long and short. Each segment contains unique sequences (Ur- and Us), comprising 82%

and l8o/o respectively (Lehman et al., 1999). Each unique sequence is flanked by inverted

repeat regions located internally and terminally. For U¡, these are designated b'a' or internal

repeat long (IR¡) or terminal repeat long (TR¡), while for Us they are designated a'c' or

internal repeat short (IR5) or terminal repeat short (TRs) (Sheldrick et al., 1974) (Roizman et

aL.,2001).

The capsid is an icosahedral shell, comprised of 162 capsomers with four predominant protein

components (Figure 1). Virion protein (VP)5 is the major capsid protein and the structural

subunit of the 162 capsomers. Three less abundant proteins, VPI9C, VP 23 and VP26, are

located in the spaces between the capsomers (Homa et al., 1997). VP24 and the scaffolding

protein (termed preYP22a) are necessary for the assembly of the capsid (Homa et aL.,1997).
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Surrounding the HSV-1 nucleocapsid is the protein tegument, which occupies approximately

two-thirds of the volume of the virion (Grunewald et a1.,2003) and contains the majority of

virion proteins (Desai et al.,20OI) (Figure 1).

nucleocopsd
tegunwnl
9Cfio!n¿

-- membrqne

glycoprolein complex I

glycoprotein complex III

Figure 1.1: Schematic representation of the structure and composition of herpes simplex

virus.

The tegument is unstructured and is present as a mass of viral proteins surrounding the viral

capsid. Relatively little is known about the structure or the function of the tegument. About 20

tegument proteins have been identihed most of which are phosphorylated (Haar et al., 1994)

(Roizman et a1.,2001). Two important tegument proteins are virion host shut-off (VHS), the

UL4l gene product, and VP16, which is encoded by UL48. VHS shuts down host cell protein

synthesis by degrading and destabilising cellular mRNA (Kwong et aL.,1988). VP16 binds to

the viral genome and cellular factors, forming a potent transcription complex that is capable of

inducing transcription of viral cr-genes(O'Hare,1993) (Roizman et a|.,2001).

The virion envelope consists of a lipid membrane that is derived from the host cell nuclear

membrane. It contains glycoprotein spikes that vary in relative amounts and copy number on

the virion surface (Figure 1). In addition, it also contains several non-glycosylated viral
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proteins and polyamines (Jacobs et ol., 1999, Roizman et al., 1990). To date, the HSV-I

virion is known to contain a minimum of 33 virally-encoded polypeptides but it does not

appear to contain any proteins derived from the host cell (Roizman et al., 1990). Of the 12

proposed HSV-1 glycoproteins, l0 have been identified in the viral envelope: BB, gC, BD, gE,

gG, gH, gI, gK, gL, gM (Roizman et a1.,2001). All glycoproteins have been characterized

with respect to their role in the replicative cycle and are confirmed to be a part of the virion

(Roizman et a|.,2001). Glycoprotein gK is not incorporated and plays an important role in the

virus capsid envelopment at the nuclear membrane and in the virion transport to the cell

surface (Rajcani et aL.,1998). The remaining glycoproteins are involved in virus adsorption,

penetration and cell-to-cell spread (Rajcani et al., 1998) (Wisner et a1.,2000). The putative

glycoproteins gJ and gN have not been confirmed to be part of the virion, and recently it has

been suggested that they play a key role in blocking the apoptotic cascade (Zhou et a|.,2000)

1.1.3 Replication of HSV

1 . I .3. 1 Attachment and penetration

The process of HSV entry into cells is divided into stages, the first being attachment of the

enveloped virus to the surface of susceptible cells via interaction of envelope gC (and to some

extent gB) with the glycosaminoglycan moieties of cell surface heparan sulfate. The greatest

efficiency for attachment is achieved through interaction of gC with heparan sulfate, while the

second step in attachment involves gD interacting with one of several molecules on the host

cell surface. These co-receptors belong to three structurally unrelated molecular families: the

tumor necrosis factor (TNF) receptor family (Montgomery et al., 1996), immunoglobulin

superfamily(Geraghty et a|.,1998) and 3-O-sulfated heparan sulfate (Shukla et ol.,1999,Xia

et a|.,2002).

Attachment of virus to cell the surface triggers cytoskeletal changes that mediate penetration

(Rosenthal et aL.,1988). The final stage of HSV-1 entry involves fusion of the virus envelope

with the plasma membrane causing internalisation of the viral nucleocapsid and tegument

(Morgan et al., 1968). This requires the participation of gD (Ligas et ol., 1988), gB
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(Sarmiento et al.,1979) and the gH-gL heterodimer (Rajcani et a|.,1998). [t is speculated that

binding of gD to cellular receptors leads to rearrangement and conformational change of viral

proteins , so that gB, gH-gL can promote fusion (reviewed in (Campadelli-Fiume et aL.,2000).

After penetration, most but not all of the tegument proteins are lost and nucleocapsid is

transported to the cell nucleus, where it dgcks at the nuclear pore complex and rapidly releases

viral DNA (Ojala et aL.,2000). lmmediately after entering the nucleus, most of the viral DNA

circularizes (Garber et al., 1993). Circularization is dependant on host factors, cellular

proteins or viral proteins brought into the infected cell in the virion and does not require viral

protein synthesis (Poffenberger et aL.,1985) (Roizman et aL.,2001).

1.1.3.2 Gene exoression and DNA replication

The HSV-I genes are categorized according to their order of expression during productive

infection; (i) immediate early (IE or alpha), (ii) early (E or beta), and (iii) late (L or gamma)

(Honess et al., 1974). Transcription of viral DNA is mediated by host RNA polymerase [I
during infection (Costanzo et a|.,1977) (Lehman et aL.,1999).

Two to 4 hours after infection and in the absence of any de novo synthesis of proteins,

immediate early (IE) genes or cr-genes are expressed. There are six ü genes, which encode

proteins ICPO, ICP4, ICP22,ICP27,ICP47 and Usl.5 (reviewed in (Roizman et a|.,2001)).

Immediately after entry, virus proteins VPl6 and VHS induce viral control over host cell

function. VPl6 stimulates transcription of o genes, by forming multi-protein complexes, hrst

with a cellular protein called host cell factor (HCF), or Cl (Hughes et a|.,1999) (Roizman et

a1.,2001). VPl6 is then carried to the nucleus, where the VPI6-HCF complex binds to the

cellular protein octamer DNA binding protein Oct-l and initiates viral transcription (La

Boissiere et aL.,1999). Four o gene polypeptides (ICPO, 4,27 and22) are involved in trans-

activation and/or repression of B and y gene expression. Another G gene polypeptide (ICP47)

interferes with the host immune response, by blocking the association presentation of viral
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antigenic peptides with MHC class I and their presentation. This is achieved by binding to
TAP and preventing peptide translocation into the endoplasmic reticulum (Hill et a\.,1995).

The expression of viral B or early genes requires the presence of functional a-proteins,

particularly tCP4 and their expression peaks 5 to 7 hours after infection (Roizman et al.,

2001). p gene polypeptides, which include viral thymidine kinase and DNA polymerase

(Simmons, 1995, Slobedman et aL.,1994), make up most of the non-structural proteins and are

involved almost exclusively in DNA synthesis and nucleic acid metabolism.

Viral DNA synthesis begins as early as 3hr p.i., shortly after the appearance of the B proteins,

and continues for at least l2hr (Honess et a|.,1974). The mechanism of DNA replication has

not been defined clearly. It appears to involve fusion of genome ends to form a circularized

template for 'rolling circle' replication (Garber et al., 1993, Poffenberger et aL.,1985). This

process generates long concatamers of head-to-tail linked unit length genomes, which are

cleaved at the DNA cleavagelpackaging signals prior to packaging into new virions (Ylazny et

al., 1982, Zhang et al., 1994). Several viral proteins are required for viral DNA replication:

viral DNA polymerase (UL30) and its accessory protein (ULaÐ; ICPS ss DNA-binding
protein (SSB; UL29); helicase-primase complex of UL5, UL8 and IJL52; and origin-binding
protein (UL9) (reviewed in (Roizman et a\.,2001)

y genes are expressed once viral DNA replication has been initiated (Godowski et a1.,1986)

(Godowski et al., 1986, Weinheimer et al., 1987, Weller et al., 1985). Most are structural

proteins and glycoproteins, that are required for capsid assembly and DNA packaging. Late

transcription takes place in replication compartments within the infected cell nucleus, as

evidenced by localisation of ICP4 (Knipe et al., 19S7)((Randall et al., 1986), polymerase II
(Leopardi et al., 1997, Rice et al., 1994) and ICP22 (Hilton et al., 1995) to replication

compartments at later times. The end result of late gene expression is expression of large

amounts of viral structural proteins for assembly of progeny viral particles.
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1.1.3.3 Virion assemblv and esress

Capsid assembly and DNA packaging are required for HSV-I growth. Closed DNA-free

capsids are formed first and later filled with newly synthesised DNA. Four types of capsids

have been identified in cells infected with HSV-I. The procapsid is believed to be the

progenitor of the other capsid types. It has a shell that is spherical, unstable, and relatively

porous (Newcomb et al., 1996). A-capsids are made up of empty protein shell, composed of
VP5, VP19C, VP23 and YP26 (Newcomb et al., 1996). B-capsids contain these same capsid

proteins, as well as cleaved scaffold proteins within the capsid shell (VP22a, YP2l and

VP24), while C-capsids are considered mature capsids and contain packaged DNA but lack

most scaffold proteins (Newcomb et al., 1996). The successful DNA packaging and the

cleavage of the scaffold protein in the procapsid is believed to trigger a rearrangement of the

outer shell, such that it forms the more stable icosahedron (Heymann et a\.,2003). A-capsids

and B-capsids are not thought to be precursors of C-capsids rather A-capsids are believed to

arise from aborted packaging events in which the scaffold is lost and DNA is not retained,

whereas B capsids are the consequence of premature or asynchronous scaffold protein

cleavage, such that the shell undergoes rearrangement before the scaffold is degraded or

expelled (Newcomb et a|.,1996) (Beard et a|.,2004).

The appearance of thick patches in the nuclear membrane signals the initiation of capsid

release (Nii e/ al., 1968) (Roizman et a1.,2001). Assembled viral capsids bud through the

nuclear membrane and are surrounded by accumulated tegument proteins and glycoproteins.

ln the skin, viral progeny are spread primarily via release into the extracellular compartment

when the infected cell lyses. Released virus attaches to adjacent cells, including nerve

endings. However, cell to cell spread via virus-mediated fusion and formation of multi-

nucleated giant cells (syncitia) also occurs (Darlington et a|.,1973, Miller et aL.,1998a).
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1.2 Pathogenesis of HSV infection

The pathogenesis of herpes simplex infection has been studied extensively in humans and

various animal models. Infection has three distinct stages: primary infection, latency and

recurrence. Primary infection involves virus replication at the site of inoculation and

subsequent infection of the sensory nerve endings. Latency is a fundamental feature of HSV,

where the genome is sequestered in a non-replicative state in primary sensory neurons.

Recurrence follows re-activation of the viral genome from the latent state and generation of
new infectious viral particles. Primary, latent and recurrent infections with HSV occur within

a functional unit of the nervous system, known as the neurodermatome. This consists of the

area of skin innervated via a spinal nerve. Nerve fibres emerge from the spinal cord in a series

of 3l pairs of dorsal (sensory) and ventral (motor) roots. The dorsal and ventral roots join to
form spinal nerves at each vertebral level of the spinal cord (Noback et al., 1991) (Figure

1.2^).

Dorsal roots contain afferent fibres, brought to the spinal cord from sensory receptors in the

body, via the spinal nerves. The cell bodies of the pseudo-unipolar afferent neurons are

located in the dorsal root ganglia (DRG).They have a single axonal process, which divides

into the peripheral and central branches of the sensory nerve fibre. The peripheral branches

disperse ventrally and dorsally to supply each dermatome (Figure 1.28). The cervical (C),

thoracic (T), lumbar (L) and sacral (S) dermatomes form consecutive bands that overlap each

other by at least 50%. Consequently, each dermatome is supplied by fibres from three to four

dorsal roots (Simmons et al., 1992c). This collective entity (composed of nerve frbres, DRG

and the skin innervated by a spinal nerve) is referred to as a neurodermatome (Figure L2B).

1.2.1 Primary infection

In the course of primary infection, HSV is transmitted from an infected individual to a

susceptible host by direct exposure of virus to mucosal surfaces or abraded skin, thus

permiuing virus entry (reviewed in (Roizman et a|.,2001)).
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Figure L.2. Schematic diagrams representing

A) the structure of a dorsal root ganglion

B) distribution of neurodermatomes in the body

The source of virus is an individual, who has either clinically apparent or asymptomatic

primary infection, or a recuffence of infection (Stanberry et al., 1997). Asymptomatic

shedding is common and presents an important mode of transmission (Buddingh et al., 1953,

Hatherly et a\.,1980, Mertz et al., 1992b).In the skin, vitus replication starts in the epithelium

and underlying dermis, resulting in the formation of large multinucleated cells (syncitia),

necrosis, infiltration of inflammatory cells and edema (Roizman et al., 1990). Clinically

apparent vesicles (usually 1-2 mm in diameter) may develop under the squamous epithelial

cell layer. However primary infection is often asymptomatic (Timbury, 1993). Following

development of the vesicule, the fluid dries out and the lesion crusts before healing,

sometimes with scarring (Timbury, 1993, Whitley, 1990). During primary infection, HSV

particles enter the sensory nerve endings and the virus is transported rapidly by retroaxonal

flow to neuronal cell bodies in the DRG (Ikistensson et aL.,1986, Preston, 2000, Simmons e/

al.,l992c).In the DRG, virus either enters a lytic pathway, with production of infectious
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progeny, or it enters a latent state (Cook et a1.,1973, Simmons e/ al.,1992b) (Preston, 2000).

Virus released from neuron bodies spreads to adjacent neurons and Schwann cells, replicates

in them and can be detected and recovered from ganglionic homogenates (Rock et a1.,1983).

Early electron microscopy studies showed that HSV replication is abortive in the satellite cells

that encapsulate neurons (Cook et ol., 1973), (reviewed in (Preston, 2000)). During primary

infection, viral progeny produced in DRG are transported back to the site of initial infection

by anterograde axonal flow, resulting in re-seeding of the skin and production of a zosteriform

lesion. After several days, productive infection is terminated in immuno-competent hosts by

timely development of a cell-mediated immune response.

1.2.2 Latent infection

A central feature of HSV infection is the ability of HSV to establish a life long latency in

neurons of sensory ganglia is. During latency, the viral genome is present in a non-replicative

state and neither viral proteins nor infectious virus can be detected (Roizman et a1.,2001)

Since the integrity of the host cell is not compromised, HSV is able to persist by evading

immune surveillance(Roizman et a\.,2001). Despite extensive studies, the molecular aspects

of latency remain poorly understood (reviewed in (Preston, 2000)]).

HSV latency is characterized by persistence of the virus genome in the nucleus as a

nucleosome associated (Deshmane et al., 1989), non-integrated, concatemeric or circular

molecule (Mellerick et a\.,1987). Technical difficulties involved in the molecular analysis of

latency are largely due to the fact that the virus persists in only a minority of neurons.

Although HSV expresses more that75 genes during lytic replication, latent HSV expresses a

single set of transcripts, known as latency-associated transcripts (LATs) (Galloway et al.,

1982, Galloway et al., 1979, Stroop et al., 1984) (reviewed by (Preston, 2000). LATs are

transcripts from a single region within the virus repeats that encodes a family of related RNA

species. These RNA species accumulate to high levels in the nuclei of neurons harbouring

latent HSV in animals and humans, suggesting that LATs are not mRNAs(Efstathiou et al.,

1986).
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Virus multiplication, both at the portal of entry and in the neurons harbouring the virus, could

have important consequences for the establishment of latency. It could be expected that the

greater the number of peripheral cells that become infected and support virus multiplication,

the larger the number of neurons that can potentially harbour the latent virus. This proposition

is supported by observations in humans, where it has been found that frequent recurrent

infections are more common in individuals who had severe primary infections.

1.2.3 Recurrence of infection

The ability of latent HSV-l to reactivate is central to the pathogenesis of recurrent infection

and represents an essential step in spread of HSV in population. Several studies have

suggested that the neuron is the site of reactivation (Sawtell, 1997\ (Sawtell, 1998), although

the fate of such neurons is still undetermined. Reactivation from latency occurs within only a

limited number of neurons within sensory ganglia ((Halford, 1996, Sawtell, 1997, Sawtell,

1998) and it is not known whether the rate of reactivation is correlated with the number of
infected neurons (Maggioncalda et al., 1994). Reactivation may result in asymptomatic

shedding (recurrence) or clinically evident disease (recrudescence). [t is associated with

situations of stress, although the underlying molecular processes are unknown (Rock, 1993).

Stimuli that provoke reactivation include fever, UV exposure, emotional stress, menstruation,

excessive exposure to sunlight or cold wind, pituitary or adrenal hormones, and allergic

reactions (Reviewed in (Miller et ol.,l998b). The classical recrudescence in the vicinity of the

mouth is the 'cold sore', where crops of vesicles ulcerate and crust at the mucocutaneous

junctions around the nose and mouth (Timbury, 1993, Whitley et aL.,1993).

Reactivation of infection occurs in individuals that possess neutralising antibodies to HSV,

indicating that these individuals have mounted an immune response against the virus. While

neutralising antibody does not prevent reactivation, recrudescences are more severe in

immunocompromised individuals. This suggests that the immune response plays an important

role in controlling latent infection and reactivation. From studies in mice, it appears that the

immune system controls reactivation of infection within the sensory ganglion, aborting a
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significant proportion of reactivation events before they can lead viral shedding at the

periphery (reviewed in (Khanna et aL.,2004)).

1.2.4 Molecular aspects of HSV latencv

In latent infection, as yet unidentified host and viral factors limit the ability of the virus to

replicate and for host cells to undergo apoptosis (Jerome et o1.,1998). During acute ganglionic

infection, experimental evidence suggests that there are two populations of infected neurons.

In one population, the LAT promoter is active in the absence of expression of HSV antigens,

while in the second population, expression of HSV-I antigens is readily detectable in the

absence of detectable LAT promoter activity (reviewed in (Preston, 2000)). These studies

suggested that at any given time, the LAT promoter is active in only a subset of neurons. It

was suggested, therefore, that the neuron plays a major role in determining the outcome of

infection.

An approach used in a number of studies on latency has been to examine the behaviour of

viral mutants that have loss of function mutations in genes that are transcribed at various

stages in the lytic cycle. The effects of these mutations on the ability of the virus to establish

latency is assessed by attempting to reactivate the infection in explanted ganglia in vitro.

LAT-negative mutants have increased acute expression of cr, B and y genes in sensory

neurons, as compared to wild type and rescued viruses (Garber et al., 1997). This suggests

that LATs may be involved in down-regulation of lytic gene expression in neurons, thus

promoting the establishment of latency (Thompson et al., 1997). Although the use of mutants

is a sophisticated approach, this method fails to differentiate between inability of the virus to

establish latency and failure of the virus to reactivate. However, recently developed methods

for detection of LATs and HSV DNA sequences have provided definitive measures of latency

and the results have supported those obtained from studies using mutant viruses (Preston,

2000).
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Using a neurovirulent strain of HSV-I (termed SC16) in a mouse model of HSV-I infection,

Speck and Simmons (1991) have been able to demonstrate that ganglia innervating the site of
infection display viral antigens and high genome copy latency (more that 200 HSV genomes

per latently infected neuron). Low copy latency (less than 20 HSV genomes per latently

infected neuron) was detected in spinal ganglia in which productive infection and presence of
viral antigens had never been detected. Later studies demonstrated that productively infected

(viral antigen *ve) as well as latently infected (LAT *ve, viral antigen -ve) neurons appeared

synchronously in spinal ganglia during early stages of acute infection with SCl6 strain of
HSV-l (Speck et a1.,1992). Thus it was concluded that latency can be established even in the

absence of preceding productive infection.

There are a number of possible explanations for the high number of viral genomes found in
latently infected neurons: a) neurons receive more than one viral genome during establishment

of latency b) viral genomes are amplified by the cellular machinery during the establishment

of latency c) the bulk of HSV DNA in ganglia may be in a reactivation-defective,

transcriptionally inactive form (not necessarily in neurons) d) there is direct correlation

between the level of viral replication during primary infection and latent DNA load

(Thompson et a1.,2000). It is plausible that pathways which lead to productive and latent

infection may diverge at a very early stage after infection of the neuron and that latency may

occur before there is significant expression of viral genes.

During latency, LATs are only detectable in nuclei of sensory neurons. They constitute a

family of transcripts mapping to the inverted repeats flanking the Ur sequence. Up to 3 co-

linear LATs, with approximate sizes of 2kb, l.5kb and 1.45kb, have been detected by

Northern blot analysis of RNA extracted from latently infected ganglia (Wagner et a\.,1988a,
Wagner et al., 1988b) (Zwaagstra et al., 1990). These are most commonly referred to as major

LATs. In a latently infected neuron, 50-90% of the LATs are 2kb in size, depending on the

strain of HSV-I (Wagner et aL.,1988b). The 1.5kb and l.45kb transcripts share common 5'

and 3' sequences with the 2kb LAT and are thought to have been produced by alternate

splicing of the 2kb LAT (Spivack et aL.,1991). Major LATs are stable, largely due to unusual

lariat structures (Farell et al., 1991) (Rodahl et al., 1997, Wu et ol., 1996) (Zabolotny et al.,
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1997). The function of LATs has not been determined. Viruses that have been deleted at

various domains within LATs have been shown to develop latency, either at normal levels

(Leib et al., 1989), (Javier et al., 1988, Steiner et al., 1989) or at threefold reduced levels

(Thompson et al., 1997\. LATs have been shown to block expression of genes involved in

productive infection, by blocking the transcription of the gene encoding ICPO (Chen et al.,

1996, Garber et al., 1997). However, this finding is not supported by studies which show that

LAT negative mutants can establish and maintain latency (Ho et al., 1989) (Block et al.,

1990) (Block et al.,1997). Recent studies have attributed to LATs a function in protection of

neurons from apoptosis. Virus in which the LATs are deleted is reported to induce apoptosis

in rabbit trigeminal ganglia at slightly higher levels than observed using a wild type virus

(Perng et al., 2000). If LATs affect susceptibility of neurons to apoptosis, the question

remains as to how the RNA does this and whether reactivation is a cause or consequence of

failure of LATs to protect neurons from apoptosis.

1.3 Immune responses to HSV infection

It has become clear that herpesviruses excel in their capacity to subvert the attention of the

immune response. A key function of the primary immune response at mucosal and cutaneous

sites is to interrupt the spread of virus to the nervous system, to stem the flow of virus re-

emerging from axons by containing the latent infection in DRG and to control recurrences of

infection. During the course of primary HSV infection, various facets of innate and adaptive

immunity lead to the control of the infection. However, the immune system is unable to

eliminate the infection once latency is established, although recurrences are much more

frequent and severe in immuno-compromised patients. After infection with HSV, immunity is

life-long in immunocompetent individuals and it plays an important role in maintaining

latency and in rapidly suppressing reactivated infections (Posavad et al., 1998). Although

there have been detailed studies on antibody and T cell mediated responses in humans,

understanding of immune mechanisms involved in the host-virus relationship has come

mainly from the use of experimental animal models.
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1.3.1 Innate immunity

1.3.1.1 Macrophages in immunit.v to HSV

Early studies by Johnson (1964) showed that neonates can be protected by adoptive transfer of

macrophages from HSV infected adult mice. [n 1972, Lodmell et al reported that activated

peritoneal macrophages inhibit cell to cell spread of HSV. Later it was demonstrated that

these macrophages can inhibit viral replication (Morahan et al., 1979) and virus spread

(Hayashi et al., 1980) during the early stages of infection and their antiviral activity was

shown to be independent of antibodies or the immune status of the host. Depletion of

macrophages from adult mice prior to infection with HSV dramatically increases

susceptibility to infection ((Pinto et a1.,1991). Susceptibility to infection was enhanced when

tissue macrophages rather than circulating monocltes were depleted, when tissue

macrophages around the site of infection were destroyed, and when macrophages were

destroyed rather that inhibited functionally (Pinto et a|.,1991). Two mechanisms of resistance

have been defined: extrinsic resistance, or the ability of macrophages to destroy infected cells,

inactivate extra-cellular virus and inhibit virus replication in surrounding cells and intrinsic

resistance, or the capacity to inhibit virus growth in infected cells (Morahan et al., 1985, Wu

et al.,1992).

Macrophages have been described in the lesions of HSV-induced stromal keratitis (Mercadel

et al., 1993). After corneal infection, HSV-1 invades sensory neurons of the cornea, replicates

briefly in cell bodies in the trigeminal ganglion (TG), and then establishes a latent infection.

HSV-I replication in the TG can be detected as early as 2 days after comeal infection, reaches

a peak by 3-5 days and is undetectable by 7-10 days (Kodukula et ol., 1999). During the

period of HSV-l replication, macrophages andT lymphocytes inhltrate the TG. Macrophages

are the predominant infiltrating cell by 3-7 days after infection, whereas CD8* T cells

dominate the TG infiltrate by days 7-12 days after infection (Gebhardt et al., L992). Separate

depletion of macrophages and T cells revealed that macrophages are the main source of TNF-

cr and nitric oxide, whereas T cells produce IFN-y (Kodukula et al., 1999). Macrophage

depletion, inhibition of iNOS by aminoguanidine, and neutralization of TNF-o or IFN-y
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(individually or in combination) after corneal infection by HSV-l increased virus titers in the

TG. These findings established that macrophages and T lymphocytes have a major role in

controlling primary HSV infections, through production of antiviral molecules such as TNF-c,

NO, and IFN-y. Furthermore, they suggest that cross-regulation between these two cell types

is necessary for accumulation and effector functions in the infected TG.

A study by Heise et al (1995) demonstrated that herpesvirus infection induces an

inflammatory response in both immuno-competent mice and SCID mice, consisting mainly of
activated macrophages. These activated macrophages expressed increased levels of surface

MHC class [I molecules and their activation did not require functional B or T cells (Heise e/

a1.,1995). TNF-o and IFN-y were shown to be involved, in both immuno-competent mice and

SCID mice (Heise et al., 1995). This suggests that activation of macrophages occurs

independently of the adaptive immune system during HSV infection and that this may provide

some resistance to the virus in immuno-compromised individuals..

1.3.1.2 Interferons

The interferons IFN-o, IFN-P and IFN-y are secreted proteins that play important roles in host

resistance to viral infections. Type I interferons (IFN-o and IFN-p) are expressed very rapidly

following virus infection. The 22 known isotypes of IFN-o share 20 to 30/o amino acid

homology with IFN-p. IFN-a and/or IFN-P (IFN-a/B) are secreted by most cells as an innate

response to viral infection, and both bind to IFN-o/p receptors that are expressed on all cell

types (Samuel, 1998). A recently discovered major source of IFN-o is the plasmacytoid

dendritic cell (Giraud et q1.,2005). In contrast, IFN-y (type II or immune interferon)does not

share amino acid homology with IFN-alß and it binds to a distinct receptor. Production of

IFN-y is restricted to activated T cells and natural killer (NK) cells (Farrar et ol., 1993).

IFN-ü/B production is an early indicator of virus infection, with peak levels appearing in the

serum 2 hours after infection with HSV-I. Early studies showed that treatment with
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neutralising antibodies against IFN-a/p renders animals more susceptible to HSV infection

(Gresser et al., 1976). The peak of IFN-a/B production has been linked with multiple effects,

including inhibition of virus replication and activation of macrophages and NK cells (Baron er

al., 1991, Joklik, 1990). Although pre-treatment with IFN-u or IFN-p reduces the severity of
HSV-1 infections in mice and humans (Harle et aL.,2001), IFN-a and IFN-B are not effective

in treating established ocular herpes infections in humans (Cantell, 1995, Kaufman et al.,

1973). Resistance of HSV-l to IFN-o/p involves the action of ICPO, which prevents silencing

of HSV- 1 immediate early gene expression (Harle et al. , 200I, Mossman et al., 2000). In vivo

bioluminescence imaging studies in genetic knockout mice of type I, type II, or both type I

and I[ IFN receptors demonstrated that isolated deficiency of type II IFN receptors did not

affect replication and tropism of HSV-l infections (Luker et a|.,2004). However, deficiencies

of both type II IFN receptors and type I receptors had a profound effect on susceptibility to

HSV- 1 (Luker et al., 2004).

1.3.1.3 NKcells

The precise role of NK cells in immunity to HSV remains unclear and controversial. Early

studies where NK cells were depleted in vivo using anti-asialo GMl antibody found 100%

mortality in C57BL6 mice infected intra-peritoneally with HSV (Lopez, 1985). In contrast,

when NK cells were depleted 5 days post infection, depletion had no effect on mortality

(Lopez, 1985). Furthermore, it was shown that IFN-y was not detectable in serum of mice

receiving anti-asialoGMl antibody (Lopez,1985), implicating NK cells as a major factor in

resistance to HSV infection. Furthermore, a clinical study demonstrated that a young patient

with a defect in NK cell activity had increased susceptibility to HSV infection (Biron et ol.,

1989). This observation, in a person with a rare genetic disorder, supported the notion that NK

cells have the potential to act in the first line of defence against HSV in humans. Consistent

with this suggestion, HSV recrudescences are more frequent and severe in individuals in

whom numbers of NK cells are depressed (Wu e/ al., 1992). Recent studies using NK and T

cell double GKO mice, T cell GKO mice (Adler et ol., 1999) and NK cell-depleted mice
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(Ghiasi et o1.,2000b) have provided strong evidence for a key role of NK cells in resistance

to HSV.

1.3.2 Adaptive immunitv

Humoral and T cell mediated immune mechanisms play different roles in the control of HSV-

I infections.

1.3.2. 1 Antibody mediated immuniÐt

The role of antibodies in control of herpes infections has been the subject of extensive

investigations. Early studies showed that passive transfer of anti-HSV antibodies into athymic

nude mice before infection were ineffective in prevention infection and causing elimination of

virus from the skin (Kapoor et a|.,1982b). However, anti-HSV antibodies were able to restrict

the spread of virus to sensory ganglia (Kapoor et al., 1982b). [t appeared unlikely that the

latter frnding would be relevant in control of primary infections, because it was known that

virus reaches the sensory ganglia before the development of an antibody response (Morahan er

al., l98l). Further studies were undertaken in mice in which development of B cells was

suppressed. These mice were found to clear HSV infection from the epidermis with normal

kinetics, although they experienced a more florid primary infection and the incidence of latent

infection was enhanced (Kapoor et al., 1982a) (Simmons et al., 1987). Passive transfer of

neutralising (but not non-neutralising) anti-HSV antibodies reduced the severity of neural

infection, but only when antibody was administered prior to virus inoculation (Simmons et al.,

1985). As neutralising antibodies are active against cell-free virions, these antibodies could

prevent the spread of virus to nerve endings, after its release from epithelial cells. If antibodies

could prevent virus from infecting the sensory nerve endings, then it is plausible that these

antibodies could also neutralise virus that emerges from nerve endings following reactivation

from latency. This would be expected to prevent infection of epithelial cells and the

production of herpetic skin lesions. [n support of this possibility, studies by Simmons

(Simmons et al., 1985), using a mouse flank zosteriform model (Simmons et al., 1984),

showed that neutralising antibodies prevented zosteriform spread of virus. However the levels
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of antibody required for this neutralising effect was several times greater than found in serum

of mice following natural infection.

Antibody-mediated immunity is important in the pathogenesis of HSV-induced ocular

immuno-inflamatory lesions, as observed in B cell deficient mice. These mice had heightened

susceptibility to herpetic encephalitis, as well as to herpetic stromal keratitis (Deshpande e/

a1.,2000b). Lack of antibody responses resulted in longer viral persistence in the corneal

stroma, perhaps leading to bystander activation of Thr type CD4+ T cells, which could add to

the severity of the herpetic keratitis (Deshpande et aL.,2000b).

The greater susceptibility of the B cell-deficient mice was further investigated in a cutaneous

infection model. This permitted study of both the immunological effector events in the

epidermis prior to ganglionic infection and those of the zosteriform infection in skin following

centrifugal spread from the ganglion (Deshpande et a1.,2000a). B cell deficient mice were

found to be 100- to 1000-fold more susceptible to infection than control mice, thus confirming

previous studies of the heightened susceptibility of these mice to HSV infections (Simmons e/

al., 1987, Simmons et al., 1992b). The greater susceptibility of the B cell dehcient mice

appeared to be due to defects in both innate and acquired immune responses. Natural antibody

reactive with HSV was found to affect the initial viral dissemination to the central nervous

system. Additionally, B cells were found to play a role as antigen presenting cells for

generating a CD4* T cell response. Absence of B cells was not found to affect either NK cell

function or CD8* T cell responses.

Following intraperitoneal inoculation of HSV, B cell-deficient mice had reduced survival,

striking central nervous system signs (including tail atony, clumsy gait and limb paralysis) and

frank encephalomyelitis with detectable virus in the brain (Beland et al., 1999). Following

passive transfer of hyperimmune sera, B cell deficient mice were protected from death. These

observations further emphasized that B cells play an important role in providing natural

antibody and acquired humoral resistance to HSV infections.
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1.3.2.2 Interferon gamma

lnterferon-y ([FN-y) has been reported in numerous studies to interfere with virus replication

(reviewed by (Boehm et aI., 1997)), but the main role of IFN-1 is believed to be indirect, by

regulating expression of more than 200 genes involved in immunity (reviewed by (Boehm e/

al., 1997). Burchett (Burchett et al.) suggested that decreased IFN-y production during early

stages of HSV infection in neonates and pregnant women may directly influence the severity

of clinical disease. IFN-y and NK cell levels were shown to increase shortly after primary

infection and to decrease with the disappearance of oral inflammation (Yamamoto et al.,

1993). (Smith et al., 1994) showed that during acute HSV infection, mice treated with

monoclonal antibodies directed against IFN-y had a decreased ability to eliminate virus from

infected skin, while cells from infected donors had a diminished ability to transfer adoptive

immunity against HSV-I to recipient mice. In mice treated with anti-IFN-y monoclonal

antibodies, and in IFN-y receptor genetic knockout (GKO) mice, replication of HSV-I was

enhanced in the trigeminal ganglia and brainstems (Cantin et a|.,1995). Furthermore, during

acute and latent HSV-I infection, IFN-y expression in DRG was prolonged for up to 6

months in areas with infiltration of CD4* and CD8* T cells (Cantin et a\.,1995). This suggests

that IFN-y might play a role during latency. In support of this hypothesis, clinical studies have

shown that the interval between recurrences is greater in individuals with higher levels of

IFN-y in the recurrent lesions (Torseth et al., 1986).

Cantinn et ol (1999) investigated the role of gamma interferon (IFN-y) in the reactivation of

HSV-I, using GKO mice lacking either IFN-y or the IFN-y receptor (IFN-y-/- or IFN-1R-/-

respectively). Spontaneous reactivation of virus was not observed in these mice and there

were no differences in ganglionic virus titres or the time taken to establish latency between

knockout and wild-type mice. However, 24h after the application of hyperthermic stress,

HSV-I antigens were detected in multiple neurons in the null mutant mice but in only a single

neuron in the controls. [t was concluded that IFN-y is not involved in the induction of

reactivation but rather contributes to rapid suppression of HSV once it is reactivated (Cantin et

at.,1999). Although HSV-1 does not spontaneously reactivate in IFN-1-/- or IFN-yR-/- mice,

the incidence of stress-induced reactivation is significantly higher than in wild-type mice
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(Cantin et al., 1999) (Min ami et at., 2002). Although the results of this study suggested a role

for IFN-1 in preventing HSV-1 reactivation from latency in vívo, the investigators did not rule

out the possibility that the increased susceptibility to reactivation resulted from a higher copy

number of viral genomes in the sensory neurons of IFN-y-/- and IFN-1R-/- mice.

Other studies on the role of IFN-y in reactivation of HSV infection have used ex vivo cultures

of trigeminal ganglia from infected mice. Results from these studies suggested that in

situations when the intrinsic ability of neurons to inhibit HSV-I gene expression is

compromised, HSV-specific CD8* T cells are mobilized to produce IFN-y and perhaps other

antiviral cytokines that block the viral replication cycle and maintain the viral genome in

latent state (Liu et al., 2001). IFN-y has also been implicated in limiting the axonal

transmission of HSV from infected neurons to epidermal cells in vitro, by direct antiviral

effects (Mikloska et aL.,2001).

1.3.2.3 CD4* T cell mediated

The clearance of acute HSV-I infection in both the natural human host and experimental

murine models is dependant upon T lymphocyte-mediated immune functions. The relative

importance of functions contributed by the class I MHC-restricted CD8+ and class II MHC-

restricted CD4* T cell subsets is influenced by factors that include the strain of virus, the site

and method of infection, and the genetic background of the host. Both CD4* Th cells and

CDB* effector T cells are capable of limiting the severity of HSV infection, although there is

some conflict in the literature as to where, and therefore when, these cells exert their effects.

As HSV moves between epithelial cells and nerve endings (or vice versa) it becomes a target

for neutralising antibodies. However, once infection takes place, neutralising antibodies are

ineffective and T cell-mediated immune responses prevail. Several lines of early evidence

demonstrated a role for T cells in control of HSV infection. These included observations that

severe herpetic infections are often seen in individuals with impaired T cell immunity

(Chretien et al., 1996). Both primary and recurrent HSV infections are more severe in T cell
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deficient humans, compared to immuno-competent individuals, and neonatally thymectomized

and congenitally athymic mice usually die after cutaneous inoculation with HSV (Kapoor e/

a1.,I982b, Merigan et al.,l97l).ln humans following HSV-I infection, the integrated virus-

specific CD4* memory response appears to involve up to 0.2%o of the circulating CD4+ T cells

(Asanuma et a|.,2000).

Corneas removed from patients requiring corneal transplants due to herpetic stromal keratitis

(HSK) contain CD4* and CD8* T cells that are specific for HSV-encoded antigens (Koelle er

aL.,2000).In murine HSK models, clinical disease is the result of a cocktail of inflammatory

cells that consist mainly of polymorphonuclear leukocytes and appears to be

immunopathologicaly mediated by CD4* T cells of the Thl phenotype (Niemialtowski et ol.,

1992) (Doymaz et al., 1992). Details about the pathogenesis of HSK remain unresolved,

particularly the identity of the antigen presenting cells that drive the orchestration of the

inflammatory reaction by CD4+ T cells. Presentation of virus-derived peptides by invading

Langerhans cells has been difficult to prove. Reactivity with two HSV tegument proteins

UL2l and UL49 has been documented (MercadeI et al., 1993). The local CD4 response to

HSV differed in fine specifrcity and HLA restriction between patients and it generally

involved secretion of Th I -like cytokines. Further complicating the issue are reports (Ghiasi er

al., 1999) (Ghiasi et a1.,2000a) that both CD4 and CD8 GKO mice, made on the C57BL6

background, exhibit more severe disease than normal C57BL6 mice. This was interpreted as

an indication that both of these T cell subsets play a role in herpetic corneal disease and that

their function can be both destructive and protective. Most recent fìndings by (Stuart et al.,

2004) indicate that disease is associated with the presence of CD4+ T cells and that, when

these cells were absent, little disease was evident.

The dominant role of CD4* T cells in controlling HSV infections in skin was demonstrated by

adoptive transfer of immune populations of CD4* and CD8+ cells to nude mice or mice with

severe combined immunodeficiency. CD4*, but not CD8+, T cells conferred protection against

development of zosteriform lesions in the skin. Manickan (1995c) (Manickan et al., 1995b)

used "genetic immunisation" with plasmid DNA encoding the gB protein of HSV-I (pc-gB)

to protect against HSV infection in a mouse zosteriform model. After intra-muscular
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immunization with pc-gB, 80% of BALB/c mice were completely protected and lesions were

delayed in the remaining animals. After vaccination with pc-gB, protection could be

transferred adoptively to nude mice by CD4* T cells but not by CD8* T cells. These authors

argued that the mechanism responsible for clearing virus from cutaneous sites involves CD4*

T cells principally and that these are likely to be of the Thl phenotype because type I

cytokines were detected after in vitro stimulation with antigen. This conclusion was supported

by subsequent studies in which mice were immunised with HSV-I immediate-early protein

ICP27, prior to infection (Manickan et ol., 1995a). Protection in immunized BALB/c mice

was ablated by depletion of CD4* T-cells but remained intact in animals depleted of CD8+ T

cells (Manickan et ol., 1995a} In nude mice, protection was obtained only with transfer of

CD4+ T cells. Furthermore, a comparison of pathogenesis of zosteriform lesions in mice

lacking (or severely depleted of) CD4+ or CD8* T cells showed that mice without CD4* cells

had markedly increased susceptibility. In comparison, B2 microglobulin GKO mice, that lack

CD8 T cells, were resistant to challenge, as were immunocompetent wild+ype mice

(Manickan, 1995).

1.3.2.4 CDï* T cell mediqted immunit])

Compared to seronegative patients, the peripheral blood of HSV-I and HSV-2 infected

humans contains high numbers and frequency of HSV-specific CD8* T cell precursors

(Posavad et al., 1996). Furthermore, the clearance of HSV-2 from recurrent genital lesions

correlates with infiltration of HSV-specific cytotoxic T lymphocytes (Koelle et aL.,1998), and

HlV-infected individuals with impaired HSV-specific CD8* cytotoxic T lymphocyte

responses have severe genital lesions (Posavad et aL.,1997). These observations, together with

the finding that a HSV encoded protein (ICP47) prevents transport of immunogenic peptides

for loading to class I MHC molecules in the endoplasmic reticulum, suggests that the CD8*

response may be very important for the control of this infection (Tomazin, 1996, York et al.,

1994) (Goldsmith et aL.,1998).
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In the footpad model of HSV-I infection, HSV-1 specific T cells are generated in the draining

popliteal lymph node (PLN) (Pf,rzenmaier et aL.,1977). The virus does not appear to replicate

in the PLNs (Jones et o1.,2000) but viral antigens are transported from the skin by Langerhans

cells and presented to circulating lymphocytes passing through the PLN (Cose et al., 1997).

As a consequence of infection, a 15-20 fold increase is observed in the total cellularity of the

PLN over the first 24h after infection, most of which is due to an influx of resting

lymphocytes (Mueller et al., 2002). The increase of CD8+ T cell numbers in the PLN of
C57BL\6 mice is dominated by T cells that recognise the epitope ontSSIEFARLsOs of
glycoprotein B, presented by H-2Kb(Hanke et a\.,1991) (Bonneau et al.,1993) (Nugent et ø1.,

1994) (Cose et a|.,1997) (Posavad et al.,1998) (rWallace et aL.,1999). Approximately 60% of
these gB-specific CD8* T cells bear a VP10* p-chain and20%o use a TCRBVSSl+ sequence

(Cose et al., 1995). However there is little bias in the usage of o-chain sequences (Turner ef

aL.,1996). The TCR p chains have high conservation in the V-J junctional region (Cose et al.,

1995) and preferential D element-encoded CDR3 sequence (Jones et al.,1997).

The best evidence about the frequency of antigen-specific CD8* T cells comes from the work

of (Coles et a1.,2002). Coles used MHC class I tetrameric complexes incorporating the gB

epitope, in vivo cytotoxicity assays and proliferation of CFSE-labelled TCR-transgenic T cells

to address this issue. After a localised infection, HSV-l-specific T cells were activated and

armed rapidly within draining lymph nodes (Coles et aL.,2002). Due to the localised nature of
infection it was surprising that tetramer positive cells appeared almost simultaneously in both

PLN and spleen at around day 5 of the infection. At the peak of the response (day 5p.i.), the

frequency and number of gB-specific CD8+ T cells increased rapidly, from nearly

undetectable at day 4 p.i. to -5%o of the total CD8* T cells in both spleen and PLN by day 5

p.i. (Coles et a1.,2002). This level represented the peak in PLN, while levels of gB-specihc

CD8* T cells continued to increase in spleen for another 2 days, reaching -13% of total CD8*

T cells at this site by day 8 p.i. The levels declined rapidly in the PLN, reaching<0.7o/o by day

9 p.i. Although cytotoxicity was detected as early as 2 days p.i., the peak occurred at day 4

p.i., by which time CFSE dilution showed that the cells had undergone at least six rounds of
division.
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With respect to surface phenotype, (McNally et ol., 1999) showed that both precursor and

effector HSV-l-specific CTLs were found exclusively within the CD44hishCD25* population

of CD8+ T cells in PLN at the peak of response (day 5p.i.). While McNally and colleagues

(McNally et ol., 1999) attributed the appearance of cytotoxiclty ín vitro (which corresponded

with increased numbers of CD8* CD25* cells) to "conversion" of CTL precursors, the frndings

of Jones (2000) (Jones et a\.,2000) suggest that the increased cytotoxicity observed in vitro is

largely the result of activation and proliferation of the gB-specific CTL. Specifically, these

authors showed that cytolytic gB-specific CD8* T cells can be isolated directly from draining

lymph nodes, although at levels considerably below those found after in vitro culture. The

increase in cytotoxicity after in vitro culture closely mirrored the expansion of CTL bearing

the preferred TCR for gB. As Jones (2000) did not detect virus within the PLN, it is suggested

that full maturation of gB-restricted CTLs to cytotoxic effectors occurs after the T cells have

emerged from the lymph node and commenced their migration to infected tissues. The fact

that this occurs in the absence of replicating virus suggests that maturation to the fully

cytotoxic CD8* T cell may occur in vivo at the site of effector function.

Subsequently, (Coles et al., 2002) examined the point at which gB-restricted CTLs are

activated and armed before their migration to other sites. They used MHC class I tetrameric

complexes incorporating the gB epitope, in vivo cytotoxicity assays and CFSE-labeled TCR-

transgenic T cell proliferation to address these issues. Cytotoxicity was detected as early as 2

days p.i., with a peak at day 4 p.i., by which time the cells had undergone at least six rounds of

division (see above). This finding is consistent with the earlier observations by (Jones et al.,

2000) that at least at the peak of the response, gB-specifrc T cells are armed within draining

lymph nodes. [t suggests that extra-lymphoid maturation is not essential, as originally

proposed by (Pfizenmaier et aL.,1977), although it does not exclude the possibility that further

maturation may occur in the target tissues.

Up-regulation of CD25 is an indicator of effector function. (Coles et o1.,2002) argues that the

presence of gB-specific cytotoxicity in the spleen in the absence of CD25 expression by virus-

specific T cells is suggestive that continued expression of CD25 is not required for

maintenance of effector function. (McNally et al., 1999). gB-specific effector CD8 cells
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appeared to be selectively excluded from non-draining lymph nodes throughout the course of
the response and they do not appear to re-enter lymph nodes. This behaviour is consistent with

the observed down-regulation of CD62L, which is required for recirculation of naive

lymphocytes through the high endothelial venules (Butcher et al., 1996). These hndings

suggest that gB-specific CTLs are actively and rapidly armed within draining lymph nodes

shortly after HSV infection, and then distributed to the spleen, where they undergo further

expansion.

Initiation of antigen presentation is detected in the PLN 4-6 h after infection of the footpads of
gB-specific TCR transgenic mice with HSVI. gB-specihc CTL precursors expressing the

activation marker CD69 were present within 6h, while T cell proliferation began no sooner

than 24h after infection.. The onset of proliferation was concurrent with the appearance of
CTL cytotoxicity in the PLN (Mueller et aL.,2002). Furthermore, when the mice were infected

with mutant strains of HSV that expressed defective forms of gB, dividing cells were not

detected, indicating that de novo synthesis of viral proteins is required in order to stimulate a

response by CD8* T cells. Together, this data indicated that synthesis of gB, transport of
antigen to the draining lymph node, and presentation of the antigen occur within hours of
infection. The identity of the APCs that transport the antigen remains unknown. It is likely

that the antigen is transported by professional APCs (possibly Langerhans DCs), but it
remains possible that virus or viral antigens are transported to lymph nodes independently of
cells (Mueller et a1.,2002). Direct infection of APC in the lymph node by free virus could

account for the rapid presentation of virus antigen to T cells following footpad infection. This

notion has been disregarded because viral DNA was not detected in the PLN at 48h post-

infection (Mueller et al., 2002).. However, lack of virus replication does not exclude the

possibility that immunogenic quantities of antigen reached the lymph node or that there could

have been a brief abortive infection.

More recent studies , examining the activation of virus-specific CD8* T cells, have inferred

that immunologically significant amounts of gB peptide are expressed within 2hrs of
infection. Presentation of gB followed the same kinetics as expression of a classical early-

gene product (Mueller et a|.,2003). Moreover, the rapidity of gB expression was supported by
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early priming of naiVe transgenic CD8* T cells after HSV-l infection. These results estabtish

that gB is expressed rapidly following HSV-I infection in mice, and at levels capable of
effectively stimulating CD8* T cells in the draining lymph nodes within 2h of inoculation of
the footpads. As discussed above, it remains to be shown how virus antigen reaches the lymph

nodes in immunogenic quantities in this short time.

At the peak of response (day 5p.i.) in PLN, tFN-y-producing CD44hich CD25-effector cells

were also found to be present. By day 8p.i., the CD25- effector subpopulation was the sole

population of gB-specific CD8+ T cells in the PLN (Andersen e/ at.,2000).It is possible that

this CD44hieh CD2s-subpopulation could represent early memory cells. This suggestion was

supported by finding a subpopulation of gB-specific CD8+ T cells with the classical memory

phenotype CD44hich CD25- CD62Llo* in the spleen during the acute phase of infection.

Although the gB-specific population of CD8* T cells was reduced to 0.5% by day 2lp.i.,
antigen-specific CD8+ memory cells with this phenotype remained within the spleen,

representing about 3.7% of the total CD8* T cell population (Andersen et a1.,2000). tt is
plausible, therefore, that both effector and effector memory cells are generated during the the

primary immune response to HSV-1.

There is strong evidence that CD8+ T cells play a crucial role in the control of zosteriform

infection. [n mice, zosteriform lesions appear after virus is inoculated in the flank by

scarification. The virus migrates to the thoracic DRG that innervate the infected skin. Virus re-

emerges after anterograde flow along the sensory neurons originating within these ganglia,

giving rise to a band-like (zosteriform) region of vesiculating lesions that spread from the site

throughout the affected dermatomes. The nature of the immune response to HSV in the DRG

is qualitatively different from that seen in the skin. CD8* T cells play a major role in the

resolution of primary infection in sensory ganglia (Simmons et al., 1992c). Early work

showed that a high proportion of HSV infected neurons are killed and spread of virus in the

PNS is enhanced in BALB/c mice depleted of CD8* T cells (Simmons et al., I992c).In intact

mice, although there was clear evidence of productively infected neurons (detected by late

viral antigen expression), there was no apparent loss of neurons. This indicates that CD8+ T

cells were able to control virus replication, without causing death of the infected neurons. The
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exact mechanism by which CD8* T cells accomplish this is not known. However, it has been

proposed that CD8+ T cells exert an anti-HSV effect by release of anti-viral cytokines, rather

than by cytolytic mechanisms.

The reason why neurons are not killed by CD8* T cells could be related to the absence of

MHC class I expression by these cells. Lack of expression of MHC class I by neurons is vital

for survival against infection with neurotropic viruses, allowing them to escape the attack by

clolytic T cells. It appears that the nervous system and T cells have co-evolved non-lytic

anti-viral mechanisms (Joly et a|.,1991). Northern blot analysis and in situhybridisation have

shown that MHC class I transcripts are present in DRG neurons during HSV infection, but in

low amounts (Pereira et al., 1994). After inoculation of HSV-I, heterogenous and mature

MHC class I RNAs increased in abundance transiently in satellite cells, Schwann cells and

primary sensory neurons, suggesting transcriptional regulation of MHC class I expression in

each of these cell types during acute ganglionic infection (Pereira et aL.,1994). Classical class

I antigens (H-2Kd/Dd) were detected in satellite and Schwann cells, but not in neurons. This

suggests that there may be a post-translational block in MHC class I synthesis in neurons

(Pereira et al., 1994). Alternatively, the RNAs detected in neurons may have been derived

from non-classical MHC class I genes.

CD8* cells kill their target cells by membrane attack and induction of DNA fragmentation

(apoptosis). These mechanisms involve the activities of the granule components perforin and

granzyme B (Gzm B) respectively. A third granule protein, granzyme A (Gzm A), is not

directly cytolytic (Ebnet et al., 1995) and its biological functions in vivo are not well defined.

In further support of the theory that CD8+ T cells do not lyse neurons during acute infection

with HSV-I, a study has shown that deficiency in Gzm A, is associated with impaired ability

to restrict the spread of HSV between neurons (resulting in accelerated development of

zosteriform lesions), increased inflammation and edema in DRG, and increased virus load in

the DRG (Pereira et a1.,2000). These results indicate that Gzm A, a non-cytol¡ic serine

protease, plays a crucial role in limiting the spread of HSV in the DRG at the peak of

infection, perhaps by limiting the number of infected neurons and hence the virus load.
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The effectiveness of HSV-specif,rc CD8* T cells in clearing virus from the skin has been

questioned in the past (Simmons e/ al., 1.992c) (Manickan, 1995). However, recent studies

show that these cells can be effective in the skin (van Lint et a1.,2004). When small numbers

of resting CD8+ cells from gB-specific T cell receptor transgenic mice (gBT-l T cells) were

transferred adoptively 24 h before flank infection, the donor cells were first seen in the DRGs

at around 5 days p.i. (van Lint et a1.,2004). The micethat did not receive transgenic T cells

failed to control the infection and succumbed to hind leg paralysis. [n comparison, the animals

that received activated gBT-l T cells were able to clear virus from skin within 5 days of
transfer and reduce replicating virus in the DRG significantly (van Lint et a1.,2004). Unless

these T cells were present within the frrst 24 h after skin inoculation, they failed to control the

spread of virus throughout the remainder of the neurodermatome, consistent with previous

experiments by Simmons and Nash (1984). The inhibition of early virus replication within the

skin by the T cells probably limited the amount of virus that enters the DRGs, thus reducing

the extent and severity of zosteriform disease. It appears that despite very rapid initial

activation of CD8+ T cells by infection, HSV-specif,rc CD8* T cells can only partially limit

virus egress from the skin. They are ineffective at halting the progression of zosteriform

disease once the virus has left the inoculation site. Given this, it is possible that CD8+ T

effector cells have dual roles in the zosteriform model, both in clearing replicating virus from

the skin as well as the nerves after the infection has become established in these sites. Ag

presentation in the skin is comparatively prolonged after flank inoculation. Skin excision

experiments showed that it persists for at least 7 days after infection, and continues despite the

appearance of CTL activity (Stock et al., 2004). Prematurely aborting Ag presentation by

excision of the infected skin 3 or 4 days post-infection attenuated the size of the primary CTL

response, implying thatprolonged presentation is necessary to drive maximal CTL expansion.

1.3.2.5 Dendritic cells

In local cutaneous herpetic lesions, the majority of professional APCs are epidermal

Langerhans cells and dermal dendritic cells (DC). Both of these cell types are of myeloid

origin (Banchereau et al., 1998). Plasmacytoid DCs (PDC) are not present in normal skin at
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the time of HSV infection (Wollenberg et a1.,2002).It has been suggested that the lack of

plasmacytoid dendritic cells in inflammatory skin diseases such as atopic dermatitis may

predispose to eczema herpeticum, an infection of atopic dermatitis lesions with herpes

simplex virus (Wollenberg et al., 2002).ft has also been reported that patients with severe

disseminated HSV infections have a a deficiency of blood PDCs (Dalloul et a1.,2004). The

importance of PDCs may relate to their rapid production of large amounts of IFN-u following

exposure to viruses (Wollenberg et aL.,2002).

After an encounter with foreign agents that activate Tol-like receptors, Langerhans cells are

thought to migrate to draining lymph nodes, where they initiate T cell priming. As part of this

maturation process, surface MHC class II and co-stimulatory molecules are up-regulated,

making the cells more efhcient APC (Austyn, 1996). Diverse populations of dermal DCs are

also good candidates for T cell priming. Indeed, injection of small particles into mouse dermis

shows that Langerhans cells play a negligible role in the transport of particulate antigens to

draining lymph nodes (Randolph et a\.,1999).

A recent study (Allan et a1.,2003) has demonstrated that Langerhans cells are not involved

directly in priming cytotoxic T lymphocytes against HSV in the zosteriform model. Virus

antigen was detecte d by 24 hours post-infection in the epithelial cells of the epidermis and the

hair follicles, peaking at around 2 days post-inoculation. Virus antigen expression was never

detected in the dermis (Allan et a1.,2003). Langerhans cells isolated from the lymph nodes

draining the infected epidermis did not prime HSV-specific T cells, a function apparently

carried out by CDSo* DCs (Allan et a\.,2003). Exploiting chimeric mice (engineered through

bone mamow transplantation) whose skin contained HSV presentation-competent Langerhans

cells but HSV presentation-incompetent CDSo cells, these investigators showed that

Langerhans cells are incapable of priming HSV-specific CD8* T cells in vivo (Allan et al.,

2003). Furthermore, footpad infection with this virus showed that only the CDSohish DCs

presented HSV-derived antigen to CTLs (Smith et aL.,2003). These studies on the initiation of

anti-viral T cell responses redirected the spotlight from Langerhans cells to dermal DCs. The

authors suggested that Langerhans cells may have an indirect role in CTL priming, possibly as

specialized antigen acquisition elements that transfer their cargo to the CDSa+ DC population.
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ln another model (vaginal infection with HSV-2), Zhao and colleagues demonstrated that

Langerhans cells do not contribute to virus-specihc CD4* T cell activation (Zhao et a\.,2003).

Intravaginal inoculation of HSV-2 led to rapid recruitment of submucosal DCs into the

infected epithelium. CDl lc+ DCs, presenting viral peptides in the context of MHC class II

molecules, appeared in the draining lymph nodes and were found to be responsible for the

stimulation of IFN-y secretion from HSV-specifrc CD4* T cells (Zhao et a\.,2003). Analysis

of these DC populations from the draining lymph nodes revealed that only the CDllb+

submucosal DCs, but not Langerhans cell-derived or CDSa* DCs, presented viral antigens to

CD4+ T cells and induced IFN-1 secretion. These submucosal DCs in the vaginal lamina

propria are the anatomical equivalent of dermal DCs (Zhao et aL.,2003). Langerhans cells, on

the other hand, are sloughed off into the lumen of the murine vagina and do not appear to be

important in T cellpriming.

Taking into the account the studies of Allan et al. andZhao et al., itis possible that CDSu+

DCs present viral antigens to CD8+ T cells, whereas CDSo- DCs present viral antigens to

CD4* T cells. This conclusion is supported by the finding that CD8o* DCs are uniquely

capable of priming CD8* T cells (Serbina et a1.,2003b), whereas CDSa- DCs are better at

priming CD4+ T cells (Pooley et a\.,2001). These findings suggets that Langerhans cells do

not prime either virus-specific CD4* or CD8* T cells during epidermal HSV infection.

Nevertheless, a role for Langerhans cells in the activation of a distinct (perhaps regulatory) T

cell subset or in the differentiation of more conventional T cells remains a possibility (Serbina

et aL.,2003a).

1.3.2.6

A feature of the immune response in the sensory ganglia is the persistence of CD8* and CD4+

T cells for prolonged periods after the resolution of acute infection (reviewed in (Khanna ef

a1.,2004)). An important question is "why do T cell persist and what role do they play?" [t is

plausible that the restriction of HSV-I gene expression in some neurons is the result of

persistent monitoring by TCR* T cells, and that compromised T-cell function within the
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latently infected ganglion will result in reactivation of HSV-l from latency leading ultimately

to resumption of shedding at the periphery (reviewed in (Khann a et aL.,2004)). [t is interesting

to note, however, that in mice following induction of reactivationinvivo or invitro, HSV-I

reactivates from latency in only a very small proportion of latently infected neurons (typically

l-6 neurons per ganglion) (Sawtell,2003) and (Liu et a|.,200I).

In mouse TG after HSV-1 corneal infection, both CD4+ and CD8* T cells accumulate and are

retained in the ganglion, seemingly for the life of the animal (Liu et a|.,1996) (Shimeld et al.,

1995). The persistence of CD8* T cells in ganglia argues in favour of continued expression of

some viral antigen, which acts to retain and recruit the cells. As noted previously (1.3.4), it is

general dogma that there is no viral protein expression during latency. However, the initial

stages of neuronal infection are probably more complex than originally thought, and may

involve different levels of virus gene expression in some latently infected neurons (Preston,

2000) (Leib et al.,1999).

ln humans also, a recent report showed localization of CD8* T cells around neuronal cell

bodies in TG from humans with a history of recurrent HSV-I infection (Theil et a1.,2003).

Importantly, these CD8+ T cells were consistently located near neurons that expressed HSV-1

LATs. Quantitative RT-PCR revealed that CD8, interferon-y, TNF-cr, IP-10, and RANTES

transcripts were expressed significantly in latently infected TG but not in uninfected ganglia.

(Theil et a1.,2003). This study demonstrated for the first time that in latently infected humans,

there is persistent immune cell infiltration and chemokine/cytokine expression in chronically

inflamed TG that have latent infection, without gross neuronal destruction. It was postulated

that this chronic immune response maintains the latency of the virus and influences viral

reactivation.

Several studies support the notion that CD8+ T cells prevent reactivation of HSV-I from its

latent state. The majority of CD8+ T cells in latently infected TG are specific for the immuno-

dominant epitope gB and they acquire and maintain an activated phenotype and the capacity

to produce IFN-1 (Khanna et a\.,2003). The TCR molecules of cells that contact neuronal cell

bodies are polarised to the points of contact and T cell clones produced from the ganglia are

able to block reactivation from latency in ex vivo cultured TG (Khanna et a1.,2003). This
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study, combined with the recent discovery of o, B and y viral gene transcripts in latently

infected mouse neurons (Feldman et a\.,2002) (Chen et aL.,2002), challenges the concept that

HSV-I latency represents a silent infection that is ignored by the host immune system. [t is

plausible that memory CD8* T cells provide active surveillance of HSV-l gene expression in

latently infected sensory neurons.

A role for CD8* T cells in blocking HSV-I reactivation from latency is also supported by the

finding that CD8+ T cells present in TG at the time of excision can maintain the latent state in

sensory neurons while the ganglia are cultured ex vivo.In cultured latently infected ganglia

the viral genome was expressed, as were some immediate early and early proteins. However,

there was no expression of late viral products or infectious virions (Liu et aL.,2000). Blocking

the activities of CD8* T cells with anti-CD8cx, antibody induced reactivation and production of

infectious virions, Furthermore, a gB-specific CD8* clone blocked HSV-1 reactivation from

latency in a dose-dependent, antigen-specific and MHC-restricted fashion when added to

CD8* T-cell-depleted TG cultures (Khanna et a\.,2003). More importantly, this gB-specific T

cell clone exerted cytolytic activity and also produced IFN-y when stimulated with HSV-I

antigens (Liu et at.,2001).It was capable of blocking reactivation from latency in the cultured

TG without elimination of all latently infected neurons (Khanna et a1.,2003), suggesting a

role for secreted tFN-y in maintaining latency.

Spontaneous reactivation of HSV from latency occurs when humans are exposed to stressful

situations or when they are immunologically compromised (Pereira et a1.,2003). Stress, and

stress-induced hormones, have been shown to limit the control of HSV infection by CD8* T

cells (Anglen et a1.,2003).It is known that encephalitis in mice is promoted by delay of

infiltration of CD8+ T cells into the brain, while the presence of HSV-specifrc CD8* T cells in

the brain prior to HSV challenge is protective(Anglen et al., 2003). These observations

suggest that virus-specific CD8+ T cells can inhibit replication of HSV and its spread within

the CNS. It is possible that stress might predispose to reactivation of HSV by, in part,

compromising the action of CD8* T cells in monitoring and repressing HSV-I gene

expression in latently infected neurons (reviewed in (Khanna et a1.,2004)).
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Although histological analysis showed the presence of many CD4* T cells in latently infected

ganglia (Liu et al., 1996) (Shimeld et al., 1995), a specific role for these cells in the

maintenance of latency has not been investigated thoroughly. Some evidence suggests that the

CD4* T cells in latently infected ganglia possess activated phenotypes (Khanna et a1.,2004).

It is possible that reactivation from latency and production of small numbers of virions might

occur as a rare event in latently infected ganglia, as suggested by Feldman and colleagues

(Feldman et al., 2002). These rare reactivation events might then provide a source of viral

proteins for presentation to CD4+ T cells by local APCs. Defining the mechanism(s) by which

CD4* T cells are activated within latently infected ganglia could help to clarify whether these

cells participate in blocking HSV-1 reactivation from latency, or provide an early response to

virion formation (Khanna et a\.,2004). Either function could make an important contribution

to limiting recurrence of disease and reducing virus shedding at peripheral sites.

1.4 NKT cells

1.4.1 Historical aspects of NKT cells

Natural killer T (NKT) cells are a diverse group of cells that share features of both classical T

cells and natural killer [NK) cells. They were first described in 1987 as murine thymocytes

expressing a restricted TCR repertoire and the NK cell marker NKl.l (CD16l) (Fowlkes e/

at., 1987) (Ballas et a\.,1990). Cells with these features were also found to express CD44 and

CD5 (Ballas et a\.,1990) (Sykes, 1990). Furthermore, electron microscopy revealed that NKT

cells share morphological features with both NK and T cells (Watanabe et al., 1995). One of

the complexities in understanding NKT cells involves terminology. The term NKT cell has

been used broadly to describe a diverse range of T cell subsets. A common feature of these

subsets in mice (Bendelac et al., 1997) is expression of the marker NKI.l, detected by an allo-

antibody raised against lymphocytes from the C57BL6 strain. However, most commonly used

mouse strains do not express this allele, thus limiting the working definition of NKT cells to

studies in this strain. As more is leamt about these cells, it is now clear that expression of the
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NK1.1 antigen is not a sufhcient criterion and that this definition of NKT cells is not entirely

correct and it can be misleading (Godfrey et a|.,2004b).

Most of the earlier studies in mice focused on thymic apTCR* T cells that were CD4 and CD8

double negative (DN) and highly biased towards expression of VB8.2 (50%) (Bendelac et ol.,

1994) (Bendelac et a1.,1995a). It was found that these cells had the potential to secrete high

levels of interlukin-4 (IL-4),IFN-y and TNF-o (Zlotnik et al., 1992). Subsequently, it was

found that some aBTCn* Nft.l* cells had similar TCR variable region gene usage and

functional characteristics and importantly, that NKT cells included DN and CD4*

subpopulations (Bendelac et al.,l995a) (Bendelac et al.,1997).

Subsequent reports showed that development of NKT cells was independent of MHC class I[,

but dependant on expression of pz-microglobulin (Ohteki et al., 1994) (Bix et al., 1993)

(Bendelac et al., 1994).Interestingly, no CD8 positive NKT population was detected in the

thymus, probably due to the negative selection of Vo14 NKT cells when they express CD8

(Bendelac et al., l9g4). At the time, these findings suggested that NKl.l+ oBDN and

NK1.1+CD4* T cells belonged to the same lineage.

A study of the TCR repertoire expressed by NKT cells found that whereas the beta chain V-D-

J junctions were quite variable, a single invariant alpha chain Vo14-Ju,281 (now known as

Jo18) was used by the majority of the cells in this lineage (Lantz et al., 1994). This

surprisingly restricted usage of the Vo14-Js18 chain was found to be dependant on MHC

class I (p2-microglobulin) expression, but independent of the MHC haplotype. All laboratory

inbred mouse strains tested, carrying different MHC haplotypes, possessed considerable

numbers of Va14* cells, and Vcll4+ cells were diminished in numbers in B2-microglobulin-

deficient mice (Ohteki et al., 1994) (Adachi et o1.,1995). These data suggested that Vo14* T

cells are selected by a monomorphic MHC-like molecule, rather than by the polymorphic

MHC molecules that are essential for the selection of conventional T cells with diverse

repertoires. A unique Vo-Ja combination was also found to be expressed by a similar

population of T cells in humans. These CD4-CD8- T cells used a strikingly homologous

invariant Va24-JaQ TCR, suggesting that a similar invariant Vo-Jcr combination has been
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conserved in both species. (Lantz et al., 1994). Furthermore a more recent study has showed

that human and mouse NKT cells share close phenotypic and functional characteristics

(Davodeau et al., 1997). These frndings indicate that NKT cells, and presumably the selecting

MHC-Iike ligand, have a long evolutionary history in mammals.

CDI-specific T cells have been isolated from human blood (Bendelac, 1995), while in mice, a

subset of oBTCR* thymocytes with a unique phenotype was found to be CDl-specific. This

study demonstrated that NKT cells in mice are reactive with the MHC class-I-like molecule

CDld. These frndings provided a new insight into the immune system, in particular the

existence of a CDld-dependent immune system. In mice, this CDld-resticted system

comprises the majority of NK1.1* CD3* cells, which are Vsl4* NKT cells that have the

phenotype CD4+/DN CD62L- CD69+ Dx5dull. They are most numerous in the spleen, liver,

thymus and bone marrow.

1.4.2 CDld: function. expression and antigen presentation

CDl molecules were first identified using monoclonal antibodies that bound to human

thymocytes (McMichael et al., 1979). The genes encoding CDl molecules have intron/exon

structures comparable with major histocompatibility complex (MHC) class I genes and they

encode type 1 integral membrane proteins consisting of u,l, a2, and s3 domains, similar to

MHC class I molecules (Martin et al., 1986) (Martin et al., 1986). Interspecies sequence

comparison, especiallyof the sl and ü,2 domains, has revealed the existence of two conserved

subfamilies (Martin et al., 1986) (Calabi et al., 1989). The five CDI genes that have been

identified in humans are CDIA, CDIB, CDIC, CDID and CDIE, corresponding to five CDI
proteins, CDla, CDlb, CDlc, CDld and CDle (Martin et al., 1986). Mice only have

orthologues of CDID. Two highly homologous CDID genes (CDIDI and CDID2) are

located on chromosome 3 in tail-to-tail orientation, -6 kb apart (Bradbury et al.,1988) (Balk

et ol., 1991). The existence of two CDID genes in mice is likely to have resulted from a

relatively recent duplication event. The CDI genes in humans are divided into two groups

according to sequence homology: group I contains CDIA, CDIB, and CDIC; group II
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consists of CDID (Porcelli, 1995). Whereas group tI CDld orthologues are found in human,

mouse, rat, sheep and rabbit, group t CDI has been identified in humans, guinea pig, sheep,

pig and rabbit, but not in mouse and rat (reviewed in (Joyce et a1.,2003)). The observation

that CDl and MHC map to two paralogous regions of the genome suggests that they arose as a

result of a chromosomal duplication that included the entire ancestral locus (Kasahara et al.,

lggT). CDld is remarkably conserved among mammalian species, with mouse and human

CDld having greater than 90o/o similarity (Blumberg et al., 1995). Consequently, murine

CDld-reactive T cells recognize human CDld and vice versa (Brossay et al.,1998).

CDI proteins are trans-membrane cell surface glycoproteins that are structurally related to

MHC class I molecules. Unlike the characteristic polymorphism of MHC class I and II genes,

allelic variation of CD I genes is extremely limited (Han et al., 1999) (Oteo et al., 1999). It has

been shown that CDI molecules, like MHC class I, require p2-microglobulin for synthesis of

the mature protein and expression on the cell surface (Bauer et al., 1997). Although NKT cells

fail to develop in B2-microglobulin-deficient mice, this is due to the absence of CDld rather

than the concurrent absence of MHC class I expression(Ohteki et al., 1994) (Adachi et al.,

1995). This notion is supported by the lack of NKT cells in CDld deficient mice (CDld

GKO) (Mendiratta et al., 1997). Another feature that distinguishes CDl from MHC class I

molecules is that expression of CDI at the cell surface is not reliant on the transporter

associated with antigen processing (TAP) (Joyce et a1.,1996) (Gapin et a1.,1999). The view

that CDl is independent of TAP is further supported by the observation that CDl-reactive

NKT cells are present in greater numbers in TAP-1 deficient mice, whereas conventional T

cells do not develop in such mice (Joyce et a\.,1996). The independence of TAP suggests that

CDl molecules are not dependent on loading with peptide antigen for the formation of the

mature p2-microglobulin-containing heterodimer (see below).

CDl is widely expressed on cells of haematopoietic origin, and was first detected at high

levels on thymocytes in both mice (Coles et a1.,2000) and humans (Exley et a1.,2000) In

mice, expression of the CDld2 protein appears to be restricted to thymocytes, and its

expression was not suff,rcient for the development of CDld-restricted T cells (Chen et al.,

1999) (Mendiratta et al.,1997). Expression of CDld outside of the thymus in mice appears to
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involve CDldl. In extra-thymic tissues, it is expressed on professional APCs, including

splenic DCs, macrophages, and B cells (Brossay et al., 1997) (Roark et al., 1998). As in the

case of human CDla, b, and c proteins, exposure of murine bone marrow-derived

macrophages and DCs to IL-4 and GM-CSF has been shown to increase surface expression of

CD1d, although only moderately (Mandal et al., 1998) (Brasel et al., 2000). Furthermore,

increased CDld expression has been reported on DCs in inflamed colonic lamina propria

(Krajina et a\.,2003). However, IFN-y did not up-regulate CDld expression on bone malrow-

derived macrophages (Mandat et a\.,199S). Among B cells in mice, CDzlhicDz3lolgMhilgDro

cells in the splenic marginal zone appear to express the highest levels of CDld (Roark et al.,

1998). CDld has also been reported on peripheral T cells, as well as on immature and mature

thymocytes (Roark et al., 1998) (Mandal et al., 1998).In non-haematopoietic tissues in mice,

CDld is expressed by hepatocytes (Tsuneyama et al., 1998) (Manda| et al., 1998),

keratinocytes (Bonish et a\.,2000), some ltbroblasts and by gut epithelium (Bleicher et al.,

1990) (Brossay et a|.,1997).

Physiological ligands for CDld remain poorly defined. Despite early reports that CDld might

present large, hydrophobic peptides (Castano et al., 1995), it is now widely accepted that

CDld most effectively binds and presents lipid or glycolipid antigens to T cells. The crystal

structure of CDld shows that CDl adopts an MHC fold that is more closely related to that of

MHC class I than to that of MHC class II (Zeng et al., 1997). The binding groove of CDld,

although significantly narïower, is substantially larger in volume and surface area than any

MHC class I molecule because of its greater depth (Zeng et al., 1997). Unlike the smaller

pockets that are characteristic of MHC molecules, CDld has only two major pockets, termed

A' and F' and these are are almost completely hydrophobic and non-polar (Zeng et al.,1997).

The CDld binding groove is closed at both ends, but is accessible via a narrow opening. Thus,

only the hydrophilic head groups of CD l-bound antigens are exposed, near the center of the

groove (Gadola et a\.,2002) (Batuwangalaet a1.,2004). Furthermore, few of the amino acid

side chains that line the antigen binding groove of CDld are capable of hydrogen bonding. If
CDldl was able to present very hydrophobic peptides, it is unlikely that they would be bound
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by an extensive hydrogen bonding network, as in the case of classical MHC class I and class

II molecules (Zeng et al., 1997).

The extreme hydrophobicity of the binding groove of CDI molecules and the shape of the

binding site are consistent with observations that human CDlb and CDlc can present lipid-

containing antigens. To date, mycobacteria remain the only known microbial source of such

antigens. CDlb proteins present lipids, such as mycolic acid, glucose monomycolate, and

lipoarabinomannan, found 1n the Mycobacterium tuberculos¡s and Mycobacterium leprae cell

walls (Beckman et al., 1994) (Sieling et al., 1995) (Moody et al., 1997). CDlc is also able to

present mycobacterial cell wall glycolipids, such as mannosyl-phosphopolyprenols (Moody er

a|.,2000).

In contrast to the group I CDI molecules, the antigens presented by group II CDI proteins

(CDld in mice, humans and other species) are not well characterized. At this time,

presentation of microbial antigens by CDld has not been demonstrated convincingly.

Although mycobacterial lipoarabinomannan (LAM) can bind to purified CDld, LAM is

unlikely to be presented in a functionally significant manner because it is not recognized by

purified mouse NKT cells, and anti-LAM antibody responses to this antigen are not CDld

dependent (Burdin et al.,l99S). Glycosyl-phosphatidylinositols (GPD, which are found in the

cell membranes of mammalian and protozoan cells, are candidate lipid antigens for

presentation by CDld. They are the major autologous ligands loaded into the groove of CDld

molecules in the endoplasmic reticulum (Joyce et ol., 1998) (Park et aL.,2004). Other studies

have shown, however, that most CDld-reactive NKT lymphocytes do not respond to GPI

antigens (Molano, 2000).

A recent study by (Zhou et o1.,2004) has showed that a lysosomal glycosphingolipid of

previously unknown function, isoglobotrihexosylceramide (iGb3), is recognized by mouse

Va14 and human Yu24 NKT cells. Mice genetically deficient in the lysosomal

glycosphingolipid degrading enzyme ß-hexosaminidase b subunit (Hexb-/-) exhibited a severe

reduction (95%) in the number of V14 NKT cells, as shown by staining with aGalCer loaded
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CDld tetramers. All subsets of NKT cells, including the earliest CD44lo*NK1.1-precursor and

the CD4 and CD4-8-cells, were equally affected at the earliest stages that these cells could be

detected in 2.5-week-old mice. [n contrast, the development of classical, naive, and memory

CD4 and CD8 T cells, as well as B cells, yõT cells, and NK cells were not affected by Hexb

deficiency (Zhou et al., 2004). Although the expression of surface CDld was unaltered in

Hexb-/-mice, thymocles from these animals failed to elicit a response from a Val4 NKT cell

hybridoma (DN32.D3) and in contrast stimulated a Vol4CDld-reactive NKT hybridoma

(TCBll) (Zhou et a1.,2004). The almost-complete block in Vol4 NKT cell development in

Hexb-/- mice and the inability of Hexb-/- thymocytes to stimulate Vu14 NKT hybridomas

suggested that iGb3 might alone represent the principal natural ligand of NKT cells. Although

it remains to be investigated, the lack of NKT cell precursors in the thymus of Hexb-/- mice

suggests that iGb3 is also the ligand involved in their thymic development. [t is possible that

lysosomal expression of iGb3 is disturbed in diseases regulated by NKT cells, (such as type I

diabetes, cancer or microbial infections) and that the discovery of natural endogenous and

microbial NKT cell ligands, as well as the synthesis of pharmacologic agonists or inhibitors,

may lead to novel approaches to manipulating NKT cells for the prevention and treatment of

diseases (Zhou et a1.,2004).These findings, and the recent report that a ß-glucosylceramide

synthase mutant cell line was defective in Vcrl4 NKT cell stimulation (Stanic et a1.,2003),

have indicated that the natural ligands of NKT cells might be lysosomal glycosphingolipids.

1.4.2.1 a-Galactoqtl Ceramide

CDld can bind a number of self- and foreign-glycolipids and in some cases, lead to

stimulation of CDld-restricted T-cell hybridomas (Park et al., 2004). As yet, however, the

most potent stimulator of NKT cells is the glycolipid o,-Galactosylceramide (a-GalCer), a

compound isolated originally from the marine sponge Agelos mquritqnius (Kawano et al.,

1997). When splenocytes from Vu14 transgenic (NKT) mice were used to screen a number of

synthetic glycolipids, o-GalCer or o,-glucosylceramide (o-GluCer) (but not p-GalCer) were

identified as specif,rc ligands. This suggests that the a-anomeric conformation of the sugar is
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important for stimulation of Vo14 NKT cells (Kawano et al., 1997). Most mouse and human

CD I d-restricted T cells appear to recognize a-GalCer.

The structure of o-GalCer resembles mammalian ceramides in that it contains a sphingosine-

like base, an amide-linked acyl chain, and an O-linked pyranose (reviewed in (Brigl et al.,

2004)). It is easy to envisage that the ceramide portion binds to the floor of the hydrophobic

cleft of CDld, while the hydrophilic sugar moiety interacts with the Vol4/V88.2 TCR and/or

a-helix of CDld. Functional analyses using various analogues of o-GalCer have revealed that

shorter lengths of either the fatty acyl chains or the sphingosine base reduce its ability to

stimulate Vol4 NKT cells (Kawano et al.,1997). Most murine and human Vcrl4/Voz4 CDld-

restricted T cells recognize o-GalCer (Kawano et a|.,1997) (Burdin et aL.,1998) (Spada et al.,

1998) and they can be stained with a-GalCer-loaded CDld tetramers (Matsuda et a1.,2000)

(Benlagha et a\.,2000) (Gumperz et aL.,2002) (Lee et aL.,2002).

Although a-GalCer has no known physiological function in mammalian immunity, it has been

used widely as a pharmacological agent with which to study activation of CDld-restricted T

cells. Irrespective of whether c¿-GalCer is a natural ligand for NKT cells, its ability to

stimulate a large fraction of these cells and the availability of structural analogues (Burdin er

al., 1998) (Brossay et al., 1998) (Spada et al., 1998) (Nieda et al., 1999) provides a very good

model for studying the CDl-glycolipid antigen interaction. Furthermore, o-GalCer has the

potential as a therapeutic agent in a number of diseases where NKT cells have been shown to

play a significant regulatory role in the enhancing the protective immune response. No single

microbial or self-antigen has been shown to exert similar stimulatory activity for Vo14/ Yu24

CD 1d-restricted T cells.

1.4.3 Classification of NKT cell subsets

Several recent studies in mice have exemplified the potential danger of oversimplifying the

classification of NKT cells. It has been found that CD4+, DN and CD8*NKl.l+ T cells are

present in most tissues and that they are phenotypically and functionally distinct (Hammond er

al., 1999, Hammond et a1.,2001). It is important to exclude conventional T cells from the
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definition of NKT cells, because the conventional cells have a diverse TCR repertoire, they

are restricted by classical MHC molecules, and they can up-regulate NKl.l. Those cells

should not be considered to be NKT cells (Table 1). The development of fluorescently labeled

CDld tetramer reagents loaded with a-GalCer has enabled researchers to specifically identify

murine T cells carrying the distinctive Vol4-Jol8 TCR (Matsuda et a1.,2000) (Benlagha er

aL.,2000). However, use of o-GalCer-loaded CDld-tetramers has shown that the assumption

that all NKT cells have the phenotype oB-TCR\KI.1* T cells is incorrect and excludes

important subsets of CDld-dependent, o-GalCer-reactive cells that are NKl.l-. Similarly, not

all NK1.1* T cells are CDld-restricted, as illustrated by the finding that some NKl.l* T cells

persist in CDld GKO and JcrlS GKO mice. Subsets of aB-TCR\K1.1* and op-TCR+CD4-

CD8- T cells that do not respond to s-GC should not be regarded as classical NKT cells. At

this stage, NKT cells are defined by expression of NK-cell associated surface markers, and

complete dependence on CDld for development and TCR-dependent activation (Godfrey er

a|.,2004b).

NKT cells that express the canonical semi-invariant TCR are now described as Type I NKT

cells. They are the best studied NKT cell sub-population, displaying the classical regulatory

behaviors attributed to these cells They respond to o-GalCer and are detected by o-GalCer-

loaded CDld-tetramer (Table 1). CDld also selects a second subset of NKT cells (Type 2),

but these cells do not carry the characteristic semi-invariant TCR, they are not recognizedby

o-GalCer-loaded CDld-tetramer and they do not respond to o-GalCer (Table 1).

The most recent classification of murine NKT cell subsets is as follows (Godfrey et al.,

2004b):

Tvpe 1:

i) Val4-JaI8+ NKI.I+ CDId-dependant NKT cells

ii) VaI4-Jal8+ NKI.I CDId-dependant NKT cells

Type 2:

iii) Va,l4-Jal8' NKI.I+ CDld-dependant NKT cells
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Other T cells that share some features with the classical Type I NKT cells but are not

restricted by CDld have been classified as NKT-like' cells. These include a variety of

different NKl.l* cell types and other T cells that have undetermined regulatory potential

(Godfrey et al., 2004b).

Thus 'NKT-like' cells are:

Ð CDI independent NKI.I* T cells

ii) Other semi-variant T cell subsets

1.4.3.1 Type I NKT cells

As discussed above fluorescently labelled CDld tetramer reagents loaded with o-GalCer has

can be used to specifically identify NKT cells carrying the distinctive Vo14-Jcr18 TCR in

mice. Va14 NKT cells are neither a subgroup of conventional aB T cells nor activated T cells

that express the NKl.l marker. They are an independent lineage, because the semi-variant

Va14 TCR is expressed by Vo14 NKT cells but not by conventional oB T cells (Cui et al.,

1997). Furthermore, unlike conventional T cells, the Vo14 NKT cell precursor expresses the

granulocyte macrophage colony stimulating factor receptor (GM-CSFR) and GM-CSF is a

critical maturation stimulus that induces Vcr gene rearrangement (Sato et al.,1999).

The exclusive expression of the Va14/VP8.2 TCR on Type I NKT cells and the obligatory

expression of Vo14 for their development was demonstrated in Va14 GKO (Jo28l now

termed Ju18) mice (Cui et al., 1997). The deletion of the Vs281 gene resulted in complete

failure to develop NKT cells, leaving other lymphocyte lineages intact. A similar decrease in

NKT cells has been seen in both Bz-microglobulin GKO and CDld GKO mice (Ohteki et al.,

1994) (Adachi et al., 1995) (Mendiratta et al., 1997) (Smiley et al., 1997\. These studies

suggested a requirement for positive selection, through specific interaction of Vol4/Vp8.2

receptors with CDld, in the differentiation of Val4/VB8.2 NKT cells. This is consistent with

observed auto-reactivity of the cells for CDld (Bendelac, 1995) and their strong response to

o-GalCer presented in the context of CDld (Kawano et a1.,1997).
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Table l. Classificotion of NKT and NKT like cells (from (Godfrey et al., 2004b))
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At least two subsets of Vo14/VPS.2 NKT cells exist in mice, differing in their expression of

CD4 (CD4* and DN) (Hammond et al., 1999, Hammond et a1.,2001). However it is unclear

whether these subpopulations are functionally distinct. Most Val4* NKT cells in C57BL6

mice express NK I . I (Kawano et al., I 997) (Matsuda e/ al., 2000) (Benlagha et al., 2000) and

other NK receptors (Hammond et a\.,2001), but the overlap between expression of NKl.1 and

Vcrl4 is incomplete. Expression of NKl.l is known to depend on maturity (Lantz et a|.,1997)

(Gapin et a1.,2001) (Pellicci et al., 2002), activation state (Chen et al., 1998) and tissue

location (Eberl et al., 1999). Availability of reagents, as well as the genetic background

(Hammond et a1.,2001), limits detection to mice with the C57BL/6 NK gene-complex

haplotype. Therefore, because Type I cells do not always express NK1.1, they are often

referred to as Vcrl4+ T cells, rather than NKT cells.

Most Type I NKT cells in thymus and liver are similar. They are either CD4* or DN and

express a memory cell phenotype. However, NKT cells in the liver express lower levels of the

MHC class I ligands Ly49 A,, C/l and G2 (MacDonald et al., 1998) (Eberl et al., 1999). The

cells are MHC class-Il-independent and the function of CD4 is unknown. In mice, NKT cells

can be detected wherever conventional T cells are found, although the ratio of NKT to T cells

varies in a tissue specific manner. Of the total lymphocytes per organ, u-GalCer/CDld

tetramer+ T cells comprise approximately 0.5Yo-l%o \n thymus, lYo-2Yo in spleen, 0.5o/o in

lymph nodes, 10%-40% in liver, 0.5o/o in bone marrow, and lo/o of intestinal intraepithelial

lymphocytes (IEL) (Hammond et aI.,2001, Matsuda et o1.,2000).

The expression of chemokine receptors and adhesion molecules involved in lymphocyte

traffic by many CDld-restricted T cells is similar to effector/memory T cells in both mice and

humans. In mice, most Vs14* CDld-restricted T cells express CXCR3 and CXCR6 (Johnston

et a\.,2003). In contrast, NKl.l-Val4n CDld-restricted T cells, which are considered to be

immature and recently released from the thymus (Benlagha et a\.,2002), migrated in response

to the CCRT ligand SLCICCL2I (Johnston et a1.,2003). CD4 and DN NKT cells exist in

different proportions in different tissues (Hammond et al., 1999,Hammond et a1.,2001). In

mice,60Yo-90Yo of Type I NKT cells have been reported to express CD4 and l0Yo-40%o are

DN. Very few express either CDSa or CDSB (Matsuda et a1.,2000) (Benlagha et a1.,2000)
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(Hammond et o1.,2001). The CD4* fraction appears to produce higher levels of IL-4 in vitro

in response to ligation of CD3 (Hammond et al., 1999) but this difference was not observed

after stimulation with o-GalCer invivo (Matsuda et aL.,2000).

1.4.3.2 Tvpe II NKT cells

A second category of NKT cells in mice and humans has also been reported to be auto-

reactive towards CDld. However, these cells appear to express a more diverse range of TCRs.

Nevertheless, there appears to be some bias in the usage of variable regions amongst Type tI

NKT cells (Table 1). They contain expanded populations that express either Vu,3.2-Jo9lVo8

or Vo8/Vo8 (Park et a1.,2001). In mice, numbers of Type II NKT cells are fewer than Type I

Va14 NKT cells (Park et a1.,2001) but this might not be the case in humans (Exley et al.,

2001b). CDld-dependent Vo14- NKT cells express CD8 or are DN and they have the

phenotype ¡¡5dull Ly49A+ CD62L+ CD69*.They are increased in number in Vo14 GKO mice,

particularly as the mice age, but their numbers are diminished in CDld-deficient mice (Zeng

et a|.,1999) (Eberl et ql.,1999).

1.4.3.3'NKT-like' cells

The majority of 'NKT-like' cells appear to be conventional T cells that have up-regulated

certain NK cell markers following activation. More than 90%o of antigen-specific CD8+ and

CD4* T cells co-express one or more NK cell markers (such as NKl.1, DX5, or asialo GMl)

after infection with tymphocytic choriomeningitis virus (Slifka et aL.,2000). The 'NKT-like'

cells have the phenotype DX5+ Ly49A+ CD62L+ CD69-. They constitute less than one fifth of

the total NKl.l*CD3* cell population present, mainly in BM, in CD1-deficient mice (Eberl et

al.,1999).
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1.4.4 Development of NKT cells

1.4.4.1 Thymic vs extra-thymic origin

Like MHC class I-and Il-restricted T cells, most CDld-restricted T cells appear to originate in

the thymus (Gapin et a\.,2001) (Benlagha et aL.,2002). Following the discovery of NKT cells

extra-thymically, some investigators have argued that they can also develop from bone

marrow and there is evidence for development of CDld-restricted T cells in foetal liver and

bone marrow (Makino et al., 1993) (Shimamura et a1.,2001). Low numbers of NKT cells

have been detected in bone marrow (Sykes, 1990), spleen (Kikly et al., 1992), and liver

(Hashimoto et al., 1995) from nude mice and from thymectomised, bone-manow

reconstituted mice (Kikly et al., 1992). However, the finding of NKl.1* T cells in athymic

mice does not prove that atl Vu14 T cells are thymus independent. The numbers of NKl.l* T
cells detected in congenitally athymic Nu/Nu mice were always much lower than in euthymic

mice (Coles et a1.,2000) (Sykes, 1990), suggesting that the contribution from extra-thymic

sites is low. These conflicting results may be dueto the fact that some NKl.l expressing T

cells exist that are quite distinct from CDld-dependent Type I and II NKT cells. As discussed

above, these'NKT-like'cells are CDld independent, mostly CD4-, and have diverse TCRs

and their functional significance is unknown.

Most recent studies support the thymus-dependant origin of NKT cells. NKT cells can be

generated in fetal thymic organ cultures (Bendelac et al., 1994), and neonatal thymus grafts

implanted in nude mice give rise to donor-derived NKT cells in the recipient organs (Levitsky

et al.,l99l), indicating that at least some NKT cells develop in the thymus. A study by (Eberl

et al., 1999) examined the phenotype of NKT cells and the requirements for thymus, CDld,

and the invariant Vo14-Jo281 chain in the developmentof individual (DN, CD4+, or CD8*)

NKT cell subsets in various tissues. They found that most NKl.1+ T cells in thymus and liver

are both thymus-dependent and CDld-dependent and that they express a biased TCR

repertoire associated with an activated T cell phenotype (Eberl et al., 1999).ln contrast, a high

proportion of NKl.l+ T cells in spleen and bone marrow is thymus- and/or CDld-

independent, and many of these cells express a diverse TCR repertoire and a phenotype
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similar to naive T cells and NK cells. Further studies showed that CD4\K1.1* T cells were

absent from livers of nude mice (Coles et a1.,2000), and canonical TCR Vs14-Jo281

rearrangements were not detected in thymectomized, irradiated, and fetal liver-repopulated

adult mice (Tilloy et al., 1999). Furthermore, injection of immature thymocytes into the

thymus, but not by the intravenous route, could populate the liver and spleen of recipient mice

with DN and CD4+ Vcrl4 NKT cells (Gapin et a1.,2001). Finally, the finding that the

development of CD4\K1.1* T cells requires CDld* cortical double-positive thymocytes

(Bendelac et al., 1995b) favours the conclusion that Val4 T cells develop primarily in the

thymus. The thymic origin of peripheral NKT cells has also been demonstrated by the severe

defrciency of peripheral NKT cells resulting from thymectomy (Hammond et al., 1998a).

Finally, a variety of genetic disorders known to disrupt thymus function also have a major

impact on peripheral NKT cell levels (Kronenberg,2002). Although it cannot be completely

ruled out that small numbers of NKl.l+ T cells develop outside of the thymus, the reduction

of overall NKT cell levels resulting from thymic aplasia, thymectomy and thymic dysfunction

is most consistent with the thymus being the primary source of NKT cells in the periphery

(Berzins et a1.,2004)

1.4.4.2 Thvmíc development o-f Tvpe I NKT cells

The thymus-dependant pathway of NKT cell development begins when this unique lineage

branches away from mainstream T cell development at the CD4*CD8* thymocyte stage

(Gapin et a1.,2001) (Figure 1.3). This occurs when thymocytes, through random TCR gene

rearrangement, generate a TCR Vo14Ju18 chain that facilitates CDld recognition (Gapin et

at.,200I) (Figure 1.3). The CDld dependence of NKT cells was first determined by Bendelac

et al. and it was confirmed by the hnding that CDld GKO mice were deficient in NKT cells

(Bendelac, 1995, Bendelac et al., 1997). (Gapin et a1.,2001) found that the canonical Vo14

gene rearrangement occurs in immature double-positive thymocytes at nearly equivalent

frequencies in the presence or absence of CDld expression. After interacting with CDld,

these cells gave rise to expanded populations of NKT cells that express this alpha chain -

including both CD4+ and DN cells in the thymus and periphery (Figure 1.3). These results
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confirm the existence of a double positive intermediate for CDld-reactive NKT cells. They

also show that the early developmental stages of NKT cells are not governed by a distinct

mechanism, which is consistent with the TCR-instructive model of differentiation (Gapin e/

aL.,2001).

It has been reported that Vo14+ T cells appear as early as embryonic day 9.5 (ED9.5) in the

embryo body, and at EDll.5-EDl3.5 in the yolk sac and the foetal liver, but not in the

thymus (Taniguchi et a1.,2000). However, other analyses have indicated that NKl.I*TCR*
cells are virtually absent at birth and accumulate during the post-natal period in the thymus,

spleen and liver (Bendelac et al., 1994) (Ohteki et al., 1994). Until recently, it was not

possible to unambiguously identify NKT-cell precursors by the specificity of the TCR, but

only by the use of surrogate markers, such as the co-expression of TCRoB and NKl.1. This

left open the possibility that the precursors of mature Va14* T cells cannot be identihed by

their cell-surface phenotype. Recently studies, using CDld tetramers loaded with o,-GalCer,

revealed that the first mature single positive Vol4+ T cellsin C57BL6 mice appear by day 6

after birth in thymus or by day 9 in liver (Gapin et a1.,2001). These NKl.1- NKT cells were

CD4+CD8-/lo* and although not fully mature, they were potent producers of cytokine

following TCR stimulation, with a strong Th2 bias (Benlagha et o1.,2002) (Pellicci et al.,

2002). The NKl.1- precursors have been found to give rise to NKl.1+ NKT cells within one

week of intrathymic injection (Benlagha et al., 2002) (Pellicci et al., 2002). Although

maturation to the NKl.l* stage can clearly occur within the thymus, the majority of NKT cells

that migrate from the thymus to the periphery appear to do so at the earlier NKl.l- stage, and

presumably complete their development outside the thymus (Benlagha et a|.,2002) (Pellicci er

aL.,2002).

More recent studies have shown that exposure of developing NKT cells to o-GalCer, either in

vitro or invivo,leads to specif,rc deletion (Pellicci et aL.,2003) (Figurel.3). In contrast, delay

in introduction of this compound until after NKT cells have developed does not deplete the

cells (Pellicci et al., 2003). This suggests that NKT cells pass through a developmental

window, during which ligation of the TCR inhibits development. This could be considered as

the equivalent of negative selection in NKT cell development. Perhaps cells with high

potential for self reactivity can be deleted from the NKT cell repertoire before they exit the
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thymus (Pellicci et a\.,2003). Furthermore, the findings suggest that negative selection occurs

as soon as NKT cells begin to express their CDld-reactive TCR (i.e. prior to the NKl.l-CDld

tetramerhi$ stage), and that by the time they are clearly detectable by CDld tetramer (i.e. in

late-stage foetal thymic organ cultures or adult thymus) they are already beyond the window

of susceptibility to TCR-mediated depletion (Pellicci et a|.,2003).

1.4.5 Function of NKT cells

1.4.5.1 Activation and e-fector-functions o-f NKT cells

ln mice and humans, Va14 CDld-restricted T cells secrete large amounts of cytokines such as

IFN-y, IL-4, IL-2, IL-5, tL-10, IL-13, GM-CSF, and TNF-a within minutes after TCR

stimulation (Yoshimoto et al., 1994) (Gumperz et al., 2002). They have, therefore, the

potential to act as powerful regulators of the immune system. This property distinguishes them

from naive MHC class I and II restricted T cells, which acquire their ability to secrete

cytokines during proliferation after primary stimulation. Because the CDldiìt{KT cell system

is conserved through mammalian evolution, it has been hypothesised that NKT cells play a

crucial role in immune responses (Spada et aL.,1998).
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Figure 1.3 Development of Type I NKT cells in mice (from (Godfrey et ø1.,2004b)).

Type I NKT cetls and conventional CD8+ and CD4* T cells originate from a common precursor (CD4*CD8*

double-positive) thymocytes. Random TCR-gene reafrangement leading to expression of Va14-Jal8 in

conjunction with either VP8.2, Vp7 or Vp2 leads to the CDld-dependent selection and branching of the NKT-

cell lineage. NKl.l expression is a downstream event in the maturation of NKT cells, and most NKT cells

migrate from the thymus to the pedphery before this stage, although some NKl.l* NKT cells can also emigrate'

Mature NKl.l* NKT cells undergo clonal expansion in the periphery after activation (after q-GalCer challenge

in vivo). This clonal expansion is associated with down-regulation of NKl .1 expression, which is gradually re-

expressed by at least some of these cells. By contrast, mature conventional CD8* and CD4* T cells are typically

NKI .l-, but under ceftain activation conditions some of these cells up-regulateNKl.l expression. The kinetics of

this process and the fate ofthese cells is unclear.
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Although the precise mechanisms by which NKT cells influence immune responses remain to

be investigated, it is clear that these cells can be activated by a variety of stimuli, resulting in

the secondary activation of other cell types. Va14 NKT cells are capable of enhancing

adaptive immune responses, because cytokines produced by Va14* T cells can activate or

modulate several other cell types, including NK cells (Carnaud et al., 1999) (Eberl et al.,

2000b), conventional T cells (Singh et al., 1999) (Nishimura et al., 2000), macrophages

(Gonzalez-Aseguinolaza et a|.,2000) and B cells (Burdin et al., 1999), while also recruiting

myeloid dendritic cells (Naumov et a\.,2001) (Figure 1.4). In mice, NKT cells seemto have

pre-formed cytokine mRNA, even before activation with exogenous antigens (Stetson et al.,

2003). The presence of pre-formed cytokine transcripts, which are present in NKT cells but

not naive T cells, correlates with chromatin modifications at the respective gene loci and both

of these features provide the capacity for rapid cytokine production.

An important unresolved issue is whether Vo14* T cells are flexible with respect to the

cytokines they produce and whether they exhibit the classic polarization into T helper I (Thl)

orTh2 subsets (Figure 1.4). IndividualNKT cells are able to make both Thl- and Th2-type

cytokines simultaneously following stimulation in vivo (Matsuda et aL.,2000) (Matsuda et al.,

2003), (Crowe et aL.,2003). This characteristic is unusual as Thl cytokines are often mutually

antagonistic in their actions (Godfrey et aL.,2004a). Despite this Th0-like cytokine pattern, in

some cases NKT cells can polarize the immune response in a Thl direction, while in other

cases they promote a Th2 response. The mechanisms that determine the cytokine profile of

NKT cell responses, and the influence of NKT cells responses on the rest of the immune

system are not well understood. In fact, this represents a key challenge in the field of NKT cell

research.

In addition to prompt production of cytokines, CDld-reactive NKT cells are also capable of

potent c¡olytic activity. They can mediate cytolysis by release of granzymes and perforin,

and they express membrane bound members of the TNF family, such as FAS ligand (FasL)

and TNF-related apoptosis-inducing ligand (TRAIL).
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Figure 1.4 Model of the immunoregulatory role of NKT cells (from (van der Yliet et al.,

2004))

NKT celts are stimulated by APC via CDld-TCR interactions and rapidly produce much large amounts of Thl

or Th2 type cytokines, thereby orchestrating the development of either a pro-inflammatory Thl type of immune

response, or a down-regulatory Th2 type of immune response'
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It has been shown that freshly isolated NKl.l* TCR-aB* thymocytes can directly kill CD4*8*

thymocytes from normal syngeneic or allogeneic mice, while neither whole thymocytes nor

lymph node T cells exhibit this activity (Arase et al.,1994).

NKT cells from Fas-L-deficient gld mice did not kill Fas expressing targets, indicating that

Fas expressed by NKT cells in normal mice can mediate the killing via the Fas-mediated

apoptotic signalling pathway (Arase et al.,Igg4). Furthermore, activation of Vol4* NKT cells

by o-GalCer has been shown to prevent tumour metastasis. This activity probably involved

NK-like non-specific cytotoxicity because it was not blocked by monoclonal antibodies

against molecules involved in the recognition and conventional cytotoxicity by NKT cells,

such as CDld, VB8, NKl. l,Ly49C, Fas, or FasL. However it was reduced by the addition of

cold target tumour cells or by treatment with concanamycin A, an inhibitor of activation and

secretion of perforin (Kawano et aL.,1998).

1.4.5.2 Role qf NKT cells in autoimmunit])

There is evidence from some animal models that NKT cells exert an influence on the

development of naturally occurring autoimmunity, although in other models, NKT cells must

be stimulated with cr-GalCer in order to elicit their regulatory function (Godfrey et a|.,2004a).

An association between selective deficiency in numbers of Vol4* NKT cells was first

described in lupus prone MRL-lpr mice, which exhibit features similar to human systemic

lupus erythematosus (Mieza et ol., 1996). FACS analysis and RNase protection assays have

demonstrated that the numbers of Vo14* NKT cells were specifically reduced with aging,

starting to decrease at around 3-4 weeks of age, before the onset of disease and disappearing

at around l0 weeks of age, at which time manifestations of autoimmune disease commence.

Thus suggesting that NKT cells may prevent the disease. lnjection of MRL lpr/lpr mice with

anti-Vol4 mAb resulted in the early onset and exacerbation of lymphosplenomegaly due to

the accumulation of abnormal CD3+ 8220* CD4-CD8- T cells as well as an increase in the

titers of anti-dsDNA autoantibodies, thus further supporting the theory that NKT cells may

have a role in lupus prevention.
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In recent studies, another function of NKT cells has been indicated, namely, these cells seem

to direct effector functions for the onset of autoimmune diseases. When mice are administered

with IL-12 (Segal et al., 1996) or o-GalCer (Osman et a1.,2000), NKT cells in the liver are

activated and result in hepatic injury with massive necrosis (or other autoimmune

inflammation). Moreover, neonatally thymectomized mice do not develop NKT cells but

suffer from autoimmune diseases in adulthood (Moroda et ol., 1996). It is speculated that

NKT cells seem to play different functions depending on circumstances, When NKT cells

mediate their self-reactive cytotoxicity against other effector lymphocytes for autoimmune

diseases, they may act as immunoregulatory cells. In contrast, if they mediate their self-

reactivity against rapidly dividing selÊcells, they become effector cells for autoimmune

diseases. Supporting this theory are the frndings which show that in lupus prone NZB x NZW

Fr mice following the onset of disease, the number of NKT cells and CD5*B cells increased in

a tissue-specific manner in the liver (Morshed et a\.,2002). The transfer of NKl.l* T cells

from diseased mice to young recipients induced proteinuria and glomeruli swelling (Zeng et

a1.,2003), while the treatment with anti-CDld antibody had a beneficial effect in this model

of lupus(Zeng et a|.,2000).

In experimental autoimmune encephalitis (EAE), an animal model of multiple sclerosis (MS),

immunisation of susceptible strains of mice with myelin-derived antigens leads to

inflammation and demyelination in the CNS. SJL mice, which are prone to EAE, have

decreased numbers of IL-4 producing CD4* NKT cells (Yoshimoto et al., 1995a). More

recently, it has been found that Ya24 mRNA transcripts are lower in peripheral blood from

MS patients than in normal individuals (Illes er at., 2004). Furthermore , short-term Ya24*

NKT cell lines prepared from MS patients during remission exhibited a Th2 cytokine bias,

compared to lines prepared from patients in relapse. These hndings suggest that Vo24+ NKT

cells have a regulatory role in the progtession of MS. [n studies using CDld GKO mice, the

results have been conflicting. In one study, CDld GKO mice were somewhat less susceptible

to EAE than wild-type mice (Jahng et a1.,2001), while in other studies there was no effect on

susceptibility to the disease (Furlan et a1.,2003) (Mars et a\.,2002). Furthermore, the effects

of stimulating NKT cells with a-GalCer on the progression of EAE have also been conflicting.

Treatment with u-GalCer protected mice from EAE by induction of tL-4 and IL-10 (Singh er
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a1.,2001), but it can also aggravate EAE by enhancing production of IFN-y (Jahng et al.,

2001). In another protocol, administration of o,-GalCer had no effect on the disease (Pal et al.,

2001). The differences observed in these studies could be due to use of different mouse strains

and antigens, or the timing, dose and route of administration of o-GalCer .For example,

administration of o-GalCer was less effective in SJL mice, perhaps reflecting the lower

numbers of Val4+ NKT cells in this strain (Singh et a\.,2001). It appears that when o-GalCer

treatment prevented disease, the balance in the immune response was shifted from a

pathogenic Thl mode towards a protective Th2 response (Jahng et a1.,2001) (Singh et al.,

2001).

Colitis may be a true autoimmune disease where the target is intestinal flora, which are not

'self in a strict sense. In colitis induced by dextran sodium sulphate, administration of s-

GalCer and subsequent activation of Vo14* NKT cells reduced clinical manifestations

(Saubermann et al., 2000) and the adoptive transfer of cl-GalCer-activated NKT cells

diminished colitis, potentially via an ll-l0-dependant mechanism (Colgan et al., 1999).

Interestingly, in colitis induced by the hapten oxazolone, Vo14* NKT cells were required for

induction of the disease(Heller et al., 2002). This model of colitis is IL-13 dependant,

distinguishing it from the Thl dependant colitis, induced by dextran sulphate. It was proposed

that IL-13, produced by Vo14* NKT cells, is critical to pathogenesis of this form of
experimental colitis (Heller et aL.,2002).

In therms of human autoimmune diseases it is intriguing that selective deficiency in Yu24+

NKT cell numbers has been observed in patients with autoimmune diseases such as systemic

sclerosis (Sumida et al., 1995), rheumatoid arthritis (Kojo et al., 2001), type I diabetes

(reviewed in (Hammond et a|.,2003)) and multiple sclerosis (llles er aL.,2000). Reduction in

numbers of Yu24* NKT cell numbers appears, therefore, to be associated with development of

a number of autoimmune diseases. However, reduced numbers of Ya24+ NKT cells have not

been found in Graves disease and myasthenia gravis (van der Yliet et al., 20Ql). The

interpretation of these flrndings is limited by the very low and the variability of numbers of
NKT cells in normal humans, in some cases by assessment of the numbers of cells rather than
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function, and the possibility that the peripheral blood may not accurately reflect the numbers

of cells in the target tissues of the diseases.

1.4.5.2.1 Diabetes

The greatest number of studies investigating the role of NKT cells in the pathogenesis of

autoimmune disease has involved type I diabetes. Diabetes in non-obese diabetic (NOD) mice

is mediated by pathogenic Thl cells that arise because of a deficiency in regulatory or

suppressor T cells. The NOD mice develop T cell-mediated insulin-dependant diabetes

mellitus (IDDM) spontaneously and also develop signs of systemic autoimmunity, such as

antinuclear autoantibodies and haemolytic anaemia, in old age. This multiplicity of

autoimmune phenomena in NOD mice suggests the presence of a fundamental defect in

immune regulation, affecting their ability to induce and maintain immunological tolerance

(Cameron et a1.,1998). Numbers of Va14* NKT cells have been found to be reduced in the

thymus, spleen, bone marrow and liver of NOD mice, compared with C57BL6 mice (Baxter e/

at., 1997) (Hammond et a1.,2001) (Pal et al., 2001). The difference in NKT cell numbers

appears between 3 to 5 weeks of age and precedes the onset of diabetes. Initial studies found

that the adoptive transfer of Vcll4* NKT cells from semi-syngeneic or NOD donors

(Hammond et a1.,1998b) (Baxter et a1.,1997) reduced the incidence of the disease in NOD

mice. Subsequently (Lehuen et a1.,199S) the protective role of Vcll4* NKT cells in NOD

mice was further confirmed by increasing their numbers through the introduction of a

transgene, encoding the NKT cell-associated TCR Yal4-Ja281 chain. Mild protection from

spontaneous diabetes and a more robust protection from cyclophosphamide-precipitated

diabetes was seen in the transgenic lines with the most NKT cells.

Vu14* NKT cells isolated from NOD mice have been found to produce less IL-4 after TCR

stimulation but they are nevertheless partially functional as shown by the results from NOD-

NOD Vu14* NKT-cell transfer (reviewed in (Hammond et a\.,2003)). Despite the reduction

of NKT cells, spleen cells from NOD mice proliferate and produce IL-4 and IFN-y in response
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to invitro stimulation with o-GalCer, albeit at lower levels than splenocytes from non-diabetic

strains (Hong et a\.,2001).

A number of more recent studies have shown that protection from diabetes by adoptive

transfer of Vu14+NKT cells is associated with the induction of aTh2 response to p islet cell

autoantigens (Hong et a\.,2001) (Sharif et a\.,2001). Adoptive transfer of Vo14* NKT cells

was found to protect against diabetes via an IL-4 andlor ll-l0-dependant mechanism

(Hammond et al.,l998b). More recently, adoptive transfer study has shown that NKT cells do

not block the initial activation of pancreatic B-cell specific T cells into tFN-y producers, but

rather that they inhibit their subsequent proliferation and development into pathogenic pro-

inflammatory T cells (Beaudoin et o1.,2002). To determine the precise regulatory effect of

NKT cells on CD4* T cells involved in autoimmune diabetes, transferred naive transgenic T

cells (from Vo14-Jo281 transgenic NOD mice) were stimulated by c-CD3 in the presence or

absence of NKT cells or in the presence of another conventional transgenic opT cell

(Beaudoin et a1.,2002). The presence of NKT cells did not block the initial activation and

expansion of the CD4+ T cells but did inhibit their IL-2 and IFN-y production and later

proliferation, resulting in an anergic phenotype. These CD4* T cells did not induce significant

insulitis and were unable to destroy the p cells. Thus, in addition to Th2 deviation, NKT cells

may actby inducing anergy in islet specific cells.

In vivo administration of s-GalCer prevented the development of diabetes in NOD mice, but

not in CDld-deficient NOD mice. Disease prevention was correlated with the ability of o-

GalCer to elevate the levels of IL-4 and IL10 and suppress IFN-y in the spleen and

pancreas.(Hong et at.,2001). Consistent with previous studies (Matsuda et a1.,2000), o-

GalCer administration resulted in the rapid loss (within 8h) of CDld/o-GalCer tetramer-

positive cells in liver and spleen. However, seven days following administration of a-GalCer,

the tetramer-positive cell population returned to normal levels (Hong et al., 2001).

Furthermore, the levels of IL-4 detected in the livers and spleens of NOD mice after

administration of o-GalCer were significantly above the background levels detected after o-

GalCer treatment of CDld and Jo18 GKO mice, which lack Vo14* NKT cells (Hong et al.,

2001) (Wang et a1.,2001). In a study by (Naumov et a1.,2001), treatment with cr-GalCer
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resulted in increased numbers of CD I I c* CDSo- CD I d- myeloid DCs in the pancreatic lymph

nodes of NOD mice and adoptive transfer of myeloid DCs isolated from pancreatic LN of 8-

week-old untreated mice completely abrogated the development of diabetes when transferred

into naiVe NOD pre-diabetic recipients. Thus, the immunoregulatory role of Val4* NKT cells

in type I diabetes is further manifested by the recruitment of tolerogenic myeloid DC to the

PLN and the inhibition of ongoing autoimmune inflammation.

1.4.5.3 Role of NKT cells in control of tumour growth

In addition to their regulatory role in the pathogenesis of autoimmunity, NKT cells appear to

play an important role in tumour surveillance and the control of tumour metastasis. Anti-

tumour effects of cr-GalCer have been observed in a variety of experimental and spontaneous

tumour-metastasis models, involving a range of tumour types. These include both carcinomas

(liver, lung, melanoma, colon, prostate, breast and renal cell carcinoma) and lymphomas

(reviewed in (Brigl et aL.,2004)).

Interleukin-l2 is known to induce potent antitumour immunity, and CDld-restricted NKT

cells have been implicated by some studies to mediate some of the effects of this cytokine.

The involvement of Type-I NKT cells in this antimetastatic activity was confirmed by the

inability of JolS GKO mice to mediate IL-12-induced antitumour immunity against a range of

tumours, including Bl6, LLC and FBL-3 erythroleukaemia (FBL) (Cui et al., 1997).In Jul8

GKO mice and in studies using adoptive transfer of Il-l2-activated Vcrl4* T cells, it appears

that CDld-restricted T cells are crucial for the anti-tumour and anti-metastatic activity of IL-

12 (Cui et al.,lg97) (Shin er a\.,2001). Adoptive transfer of Vol4* NKT cells also protected

Va14* NKT mice, but not JalS GKO, against liver metastasis of melanoma when the cells

were stimulated in vivo with a-GalCer (Kawano et aL.,1997).

Val4 NKT cells were found to be an essential target for the anti-tumour effect of IL-12. The

IL-|2-activated cells mediated their cytotoxicity by an NK-like effector mechanism (Cui et

al., 1997). NKT cells induce the production of IL-12 by CDld-expressing APCs via CD40-
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CD40L interactions (Tomura, 1999) (Kitamura et al., 1999). [n turn, IL-12 activates

cytotoxicity of the NKT cells (van der Yliet et a1.,2004),leading to adhesion to tumour cells

and lysis (Matsumoto et a1.,2000). Further positive feedback occurs because IL-12 induces

NKT cells to produce IFN-y, which is further augmented by IL-18, leading to enhancement of

IL-12 production (reviewed in (van der Vliet et a1.,2004). Anti-tumour effects mediated by

IFN-7 appear to include direct inhibition of both tumour growth and angiogenesis, and the

activation of other effector cell types (Hayakawa et al., 2002) (Smyth et al., 2002a). In

addition, IFN-1 can up-regulate TRAIL expression by NK cells, thus allowing killing of

TRAll-sensitive tumour targets (Smyth et a|.,2002a).

It is now known that nude mice, which lack Type-I NKT cells, but retain a population of

NKl.l* T cells, can mediate effective IL-12-induced anti-tumour immunity. Studies looking

atfL-L2-induced cytotoxicity, serum IFN-y elevation and anti-metastatic activities in RAG-2-
/- mice found that the relative contribution of NKT and NK cells varies depending on the dose

of IL-I2 administered and that NKT cells are more sensitive to low-doses of lL-I2 in vívo

(Takeda et a\.,2000). It is clear that the relative contribution of NK and NKT cells to the IL-

l2-induced anti-tumour effect is both tumour-model and IL-12 dose-dependent. Lower IL-12

doses demonstrate a greater role for NKT cells and IFN-y, while higher doses'dictate a greater

role for NK cells and perforin (Takeda et aL.,2000) (Sm¡h et a|.,2000). A role for Type-I

NKT cells at a suboptimal dose of IL-12 was less obvious despite the use of the same 816F10

tumour model (Smyth et al., 2000). Differences in the tumour-inoculation site may be

responsible for this discrepancy.

Treatment with o-GalCer-has been shown to increase numbers of NK, CD8* T cells and

macrophages in the leucocytes that infiltrate tumours, extending the cascade of events that are

initiated by activation of NKT cells (Nakagawa et aL.,2000). Consistent with a primary role of

IFN-y in NKT cell-mediated anti-tumour responses, a C-glycoside analogue of o-GalCer,

which preferentially stimulates IFN-y production, was shown to be even more effective than

o-GalCer in preventing metastasis of 86 melanoma (Schmieg et aL.,2003). The sequential

production of IFN-1, initiated by NKT cells and subsequently by NK cells, is pivotal for the
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anti-metastatic activity of u-GalCer and the stimulation of CD8* T cell effector functions in

vrvo (Nakagawaet a1.,2004, Nakagawa et a1.,2001).

In addition to their ability to mediate o-GalCer and IL-l2-induced anti-tumour immunity,

Type-I NKT cells also play a key role in the immunosurveillance of certain tumours. A role of
NKT cells in tumour immunosurveillance has been demonstrated in a model of chemically-

induced sarcomas (Crowe et aL.,2002).In this model, methylcholanthrene-induced sarcomas

developed faster and at a greater incidence in Jo18 GKO mice than their rvild type

counterparts. Furthermore when tumours derived from CDld GKO and Jol8 GKO mice were

inoculated back into CDld and Ja18 GKO or wild type mice, they grew readily in NKT cell-

deficient mice but were rejected in wild type mice, suggesting an important role for NKT cells

in this tumour rejection (Crowe et a1.,2002). This hypothesis was further supported when

transfer of NKT cells from wild type mice into Jo18 GKO efficiently protected recipients

from tumour growth (Crowe et aL.,2002).

Type-I NKT cells have also been demonstrated to aid the early adaptive anti-tumour immune

response in an adoptive tumour immunotherapy model where cells from the draining lymph

nodes of mice immunized with a tumor-specific or inelevant antigen were transferred to naive

recipients with an established tumor. (Stewart et aL.,2003). The study showed that inhibition

of early tumor growth (day 4) required the co-transfer of both CD8+ and Ja18 NKT cells from

immunized animals without regard to immunogen. In contrast, CD8* cells, but not Jol8 NKT

cells, were necessary for the inhibition of late tumor growth (day 8) (Stewart et a1.,2003).

This indicates that tumours may differ in their sensitivity to Type-I NKT cell functions

depending on their growth stage and thatthe recruitmenlactivation of Ja18 NKT cells is an

important consideration during the immune therapy of early stage tumours.

Paradoxically, NKT cells have also been shown to down-regulate anti-tumour immune

responses through the production of the Th2 type cytokine IL-13 (Terabe et a1.,2000).

Similarly, NKT cells from UV inadiated mice have been shown to act as suppressor T cells,
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playing a critical role in antigen-specifrc immune suppression, including suppression of
immune rejection of skin cancers (Moodycliffe et aL.,2000). Furthermore, models have been

described in which CDld GKO mice have heightened resistance to tumour growth. The

experimental tumours l5-l2RM and 4Tl were rejected in CDld GKO mice on a BALB/ç
background, but grew in wild-type BALB/c mice (Terabe et a\.,2000) (Ostrand-Rosenberg e/

o1.,2002). Failure of rejection of the l5-l2RM tumour in wild-type mice was found to be tL-
13 dependant, but independent of IL-14 and it was associated with impaired CTL
responsiveness (Terabe et a1.,2000). When l5-l2RM was inoculated into mice deficient for
CDld, signal transducer and activator of transcriptase (5TAT)-6, mice depleted of CD4+ or
Gr-l+ cells, or mice in which TGF-P and IL-13 were neutralized,tumours did not relapse,

demonstrating an essential role for all these factors in suppressing effective anti-tumour

immunity (Terabe et aL.,2000) (Terabe et o1.,2003).It was postulated that the suppression of
anti-tumour immunity resulted from a tumour cell-derived factor stimulating IL-13 production

by a CD4+ CDld-restricted NKT cell. This CDld-restricted NKT cell-derived tL-13 triggered

Gr-1+CD1lb+ myeloid cells to produce TGF-p, which in turn suppressed CTL function, and

resulted in incomplete elimination of tumour and subsequent re-growth (Ostrand-Rosenberg e/

al., 1998). As these experiments used CDld GKO mice, the involvement of Type I classical

Ya24-Ja78 NKT cells should be confirmed by use of Jq,18 GKO mice. It remains possible that
Type II non-Vol4-Jcll8 CDld-dependant NKT cells mediate suppression of tumour
immunity.

CDld GKO mice are also resistant to the 4Tl mammary carcinoma, an aggressive tumour that
grows rapidly and metastasizes to the lung and other organs in WT mice (Ostrand-Rosenberg

et al., 1998). In this model CDld GKO mice reject primary tumours and are resistant to
metastases in a post-surgery method. However in contrast to the 15-12RM tumour model, the

failure to reject the 4T1 tumour was not IL-13 dependant, as neutralising IL-13 had no effect
on tumour gtowth, suggesting that there are multiple mechanisms by which CDld-dependent

cells can inhibit tumour rejection (Ostrand-Rosenberg et ol., 2002). It remains to be

determined which subset of CDld-restrictedNKT cell (Type-I or Type-II) is responsible for
suppression in this model.
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CDld has additionally been shown to modulate the anti-tumour effects of CpG

oligonucleotides (Sfondrini et al., 2002). These synthetic oligodeoxynucleotides (ODN)

containing CpG motifs activate various immune cell subsets, including macrophages and NK
cells, when injected into mice, and induce production of a wide variety of Thl-promoting

cytokines independently of any known antisense effect (Sfondrini et a1.,2002). The role of
NKT cells on anti-tumor activity of CpG oligodeoxynucleotides was evaluated by peri-

tumoral injections of CpG-ODNs in melanoma-bearing mice of strains differing in the number

of NKT cells. CpG oligonucleotides were found to be more potent at suppressing tumour

growth when administered to CDld GKO rather than wild type mice (Sfondrini et aL.,2002).

Type-I NKT cells did not mediate this effect, since JalS GKO mice exhibited an identical

phenotype to wild type mice following treatment with CpG. Although the mechanism for the

decreased responsiveness of wild type mice to CpG was not determined, it was demonstrated

through the use of co-culture experiments that the diminished ability of CpG to stimulate

immunity in wild type mice was due to CDld expression by APC.

Deficiencies in numbers and/or functionality of NKT cells have been reported in humans with

prostate cancer, melanoma, myelodysplastic syndromes and progressive malignant myeloma

(reviewed in (van der Vliet et a1.,2004)), although it is not clear whether these abnormalities

are the cause or the effect of progressive cancer. Some studies reported normal o-GalCer-

induced cytotoxicity and IFN-y production while others found impaired ability to proliferate

and produce IFN-y (reviewed in (Swann et al., 2004)). Another study reported that human

Type-l NKT cells directly inhibited the proliferation of tumour cells in an IFN-y dependent

manner (Kikuchi et a1.,2001). Based on the observations in mice, it is plausible thatthe role

of CDld-restricted NKT cells in anti-tumour immunity will be specific to particular types of
cancers. Reconstitution and/or pharmacological activation of CDld-restricted NKT cells with

a-GalCer may have therapeutic potential for certain human cancers.

The preceding findings demonstrate that CDld-restricted NKT cells play diverse, and in some

cases apparently conflicting roles in the anti-tumour immune response. A large body of
evidence demonstrates that o-GalCer/CDld-reactive NKT cells play a benef,rcial role in
preventing tumour initiation (immunosurveillance) and actively inhibit tumour growth after
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treatment with cl-GalCer,IL-I2 or vaccination. They may be directly cytolytic against tumour

cells, or they may influence the activation of cytolytic NK cells and CD8+ CTLs. Furthermore,

their anti-tumour activity depends critically on [FN-y. Findings in CDld GKO mice suggest

that in certain settings CDld-restricted T cells can be detrimental to developing anti-tumour

responses, however, the particular subset of cells responsible for suppression in these cases is

yet to be determined.

1.4.5.4 Role o-f NKT cells in microbial immunit.v

CDld-restricted NKT cells appear to contribute to anti-microbial host responses in some

bacterial, viral and protozoan infections. In some infections, CDld-restricted T cells have

been found to control growth of microorganisms, influence antibody production and other

adaptive immune responses, and contribute to immuno-pathological tissue injury. The results

of some of these studies have been controversial, the main source of controversy being the

genetic background of the experimental animals that were used. For instance, in a case of

cerebral malaria, NKT cells have been found to promote pathogenesis in C57BL16 mice but to

inhibit it in BALB lc mice (Hansen et a1.,2003). Similarly, in the studies on the pathogenesis

of respiratory syncytial virus, NKT cells appear to exert different effects in C57BL/6 and

BALB/c mice (Johnson e/ a1.,2002).

1.4.5.4.1 Role of CDld-restricted NKT cells in mycobocteriql infections

The host immune response to Mycobacterium tuberculosis is critical in preventing clinically

evident disease following infection. Cell-mediated immunity is particularly important, and it

is well documented that people with defective T-cell responses are at a higher risk for

developing primary or reactivation tuberculosis. [n studies on responses to mycobacteria and

their products, it was found that there is rapid accumulation of Va14* NKT cells in

subcutaneous granulomas following subcutaneous injection of lipids from Mycobacterium
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tuberculosis cell walls (Apostolou et al.,l999a). Purified mycobacterial cell wall glycolipids

PIM and LAM were sufficient to induce these granulomas. NKT cells infiltrate the

granulomas independently of CDld and also accumulate upon local injection of TNF-u

(Mempel et a1.,2002).

However a protective role of NKT cells during M. tuberculosis infection has not been

established (Apostolou et ol., 1999b). Following intravenous inoculation of viable M
tuberculosis, CDld GKO mice were not more susceptible to infection than controls, indicating

no absolute requirement for CDld-restricted NKT cells in protective immunity against this

organism (Behar et al., 1999). These findings are consistent with later findings on

susceptibility to infections with M. tuberculosrs and Mycobacterium bovis BCG via the

respiratory and i.v. route (D'Souza et al., 2000) (Kawakami et al., 2002). [n contrast,

(Sugawara et al., 2002) showed that Js18 GKO mice (on a BALB/c background) were

marginally more susceptible to infection with M. tuberculosis, although there was no

difference in granuloma size between Jol8 GKO and wild-type mice. In this study JolS GKO

mice had marginally higher CFU values in their lungs throughout the course of infection when

compared to wild type mice, and their splenic cells produced less IFN-y than wild type mice.

A role for CDld is supported by impairment of early immunity to M. tuberculosis infection

following administration of anti-CD1d mAb (Szalay et aL.,1999).

Following i.v. infection with M. bovis BCG, more granulomas in JolS GKO mice had signs of
caseation and they had larger cellular infiltrates, suggesting that Vu,l4+ CDld-restricted T

cells may play a regulatory role by limiting lymphocyte influx and modifying tissue pathology

(Dieli et aL.,2003). Although the absence of CDld did not adversely affect the mortalityof

mice following infection with M. tuberculosis, it was found that administration of o-GalCer

and subsequent activation of Vo14+ NKT cells, significantly prolonged their survival.

Administration of a-GalCer to wild type mice resulted in increased lymphocyte recruitment

into the lungs, reduced the numbers of mycobacteria recovered from the lungs, and prolonged

the survival of the infected mice (Chackerian et ol., 2002). This effect was dependent on
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CDld, indicating that activated CDld-restricted NKT cells can modulate the immune response

to tuberculosis. This result is remarkable as there are few compounds other than cytokines and

vaccines that have been shown to enhance the resistance to tuberculosis through their

modulation of the immune response. Furthermore, these findings highlight the capacity of
activated NKT cells to affect the outcome of infection with microbial pathogens.

(Gansert et a1.,2003) showed that aGalCer-activated human CDld-restricted T cell clones

inhibit the growth of intracellular M. tuberculosis in a CDld-dependent manner. In agreement

with a role for granulysin in the antibacterial effect, de-granulation of CDld-restricted T cell

clones impaired their inhibitory effect on bacterial growth. This direct antibacterial effect of
NKTcellswouldrequirethatCDldbeexpressedbyinfectedcells invivo.Indeed,expression

of CDld can be detected on APC within the granulomas of patients with tuberculosis.

Taken together, these studies suggest that under certain conditions, CDld-restricted NKT cells

may participate in the immune response to pathogenic mycobacteria. Although not absolutely

required for optimum immunity, their specific activation appears to enhance host resistance to

disease.

1.4.5.4.1 Role of CDId-restricted NKT cells in resistance to malariq

Plasmodium berghei murine malaria has many features in common with the human disease as

it manifests a cytokine-dependent encephalopathy associated with upregulation of adhesins on

the cerebral microvascular endothelium and attendant neurological complications. Initial

studies into the role of NKT cells in immunity to Plosmodium berghei proposed that

protozoan glycosylphosphatidylinositol (GPI) anchors were presented by CDld to murine

NKT cells (Schofield et al.,1999). Splenocytes from mice immunized with the purified lipids

or infected with plasmodium sporozoites produced IL-4 and proliferated after in vitro

stimulation with purified GPI, and this appeared to be dependent upon CDld. Although
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suggestive, CDld was not definitively shown to be the antigen-presenting molecule, nor were

Type-I NKT cells shown to be the responding cell. Since protozoan GPI is a ligand for Toll-

like receptor 2, an alternate interpretation of the data is that GPI may induce IL-12 production

by APC, which subsequently activates NKT cells.

More recent studies have revealed that CDld-restricted NKT cells play a role in host defence

following infection with erythrocytes parasitized by Plasmodium yoelü. After infection,

B6.CDld GKO mice had a more prolonged parasitemia than did C57BL|6 wild-type mice and

the numbers of lymphocytes in the liver of these mice was more prominent in the CDld GKO

mice (MannooÍ et aL.,2001).ln contrast to C57BL6 mice the livers in CDld GKO mice had

an increased proportion of CD4-CD8- NKT cells as well as NKl.l-CD3'nt cells instead of

CD4* (and CD8+) NKT cells. These newly generated CD4-8-NKT cells in CDld GKO mice

did not use the invariant Vcrl4-Ju281 TCR. These results suggest that both NK1.1- and

NKl.l+ subsets of TCR'nt cells (i.e., constituents of innate immunity) are associated with

resistance to malaria and that an autoimmune-like state is induced during malarial infection.

Importantly it has been shown that the genetic background of the host has an important

influence on the outcome of malarial infection and on the role played by NKT cells. (Hansen

et a1.,2003) used parasitized erythrocytes to infect CDld GKO mice that were either of the

resistant (BALB/c) and susceptible (C57BL/6 ) background. The absence of CDld increased

the susceptibility of BALB/o mice but increased the resistance of C57BL|6 mice. Unlike

BALB/c wild type mice, BALB/c CDI GKO mice developed cerebral malaria followed by a

high mortality rate. This CDld deficiency associated with increased susceptibility to disease

suggests that in BALB/c mice the CDl/fiKT pathway provides protection against cerebral

malaria. [n marked contrast, CDld-restricted NKT cells appeared to play a modest role in

promoting disease in C57BL6 mice, as lack of CDI partially but significantly protected

against cerebral malaria in this genetic background (Hansen et a1.,2003). Infection of Jol8

GKO mice with P. berghei ANKA also showed a significant delay in the disease onset

compared to wild type controls demonstrating a role for the Val4* NKT population in

promoting the disease susceptibility of C57BL6 mice. Parasitemia levels were not affected by

deletion of CDI or Jo281 in either genetic background. Therefore, control of malarial
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fatalities by CDld-restricted NKT cells does not operate through effects on parasite growth

rates.

The results obtained with the C57BL/6 and C57BL/6 CDld GKO mice supporr the hndings of
(Mannoor et a1.,2001). The infected BALB/c CDld GKO were found to produce more serum

IFN-y and TNF-g than the BALBic control mice, while the C57BL\6 CDld GKO mice

produced less IFN-y than the control C57BL|6 mice. Antigen-stimulated T cells from infected

BALB/c CDld GKO mice produced more IFN-y than did BALB/c control mice and failed to

develop a protective Th2 response. This change in the ThllTh2 balance of the immune

response correlated with the change in susceptibility of the knockout mice (Skold et al.,

2003).

Administration of o-GalCer I to 2 days before i.v. injection with P. Yoelii and P. berghei

sporozites greatly reduced the level of parasiteamia and greatly enhanced the generation of
protective anti-malarial immunity, with strong enhancement of antigen-specific CD4 and CD8

T cells that secrete IFN-y (Gonzalez-Aseguinolaza et aL.,2000). Treatment with o-GalCer was

protective only against infection with sporozoites and not against infected erythrocytes. A key

finding was that the protection elicited by o-GalCer required NKT cells and CD1 molecules,

because inhibition of parasite development failed to occur in CD I d GKO and Ja I 8 GKO mice.

The protective effect of a-GalCer was dependent upon CDld, Jol8, IFN-y, and IFN-1R and it
was independentof [L-12 p40, NK, B, and conventional T cells.

Absence of NK cells in transgenic Vul4+ttAG GKO mice failed to alter the inhibitory effect

of u-GalCer. Furthermore it was discovered that the previously reported anti-malaria activity
of IL-12 (Hoffman et ø1. , 1997) does not require CD I d or NKT cells, indicating that activated

NKT cells and IL-12 have a different mode of action on plasmodial liver stages (Gonzalez-

Aseguinolaza et aL.,2000). An increase inthe number of lFN-y-secreting hepatic lymphocytes

was detected following treatment with a-GalCer, suggesting that activated Type I NKT cells

are important in reducing the level of parasitemia, perhaps by increasing the production of
IFN-7 in the liver (Gonzalez-Aseguinolaza et aL.,2000).
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A malaria antigen capable of stimulating NK T cells has not yet been identiflred. However, by

using o-GalCer, the only known ligand capable of stimulating NK T cells, these cells are

capable of displaying inhibitory activity against malaria, specifically against the liver stages.

The finding that co-administration of a-GalCer greatly enhances the level of malaria-specihc

T cell responses and, ultimately, the level of protective anti-malaria immunity elicited by

malaria vaccines, could contribute to the design of not only a successful malaria vaccine, but

also to the design of vaccines against other intracellular microbial pathogens.

1.4.5.4.2 Role of CDld-restricted NKT cells in resistance to the Cryptococcus

neoformans

Cryptococcus neoþrmqns is a ubiquitous fungal pathogen that causes a life-threatening

infection of the central neryous system in patients with impaired cell-mediated immunity. The

host resistance to this pathogen is critically regulated by a balance between Thl and Th2

cytokines, where predominance of synthesis of Thl cytokines over Th2 cytokines protects

mice against infection. In contrast, infection is exacerbated when Th2 cytokines predominate

(Kawakami, 2001). Initial studies showed that following intra-tracheal infection with a

clinical isolate of C. neoþrmqns, an accumulation of NKT cells was observed inthe lungs of

infected mice, which peaked at day 3 p.i. (Kawakami et al.,200la). Activation of Va14+ NKT

cells by treatment with a-GalCer results in increased production of IFN-y in the sera of mice

infected with C. neoþrmans and augmented local host resistance to this infection in the lungs

and spleen. These protective effects were not observed in Jal8 GKO mice (Kawakami, 2001).

Neutralization of IFN-y with monoclonal antibodies completely abolished the protective effect

of a-GalCer on infection. Furthermore, the numbers and percentage of NKT cells peaked 3

days p.i. in wild-type mice and a similar increase was observed in Ju,18 GKO mice, indicating

that Type II NKT cells may have a protective effect. Nevertheless, mRNA encoding the

Vcr14- JolS TCR was detected in the lungs of infected mice (Kawakami et a1.,2001a).

Furthermore Jal8 GKO mice had an impaired in vitro recall response to cryptococcal antigens

and impaired delayed-type hypersensitivity reaction. These findings were accompanied by

impairment in the ability of Jsl8 GKO mice to control the infection. It appears, therefore, that
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Vo14* NKT cells may have a physiological role in the host immune response to cryptococcal

infection.

L4.5.4.3 Role of CDld-restricted NKT cells in viral infections

The role of NKT cells in immunity to viral infections has not been fully elucidated; however,

it is clear that the capacity to participate in early immune responses and to modulate both

innate and adaptive immunity confers NKT cells the potential to mediate activities important

in the control of pathogens and the subsequent clearance of infections. Most of the work into

the role of NKT cells in viral immunity has been addressed by examining the outcomes of

infection and pathogenesis in either CDld GKO and/or Jctl8 GKO mice. Several studies have

shown that activation of Type I NKT cells can ameliorate disease associated with certain virus

infections.

In a transgenic model of Hepatitis B virus (HBV) infection, treatment with o-GalCer produces

a rapid, profound and specific anti-viral effect that is associated with the induction of IFN-y

and IFN-g/ß in the liver. Within 24 h of treatment, there is a burst of transcription of genes

encoding these cytokines, which coincides with reduction of viral replication (Kakimi, 2000).

Both of these events were associated with the rapid disappearance of NKT cells from the liver,

presumably reflecting activation-induced cell death, and by the recruitment of activated NK

cells into the organ. In addition, prior antibody-mediated depletion of CD4+ and CD8* T cells

from the mice did not diminish the ability of a-GalCer to trigger the disappearance of HBV

from the liver, indicating that conventional T cells were not downstream mediators of this

effect. The anti-viral activity of a-GalCer is significantly diminished in IFN-1 and IFN-a/BR

GKO mice indicating that most of the antiviral activity of o-GalCer is mediated by these

cytokines (Kakimi, 2000).

A protective role for CDld-restricted T cells, but not Vo14* NKT cells, has been

demonstrated in infection with the picornavirus ECMV-D, a pathogen that causes paralysis,

diabetes and myocarditis. The severity of the disease caused by ECMV-D infection is
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genetically determined, with C57BL6 mice showing reduced susceptibility compared with

BALB/c mice. Studies by (Exley et al.,200la) found BALB/c.CDld GKO mice to be more

susceptible to ECMV-D-induced disease than wild-type controls; however, susceptibility was

not increased in BALB/c.Jal8 GKO mice. lntraperitoneal infection with ECMV-D lead to

paralysis in the BALB/c strain within a week of infection with the virus. The incidence and

severity of paralysis was greater in BALB/c CDld GKO, but unchanged in Jal8 GKO mice

(Exley et al.,200la). This heightened susceptibility observed in the CDld GKO mice was

attributed to a loss of \L-12 production from APC and a subsequent defect in the activation of
NK cells, with the consequential impairment in production of IFN-y, as the treatment of mice

with IL-12 prior to infection conferred complete protection against the disease. Thus it is
likely that rapidly activated CDld-restriced T cells act primarily to stimulate APC, and thus

induce the production of IL-IZ. Because the lL-I2-conferred protection correlated to

increased IFN-1 production, and given that NK cells are important in mediating resistance to

ECMV-D-induced disease, (Exley et al.,200la) proposed a model where IFN-y from NKT

cells and IL-12 from APC activate bystander NK cells, leading to a further burst of IFN-1 and

activation of adaptive immune responses. Paradoxically, although Vol4 NKT cells did not

appear to be required for host resistance to ECMV-D, activation of NKT cells in vivo by

injection of o-GalCer prior to infection with ECMV-D had a dramatic effect on the

development of disease in infected mice. o-GalCer-treated BALB/c wild-type mice had less

severe paralysis and were protected from virally induced diabetes. These effects of u,-GalCer

may arise from its ability to induce [FN-y, which is known to be protective in this model.

lmportantly, these results suggest that CDld-restricted NKT cells with diverse TCRs (Type II
NKT cells) may play important regulatory roles in the protective immune response to some

virus infections.

In many instances, resistance to viral infection requires the combined efforts of innate and

adaptive immune responses. Thus, the protection conferred by NKT cells could be a result of
the fact that the cytokines produced by the NKT cells are not only critical in activating early

innate immune responses, but also favour the development of the classical virus-specific T-

cell responses that are ultimately responsible for clearing the infection. This mechanism has
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been proposed to account for the protective effects of NKT cells in infection with ECMV-D

(reviewed by (Van Dommelen et a1.,2004)).

Evidence in support of a role of NKT cells in the induction of antiviral CD8+ T-cell responses

comes from studies of RSV infection. In this model, the relevance of NKT cells was found to

depend on the genetic background of the host. RSV infection is complex, and although viral

clearance requires the induction of effective NK and CD8+ T-cell responses, exaggerated T-

cell activation participates in immunopathology and can result in more severe disease

(reviewed by (Van Dommelen et a1.,2004)). In B6.CDld GKO mice, viral clearance was

delayed in comparison to control wild-type C57BL6 mice, while BALB/o CDld GKO mice

showed no difference in viral clearance when compared to control BALB/c mice (Johnson ¿/

ol., 2002). The use of MHC class I tetramers loaded with viral peptides, showed that the

number of virus-specific CD8+ T cells infiltrating the lungs of BALB/c CDld GKO mice was

reduced 7 and l0 days p.i. compared to that found in the lungs of BALB/o control mice

(Johnson et al., 2002). Furthermore CD8* T-cell numbers were reduced in B6.CDld GKO

mice when compared to control C57BL6 mice as well. However impaired production of IFN-y

was only observed in BALB/c-CDld GKO and not in B6.CDld GKO mice. In B6.CD1d

GKO mice, an increase in NK-cell recruitment and proliferation was observed following RSV

infection, suggesting that effective NK-cell responses in these mice could compensate for the

lack of CDld expression and allow a normal IFN-y response to be elicited. Because disease

symptoms in the RSV model are caused by the immune responses generated against the virus,

rather than by cytopathic effects of the virus itself, disease was more severe in control wild-
type BALB/o mice than in CDld-deficient animals.

These findings demonstrate that NK T cells contribute to the efhcient induction of CD8* T

cell responses and other antiviral immune responses to RSV. [n the absence of NK T cell

activation, early production of IFN-y may be reduced, resulting in diminished expansion of
RSV-specific CD8* T cells and delay in clearance of virus. Additionally, these hndings show

that in the appropriate genetic background, compensatory mechanisms may diminish the

importance of NK T cells in the anti-viral immune response.
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The use of CDld and Ja18 GKO mice in studies on the infections with murine

cytomegalovirus (MCMV) and lymphocyte choriomeningitis virus (LCMV) has excluded the

role of NKT cells in control of these infections. NK cells are known to control MCMV
replication in visceral organs during acute-phase infection and they limit virus spread and

replication prior to the development of the adaptive CD8* cytotoxic T-lymphocyte response

(van Dommelen et aL.,2003). During MCMV infection B6.Jol8 GKO mice did not exhibit

higher viral titres than control C57BL6 mice (van Dommelen et a\.,2003). The pathogenesis

of the disease did not differ between the GKO and wild type mice, suggesting that Vs14+

NKT cells do not play a natural role in immunity to MCMV. In acute infections of mice with
LCMV viral titres in the spleen and blood were equivalent in the GKO and wild-type mice,

and importantly, NK and virus-specific CTL responses were generated effectively in the

CDld-deficient mice (Hobbs et o1.,2001). Interestingly a rapid but transient loss in NKT cells

has been reported to accompany infection with LCMV in the liver, spleen and peritoneal

cavity. The loss of NKT cells from the liver occurs within 3 days of infection and returns to

normal levels within 1-2 weeks, as measured by a reduction in transcripts encoding the Vol4-
Jsl8 TCR (Hobbs et a1.,2001). The loss of NKT cells was independent of IFN-7 andIL-12
production, butdid occur in mice treated with poly(I-C), a classical inducerof IFN-cr/p (Hobbs

et a1.,2001). The detection of LCMV transcripts in NKT cells purified from infected mice

provides evidence that these cells could be infected by the virus. These findings, together with
the fact that NKT cells appear to be lost in situations where IFN-oB are secreted, suggests that

the reduction in NKT-cell percentages observed after LCMV infection could be attributed to

the cytotoxic effects of IFN-op resulting in death of infected NKT cells. In support of this

hypothesis, an increase in caspase 3 activation was reported in liver NKT cells isolated from

LCMV-infected mice (Spence et aL.,2001).

The antiviral effects of NKT cells have been partially defined and mostly attributed to the

release of large quantities of IFN-y. lndeed, the importance of NKT cells might depend on

their ability to be activated early during viral infection, and to produce cytokines such as IFN-

y quickly, thus initiating the activation of NK cells, which then exert the primary antiviral

effects, either directly by cytolysis or indirectly through the further release of cytokines

(reviewed by (Van Dommelen et a1.,2004)). Despite the fact that NKT cells might not play a
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signif,rcant role in the control of some viral infections, their ability to release copious

quantities of immunoregulatory cytokines quickly on activation makes them a target worth

exploiting to improve antiviral immune responses.

Administration of o-GalCer during viral infection has proved that specific CDld-dependent

activation of NKT cells has beneficial therapeutic effects. In MCMV infection, where NKT
cells have been shown not to have an effect in natural immune response, administration of a-

GalCer resulted in improved virus clearance and reduced viral replication in visceral organs

(van Dommelen et a1.,2003). The therapeutic effects of u,-GalCer have been observed in

MCMV-susceptible BALB/o mice as well as in MCMV-resistant C57BL6 mice infected with

high doses of virus. Treatment with anti-asialo GM-l antibodies to deplete NK cells and

analysis in gene-targeted mice lacking perforin and IFN-y, revealed that the anti-viral effects

of o-GalCer involved the action of activated bystander NK cells (van Dommelen et aL.,2003).

This study showed that the antiviral activity of o-GalCer is critically dependent on both

perforin and IFN-y in this model, in contrast to its anti-tumour effects.

In RSV infection, o-GalCer administration results in a significant reduction in illness;

however, in what appears to be a paradox, it also leads to a significant delay in viral clearance

(reviewed in (Van Dommelen et a|.,2004)). Although o-GalCer activation induces the release

of IFN-1 and the infrltration of lungs with greater numbers of CD8* T cells and NK cells, the

concomitant increase in the production of IL-4 appears to restrain the antiviral effectiveness of
the CD8+ T cells (Johnson et a1.,2002).In this study, RSV infected mice were given multiple

(x3) injections of o-GalCer, which might have resulted in the preferential secretion of large

quantities of IL-4 and the resultant impairment in CTL function.

Although many studies have attributed beneficial antiviral responses to NKT cells, these cells

have also been implicated in detrimental immune responses that lead to immunopathology and

disease. One such model is the infection with Coxsackie virus 83 (CVB3) which causes

severe myocarditis, and where CD8 T cells are required to control viral replication, but are

also causative of the inflammation that results in myocardial disease (reviewed in (Van
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Dommelen et aL.,2004)). Upon infection with CVB3, BALB/o JcrlS GKO and BALB/c mice

sustained severe inflammation of the myocardium, while BALB/c CDld GKO mice suffered

minimal disease (Huber et al., 2003). Although virus titres did not differ between mouse

strains at 7 days p.i., the CDld GKO mice had dramatically less inflammation of the

myocardium, suggesting that the CDld-restricted immune response was contributing to the

disease (Huber et a|.,2003). Thus, despite the fact that CDld expression and CDld-restricted

T cells appear not to be involved in control of viral replication, they are involved in causing

myocarditis. A role for yiô TCR T cells in the pathology of CVB3-induced myocarditis has

been described (Huber, 2004). It has been shown that expression of CDld increases early

during the course of CVB3 infection, both in vitro and in vivo. Given that expression of CD I d

correlates to the sensitivity of myocytes to yõT-cell-mediated lysis ín vitro, it has been

postulated that CDld could allow the recognition and elimination of CVB3-infected myocytes

by these effector T cells. Alternatively, or in addition, activation of y/ô T cells to produce pro-

inflammatory cytokines, and thus to activate additional adaptive T-cell responses, might cause

the immunopathology that accompanies CVB3 infection (reviewed in (Van Dommelen et al.,

2004))..

Therefore, a clear role for NKT cells has been defined in a number of viral infections, in some

cases benefrcial while in some detrimental. Although the mechanisms by which NKT cells

exert their functions in viral immunity need to be more clearly defined, the studies performed

to date underscore the importance of accurately dissecting the functionality of NKT cells in

models of viral infection before these cells can be exploited in therapeutic settings.
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1.5 Project aims and hypotheses

Natural infection with HSV involves skin or mucous membranes and the nervous system. In

the PNS, primary sensory neurons are the target for HSV and they may undergo either

productive and/or latent infection. Productive infection of sensory neurons generates potential

for lethal spread of virus through the nervous system, but in immunocompetent hosts, viral

replication is terminated by timely development of an adaptive immune response. The

infection of DRG that follows cutaneous inoculation of the flanks of mice with HSV provides

a well-characterised model of peripheral nervous system infection. In this model, clearance of

infectious virus from the peripheral nervous system is dependent on CD8* T cells, by a

mechanism that does not involve destruction of infected neurons, while control of virus

replication in the skin appears involve the activities of CD4* and possibly CD8* T cells.

Studies into the role of NK cells in resistance to infection with HSV-I have produced

contradictory results.

CDld-restricted NKT cells clearly play a role in the control of immunityto bacteria, parasites

and viruses. Three distinct paradigms are emerging that may explain how CDld-restricted

NKT cells exert their antimicrobial effect. CDld-restricted NKT cells may act (i) as direct

effector cells, (ii) by modulating adaptive immunity, or (iii) by modulating innate immunity.

ln some cases, mice that lack CDld or invariant NKT cells are more susceptible to certain

pathogens; in others, activation of invariant NKT cells by o-GalCer ameliorates disease. Our

ability to modulate the activity of CDld-restricted NKT cells may provide new therapeutic

options for the treatment and prevention of infectious diseases.

Together these observations suggest that CDld and/or NKT cells might play an important role

in the control of HSV-l virus infections.
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1.4.6 Hvpotheses

CDld and NKT cells control primary and latent zosteriform infection with HSV-1a

a

o

o Type II NKT cells contribute to the control of HSV infection

Expansion of NKT cells occurs following HSV-I infection

Treatment of HSV-I infected mice with a-GalCer reduces the severity of primary

infection
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Chapter 2

Materials and Methods
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2.I Materials

2.1.1 Buffers. fions end fixatives

4% PB (4% pqrqformaldeht)de buffered.l: 4Yo paraformaldehyde, 100mM KCl, 20 mM l, 4-

piperazinediethanesulphuric acid (PIPES), 15mM MgCl2, 0.5mM ethylenebis

(oxyethylenenitrilo) tetra-acetic acid (EGTA), l5mM p-mercaptoethanol, pH7.4.

l}x DNA loading bu.fer: l5Yo (w/v) Ficoll 400 (Pharmacia Biotech, Sweden), 0.3% (w/v)

bromophenol blue (Progen, Australia) and 0.1 mg/ml RNase A (Roche, Germany). Stored at

4'C and diluted l/10 for use.

BC IP : 50 mg/ml 5-bromo-4-chloro-3-indoyl-phosphate in dimethylformamide.

DIG-l I-UTP: 10mM digoxigenin-3-O-methylcarbonyl-s-amino-caproyl-[5-(3-aminoallul)-

uridine-5' -triphosphatel (Roche).

Formal sqline:10% formalin in PBS

Httbridisation b4ffer: SSC, l00mM Tris-HCl, 10mM NaH2POa, 0.02% ficoll, 0.02%

polyvinyl pyrrolidone, pH 7 .6.

Hybridisation mixz 50o/o deionised formamide,50o/o SSC, hybridisation buffer, 0.5 mg/ml

sheared denatured salmon sperm DNA, O.5mg/ml E coli tRNA, 20mM DTT, I unilul Rnasin

1-30 pg DlG-labelled riboprobe.

Luria Bertani Agar plates: Agar plates were prepared by supplementing the above media with

I.5% (wlv) bacto-agar (Difco, USA). Following autoclaving, the agar was allowed to cool to

approximately 56"C prior to the addition of 5Opg/ml ampicillin (Sigma, USA). Agar was then

poured into Petri dishes (Techno-Plas, Australia), allowed to set, dried and stored at 4'C.
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Luria Bertqni broth: 10g Bacto-tryptone (Difco USA), l0g NaCl (BDH AnalaR@, Merck,

Australia) and 59 bacto-yeast (Difco, USA) were dissolved in Milli-Q purifred water. The pH

was adjusted to 7.0 with NaOH (BDH AnalaR@, Merck, Australia) and the volume made up to

I litre prior to autoclaving.

NBT:77mglml nitroblue tetrazolium chloride dissolved in70% dimethylformamide in DDW.

PBS (phosphate buffered saline): 140 mM NaCl, 3mM KCl, lmM KHzPO+, 8mM NazHPO+,

pH 7.4.

PLP (periodateJysine-pqraformaldehyde.l: lOmM NaIO¿, 75mM lusine, l%

paraformaldehyde, 37mM phosphate buffer, pH 7 .4.

SSC: l50Mm NaCl, 15mM trisodium citrate.

TAE: 40mM tris-acetate (Sigma, USA) and 0.lmM EDTA (Sigma, USA) in Milli-Q water,

pH 8.0. Prepared as a 50x stock consistingof 2429 Tris base,57.1ml glacial acetic acid (BDH

Merck, Australia) and l00ml0.5M EDTA,pH 8, which was autoclaved and diluted in Milli-Q

water prior to use.

TBS (Tris-HCl buÍþred saline): 50mM Tris-HCl pfì7.4,l50mM NaCl.

Toluidine Blue: lo/o toluidine blue, to/o NazB+Oz in DDW

Transcription bu-fer: 40mM Tris-HCl, 6mM MgCl12ml|l{ spermidine, 1OmM NaCl, pH 7.5.

Tris-HCl:lM Tris (hydroxymethyl) aminomethane (Tris) modified to pH with HCl.
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2.1.2 Antibodies and tetramers

Viral antigens were detected in tissue sections by the following antibodies, purchased from

DAKO Corporation (Carpinteria, CA, USA):

- Rabbit antibodies against herpes simplex virus type 1, Maclntyre strain,

infected cells (R-aHSV).

- Swine polyclonal anti-rabbit immunoglobulin (Sw-oR).

- Soluble complex of horseradish peroxidase and rabbit anti-horseradish

peroxidase (R-PoP)

Anti-mouse monoclonal antibodies were purchased from Pharmingen (San Diego, CA, USA)

for 2-colour flow cytometric analysis and magnetic bead sorting of NKT cells (see sections

2.2.14 and2.2.l5\.

- anti NKl.l (clone PK-136, mouse IgG2^) PE or FITC,

- anti-crpTCR-FITC (clone H57 -597).

PE- and CyChrome- labelled a-GalCer loaded or unloaded mCDld tetramers were a kind gift

from Dr Dale Godfrey, (Department of Microbiology and Immunology, University of
Melbourne, Melbourne, Australia) and their generation has been described previously

(Matsuda et aL.,2000)

2.1.3 Virus stocks

The virus used in all experiments was HSV-1 strain SC16; a well-characterised oral isolate of
low passage history (Hill et al., 1975). The pathogenicity of this virus has been studied in

several mouse strains, using various routes of inoculation (Harbour et al.,l98l) (Tullo et ol.,

1982) (Bl¡h et al., 1984) (Simmons et al., 1984). SC16 is neurovirulent after cutaneous

inoculation of the flank via superficial abrasion. It produces a local primary infection, a

transient productive infection in dorsal root ganglia, followed by a stable latent infection that

is indistinguishable at the molecular level from that seen in humans (Efstathiou et al., 1986).

Master and sub-master stocks were stored in liquid nitrogen. Fresh working stocks were made

83



by infecting Vero cells with virus from a low passage submaster stock at low multiplicity

(0.01 plaque forming units (pfu) per cell). Harvested infected cells were pelleted and

resuspended in HDMEM containing 2Yo FCS (2mls per roller bottle), frozen (at -70"C) and

thawed once, sonicated (1 minute) to disrupt cell membranes, centrifuged to remove cell

debris and then refrozen (-70"C) in aliquots. Aliquots of virus working stocks were titrated in

duplicate on Vero cell monolayers and stored at-70oC until required.

2.1.4 Animals

Female C57BL|6 mice (University of Adelaide and the Veterinary Division of the Institute of
Medical and Veterinary Science (IMVS), Adelaide) were held under specif,rc pathogen free

(SPF) conditions at the Veterinary Division facilities (IMVS). CDld GKO and JolS GKO

mice (a kind gift from Dr Mark Smyth, Peter MacCallum Cancer Institute, Melbourne,

Victoria) were produced from an inbred colony under SPF conditions at the Veterinary

Division (IMVS). Offspring were weaned at 3 weeks of age and females were kept for

experimental use.

Animals from external sources were held in the Veterinary Division for a minimum of one

week prior to experimentation to overcome potential transfer-associated stress. All animals

were 6-8 weeks of age at the initiation of experiments and they were provided with pelleted

food and water ad libitum and maintained under a l2 hour light cycle.

2.2 Methods

2.2.1 Cells and maintenance of cell lines

Vero cells, a fibroblast-like cell line established from normal adult African green monkey

kiney, were obtained from the American Type Tissue Culture Collection (ATCC, Rockville,

Maryland,USA. Cat.# CCL 131)andwerefreeof mycoplasma. Verocellsweregrownin

HEPES buffered Dulbecco modified Eagle's medium (HDMEM), supplemented with 10%
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foetal calf serum (FCS), penicillin (l2nglml, final concentration) and gentamycin (l60ng/ml,

final concentration) (Media Production Unit, Infectious Diseases Laboratories, [MVS) unless

otherwise stated. The culture medium was supplemented with 2mM L-Glutamine if older than

3 weeks. Culture flasks (I25cm2) were seeded with 2.5 x 106 Vero cells and maintained at

37oC in a humidified incubator with 5% COz. The cells were subcultured when monolayers

reached confluence (3 to 4 days). Confluent monolayers were rinsed twice with PBS and

dissociated with 0.1% trypsin (in PBS for l0 min, 37oC humidified incubator). Harvested cells

were rinsed with media containing l0% FCS to inactivate trypsin, centrifuged (20009, 5 mins)

and resuspended in culture media prior to subculturing.

2.2.2 Zosteriform model of infection in mice

Mice were infected as described previously by (Simmons e/ al., 1984, Simmons et ol., 1985)

(Figure 2.1). Prior to infection, the left flanks of mice were shaved under light anaesthesia and

depilated using a cosmetic depilating agent (Nair, Carter-Wallace, French Forrest, NSW,

Australia). A 10pl droplet of medium, containing I x 106 pfu of SCl6, was applied to the

depilated area, just dorsal to the spleen tip. This corresponds to the tenth thoracic dermatome

(T10). Using a27-gauge hypodermic needle, the skin under the virus suspension was scarified

lightly 20 times, giving a total scarified area of approximately 4 mm2. After approximately 30

seconds, the remaining virus suspension was blotted dry, using a tissue. Infected mice

developed a primary vesicular lesion about 3 days p.i. at the site of inoculation, followed by a

characteristic band-like zosteriform lesion 5-6 days p.i. (Figure 2.1). The width of the

zosteriform lesion was measured (in mm) to estimate the severity of the skin infection and the

amount of spread of virus to adjacent neurodermatomes (Figure 2.1). An aliquot of the

inoculum was assayed to verify that the expected and actual doses of virus applied to the skin

were similar.

This study of HSV pathogenesis and the zosteriform model of infection were approved by the

Animal Ethics Committees of the University of Adelaide and the IMVS. C57BL6 mice and

knockout mice on this background were selected as they are most resistant to the strain SCl6

of HSV-I, closely mimicking human infection. All animals were treated in accordance with
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the Australian Standards for Animal Experimentation. Following cutaneous infection, mice

were monitored twice-daily and were euthanised when they showed signs of CNS infection,

such as poor mobility and hind leg paralysis.

Figure 2.L Typicat zosteriform lesion in a C57BL6 wild-type mouse.

A characteristic band-like zosteriform lesion has developed 5-6 days post-infection in a mouse

infected with 1x106 pfu of HSV-I strain SC16. The mouse was infected on the left flank, just

posterior to the dorsal tip of the spleen. This corresponds to the tenth thoracic dermatome

(T 10). As a measure of severity of the infection in the skin, the width of the zoster lesion was

recorded in millimetres at the site of inoculation.

2.2.3 Collection of tissues for measurement of viral load.

Mice were euthanased humanely by COz asphyxiation. Where required, skin samples

encompassing the inoculation site (approximately 1cm2) were removed and placed

immediately into lml of HDMEM containing 1% FBS. The abdomen was opened through an

anterior midline incision and viscera were removed to expose the anterior surface of the spinal

column. The 13ú thoracic vertebra (T13) was identified by its articulation on each side with

the lowest rib. Other vertebrae were identihed according to their positions relative to T13.
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Fine forceps were used to tease apart the vertebrae at the intervertebral discs, thus exposing

the eighth thoracic (T8) to Tl3 dorsal root ganglia on the sides ipsilateral and/or, contralateral

to the site of inoculation, as required. The ganglia were removed, pooled according to side and

placed immediately in lml of ice cold HDMEM media containing 1% of FBS. They were then

frozen and stored at-70"C until use.

2.2.4 Homogenisation of tissues

Ganglia and skin samples were thawed at 37"C for 5 min and then placed on ice. Using sterile

tweezers and scissors, skin samples were cut into small pieces (-1mm2) in a Petri dish

containing the HDMEM media in which the sample was stored originally. Individual samples

(skin or pooled ganglia) were transferred to a flat-bottomed cryotube (Nunc) and homogenised

in 0.5m1 of this medium, using a Polytron (PT-2100) Kinematica AG homogeniser (at a

setting of 26). Following homogenisation, the remaining 0.5m1 of the medium was added to

the sample. 250¡tI aliquots of tissue homogenates were stored in Eppendorf tubes at -70"C.

Tissue homogenates were stored in aliquots in order to eliminate repeated freeze-thawing,

which could affect the infectious virus titre.

2.2.5 Quantification of infectious virus

Plaque assays were done in duplicate, using the suspension method of (Russell, 1962). Vero

cells, 6xl0u in 200p1 of HDMEM containing lYo foeâlcalf serum (FCS), were added to serial

(tenfold) dilutions of tissue homogenates or virus stock in 1.8 ml of the same medium.

Samples were shaken vigorously for t hour at room temperature. Following incubation, 3 ml

of HDMEM containing l0% FCS and 0.8%o carboxymethyl cellulose (medium viscosity) was

mixed thoroughly with each sample. Mixtures were plated in 6 cm diameter Petri dishes

(Becton Dickinson, Franklin Lakes, NJ, USA) and incubated for 2.5 days. Cell monolayers

were fixed with l0% formal saline (10% formalin in PBS) for 30 min, stained with 0.1%

Toluidine blue for 30 min and washed briefly in tap water. Plaques were counted using a

plate-dissecting microscope.
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2.2.6 Preparation of paraffin embedded tissue

Dorsal root ganglia (DRG) for parafhn embedding were collected (as described, section 2.2.3)

and immediately fixed at room temperature for I hour in freshly prepared l%

Paraformaldehyde lysine periodate (PLP) (Mclean et al., 1974). PLP provides good fixation

of intracellular nucleic acids, whilst preserving the morphology of DRG. Following fixation,

the 30 ganglia pooled from 5 animals were washed twice in 50%o ethanol, collected into a ball

and placed into tissue specimen cassettes. Fixed tissue specimens were impregnated with

paraffrn in a Shandon processing machine in the Division of Tissue Pathology, IMVS,

Adelaide. The processing cycle for PlP-fixed tissue included fixation in formalin and a

gradual dehydration of tissues over 13.5 hrusing graded ethanol solutions. This is essential to

minimize shrinkage of the primary sensory neurons.

2.2.7 Preparation of tissue sections

Glass microscope slides and coverslips were prepared as follows. First, they were immersed in

dichromic acid (350mM potassium dichromate, IÙYo sulphuric acid) overnight and washed in

four changes of double distilled water (DDW). Slides were then dipped in a 2%;o solution of 3-

aminopropyltriethoxysilane (APES) in ethanol for l0 seconds, rinsed three times in 100%

ethanol followed by three times in DDW, air dried and stored in the dark for up to 3 months

before use. APES-coated slides were activated no longer than 24 hr prior to use by immersion

in IIYI gluteraldehyde in PBS for 30min, followed by rinsing in DDW (Maples, 1985).

Dichromic acid washed coverslips were siliconised by dipping in l%o Prosil (PCR Inc.

Gainesville, Florida, USA). They were then rinsed in DDW, dried at 80"C for lhr and dry heat

sterilised at 160"C for 2hr.

Serial sections (5pm) were cut from paraffin blocks, floated on a 48oC water bath, collected

onto gluteraldehyde-activated APES coated slides, dried for 20 min at 70oC and stored until

required. Prior to immunohistochemistry, paraffin embedded sections were dewaxed in

xylene, rehydrated using graded ethanol solutions and washed in PBS. The number of
individual ganglionic sections per slide ranged from 4 through 15. Ganglia typically contain
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several thousand neurons. Cross-sections through ganglia (ganglionic profiles) that allowed

visualization of approximately 50 to 150 neurons were considered large enough to be included

in the analysis.

2.2.8 Immunohistochemical stainins of HSV antisens

Viral antigens were detected in tissue sections using the peroxidase-anti-peroxidase method

(Moriarty et al., 1973, Sternberger, 1979) (Boenisch, 1980). De-waxed, re-hydrated tissue

sections were blocked for endogenous peroxidase activity with 0.1% hydrogen peroxide in

TBS for l5minutes. Non-specific antibody binding sites were blocked for 30 min in TBS

containing 10olo normal swine serum (NSS) prior to the addition of primary antibody. All

antibodies were diluted in l0% NSS in TBS. The primary antibody (R-crHSV) was used at a

dilution of l:50. Antibody binding was detected using a l:25 dilution of Sw-oR, followed by

a l:200 dilution of R-Pc¿P conjugate. Negative control slides were incubated with diluent

instead of primary antibody and were included in each staining run. Reactions proceeded for

30 min at 37"C, with four washes in TBS, each of 5 min, between steps. Bound antibody was

detected using a solution containing 3,3'-diaminobenzidine (O.5mg/ml) and 0.lo/oHzOz. After

incubation for 4 min, the slides were rinsed in water, counterstained with l0% Mayer's rapid

haematoxylin (5 sec), dehydrated through graded alcohol solutions and mounted in DePex

mounting medium (BDH). Positive staining appeared as brownish purple staining of

ganglionic cells.

2.2.9 Production of DIG-II-UTP riboprobes

DlG-labelled riboprobes were used to detect LAT transcripts by in situ hybridisation. pSLAT4

plasmid was linearised by restriction endonuclease digestion, such that the cloned fragments

encoding probe sequences were downstream of the T7 promoter.Linearization was confirmed

by gel electrophoresis in l%TAE agarose. Riboprobes were produced by transcription, using

a modification of the manufacturer's instructions (Arthur et ø1., 1993)

Reaction mixtures contained:

4 pl 5x transcription buffer (Promega, USA)
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I ¡rl l00mM dithiothreitol (DTT; Promega, USA)

I ¡rl RNasin (at 40 000 units/ml) ribonuclease inhibitor (Promega, USA)

0.5 mM rATP (Promega, USA)

0.5 mM rGTP (Promega, USA)

0.5 mM rCTP (Promega, USA)

0.5 pM rUTP (Promega, USA)

250 ¡rM digoxygenin- I I-UTP (DIG-UTP)

I ¡rg linearized template plasmid DNA

15 units of T7 or SP6 RNA polymerase

Transcription was performed for 75 min at 37"C. One unit of RQI RNase-free DNase

(Promega, USA) was then added and the reaction was incubated for a further 15 mins to

remove DNA templates. Enzymes were inactivated by addition of 1¡rl of 500mM EDTA, pH

8.0, to chelate of magnesium ions. RNA transcripts were ethanol precipitated overnight by

adding 20¡il 4I|i4LiCl,20¡110 mg/ml sheared salmon sperrn DNA, 40¡rl of RNase-free DDW

water and 250p1 of ethanol. The mixture was stored overnight at -20"C prior to centrifugation

at 12000 x g for 15 mins. The RNA pellet was washed 3 times in70%o ethanol, air dried and

resuspended in 96.5p1 of CSL DDW, 1mM DTT and 100 units of RNasin. Probes were stored

in aliquots at -70"C until required.

Labelling efficiency was determined by measuring the incorporation of DIG into the

riboprobes. Serial tenfold dilutions of riboprobes were made and lpl of each dilution was

spotted onto a small piece of nitrocellulose. Tenfold serial dilution of a riboprobe of
empirically defined activity was included for comparison. The nitrocellulose filter was baked

for 2 hrs at 80oC under vacuum. Filters were washed briefly in DIG buffer I and then

incubated in DIG buffer 2 (l% blocking reagent) at room temperature with mild agitation for

30 min. Following a brief rinse in DIG buffer 1, filters were incubated with anti-DIG alkaline

phosphatase conjugate (diluted 1:5000 in a l: I mix of DIG buffer 1 and DIG buffer 2) at room

temperature for 30 min. The filters were then rinsed briefly 3 times in DIG buffer I to remove

unbound conjugate, followed by equilibration for 2 min in DIG buffer 3 at room temperature.

Finally the hlters were immersed in lOmls of freshly prepared colour substrate solution (DIG
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buffer 3, containing 35pl of X-phosphate solution/BClP and 45 pl of NBT). The frlters were

examined at regular intervals for up to 2 hrs and when colour had developed, they were

washed in DDW to stop the reaction. A positive signal was indicated as a purple dot and the

dilution endpoint was a good indicator of incorporation of DIG into the riboprobe. However,

the level of DIG incorporation was not necessarily conelated with the efficacy of the probe.

2.2.10 In situhvbridization and detection of LATs

Paraffin sections were de-waxed in two changes of xylene for 20 min, re-hydrated gradually

through graded ethanol/water mixtures and washed briefly in PBS. The sections were fixed

further in O.lYo glutaraldehyde in PBS for 30 min at 4'C, and then washed twice for 5 min in

PBS. To improve access of probe to target sequences in tissue sections, proteins were digested

with 1OOpg/ml proteinase K (Roche, Germany) in 20mM Tris pH 7 .5,2mM CaClz at 37"C for

lOmin in a humidity chamber. The sections were then washed twice for 5 min in PBS, refixed

in 0.lYo glutaraldehyde for 15 min at 4"C and treated with freshly prepared 0.025% acetic

anhydride, 100mM triethanolamine pH 8.0 for l0 min at room temperature. Finally, the

sections were washed twice for 5 min in PBS, dehydrated gradually in graded ethanol/water

mixtures and air dried before application of hybridisation solution.

Hybridisation solution (1Opl/slide) containing riboprobe, deionised formamide, sonicated

salmon spenn DNA (10p9/ml), tRNA (lOFg/ml), hybridisation mix, 100mM DTT, RNasin

and DDW was applied to sections. They were then covered with a22mm x22mm siliconised

coverslip, taking care not to trap air bubbles, sealed with rubber cement (SuperVulkarn,

Maruni Industries Japan) and incubated at 65'C (Tmso - 25"C for RNA/RNA hybrids)

ovemight. (Tmso is the temperature at which half of double stranded RNA hybrids, in liquid,

will disassociate into single stranded molecules.

The theoretical Tmso is defined by the equation:

Tmso (RNA-RNA¡:79.8 + lS.5logtNuÏ - 0.35 (% deionised formamide) + 0.584 (%G+C) +

0.0012 (%G+C)2 (Bodkin et a\.,1985), where [Na*] is the concentration of sodium ions in the
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solution and %G+C is the percentage of guanidine plus cytosine residues in the nucleic acid

sequence.)

The optimum temperature for hybridisation has been determined to be about 20 to 25"C below

the Tmso (Britton et a1.,1986). To remove the unbound probe, slides were washed once with
gentle agitation in 2litres of 2x SSC and 10mM Tris (pH 7.5) for 15 mins, thentwice with

0.1 x SSC and 10mM Tris (pH7.5) at room temperature. A stringent wash (30% deionised

formamide, 0.1 x SSC and lOmM Tris pH 7.5) was done at 75"C for 30 min. All experiments

included sections of uninfected ganglia as controls.

Before bound DlG-labelled probe was detected by colorimetric reaction, slides were washed

with gentle agitation for 5 min in DIG buffer 1 and 30 min in DIG buffer 2 at room

temperature. Anti-DlG-alkaline phosphatase (0.75 units/pl) was diluted l:750 in DIG buffer 2,

applied to the sections and incubated in a pre-warmed humidified atmosphere at 37"C for 30

min. Slides were then washed in DIG buffer 1 (4 x 5 min), DIG buffer 3 (l x 5 min) and

finally immersed in freshly prepared colour substrate solution (l35pl NBT, 105¡rl X-
phosphate in 30ml DIG buffer 3). Slides were incubated in the dark at room temperature for 2

hours following which the reaction was stopped by washing slides in DDW. Where required,

slides were counterstained lightly in lYo Mayer's haematoxylin for 5 sec and rinsed in tap

water for I min. For microscopy, sections were mounted in an aqueous medium.

2.2.11 Measurement of LAT positive cells

Assessment of LAT+ cells was performed using 5 to 15 sections selected randomly from a
minimum of 70 sections cut from each block of pooled ganglia. Following in situ

hybridization, the total number of ganglia per section, the number LAT+ ganglia per section

and the total number of LAT* neurons positioned within individual ganglia were counted. For

each treatment block, the percentage of LAT* ganglia was calculated by dividing the number

of LAT* ganglia by the total number of ganglia in the block. All LAT+ neurons within each

ganglion were counted and the total number of LAT+ neurons was divided by the total number

of ganglionic sections, giving a value designated the "number of LAT* neurons per ganglionic
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profile". This method of enumeration has been employed routinely within the laboratory to

collect data from the murine flank modet of HSV infection. Extensive work has shown that

the reproducibility of these counts is within 5% (Speck et a|.,1992) (Simmons ¿l al.,1992c,

Speck et al.,1991, Speck et al.,1998).

2.2.12 Prenaration of lvmnhocvtes from liver

Mice were asphyxiated with COz and the aorta was cut to quickly to exsanguinate the animals.

The liver was then perfused via the portal vein with l0ml of PBS. . The liver was then

removed, chopped finely with scissors in a small volume of 2o/o FCSÆBS (v/v), pushed

through a sieve and washed twice by centrifugation with 40 ml of the same buffer at l700rpm

for 5 min at 4'C.

To separate hepatocytes from lymphocytes, the pellet was resuspended in 25ml of 33%o

isotonic Percoll and the resulting gradient was centrifuged at 2000rpm for 12 min at 25"C.

Hepatocytes were aspirated carefully and the remaining lymphocyte pellet was resuspended in

10 ml of 2o/o FCS/PBS and centrifuged at l500rpm for 6 min. Red blood cells were lysed

using Red Blood Cell Lysis Buffer (Sigma) for 15 min at room temperature. The suspension

was underlaid with FCS, centrifuged for 5 min at 1500rpm and the lysed red blood cells were

removed with the supernatant. The remaining lymphocyte pellet was resuspended in 2Yo

FCS/PBS and cell numbers and viability were calculated using a haemocytometer and Trypan

blue (ICN, Biochemicals, USA) dye exclusion (0.8% w/v in PBS).

2.2.13 Preparation of cells from lvmph nodes and spleen

Animals were euthanased with COz and the axillary lymph nodes and spleen were removed

and placed in a small volume of 2%o FCS/PBS. The tissue was chopped finely and transferred

to a loose fitting glass homogeniser. Following gentle homogenisation, the suspension was

filtered through cotton wool and centrifuged at2009 for 10 min at room temperature. Spleen

cells were resuspended in Red Blood Cell Lysis Buffer (Sigma), incubated at room

temperature for l5min and then centrifuged as described above. The resulting cell pellets were
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washed twice in 2%PBSIFCS and then resuspended in this solution. Cell density and viability
were then counted as described previously (2.16.1).

2.2.14 Direct immunofluorescence using monoclonal antibodies (mAbs)

Direct immunofluorescence, using anti-mouse mAbs (Pharmingen, San Diego, CA, USA) was

used to label cells for 2-colour flow cytometric analysis and isolation of NKT cells (see

section 2.18)..Labelling was carried out at 4"C. Cell suspensions were prepared and aliquoted

at 1x106 cells/ml in polypropylene tubes. Pre-incubation with FcR block (anti-CD16lCD32

clone 2.4G2 culture supernatant, Pharmingen) was used routinely to block non-specific

binding. Following centrifugation to remove FcR block, cells were resuspended in 50pl of
2%FCSIPBS containing 0.2-0.3p9lml of the FITC- or PE-conjugated antibodies and/or

tetramer (Pharmingen). The cells were then incubated for 30min on ice in the dark, washed

twice in 2ml aliquots of 2YoFCS/PBS and stored at 4"C in the dark until required for flow
cytometric analysis.

Labelled cells were analysed using a FACSCalibur (BD Biosciences, San Jose, Ca.)

instrument equipped with Cell Quest software. Lymphocyte populations were gated on the

basis of forward (FSC) and side (SSC) scatter characteristics and events were collected from a

gate containing all such cells. Two negative control antibodies, labelled with the appropriate

fluorochromes (FL1: FITC signal and FL2:PE signal), were used to determine control for non-

specific background staining. Compensation was made for the overlap in the FL-l and FL2

channels by use of a positive control conjugated antibodies that provided a strong FITC and

PE signals respectively.

2.2.15 Positive selection of NKT usins masnetic cell sortinp IMACSI

Magnetic cell sorting is an indirect magnetic labelling system that allows the separation of
cells according to multiple surface markers. Splenocytes (10e total cells) were first stained

with conjugates against the mouse oBTCR {FITC) or against NKl.l (PE). The cells were

94



then washed to remove any excess unbound antibody and incubated with with either anti-

FITC or anti-PE MultiSort MicroBeads (Miltenyi Biotec, Germany) for 20min at 10'C. The

suspension of cells and beads was then carefully washed with l2ml of PBS (pH 7.2,

supplemented with 0.5% FCS and 2mM EDTA) and centrifuged at 300xg for 5 min. The

supernatant was discarded and the cells resuspended in the appropriate volume of buffer,

determined by the total number of cells (maximum 2x108 cells per ml). Suspensions were split

into three equal aliquots and each was applied to a positive selection column (LS*- for up to

108 positive cells). The columns were then placed in the magnetic field of a suitable MACS

Separator (Miltenyi Biotec, Germany) and unlabelled cells that passed through the columns

were collected. Each column was washed three times with 3ml of buffer and an aliquot was

collected for subsequent flow cytometric analysis.

The columns were then removed from the separator, placed in a l0ml collection tube and 5ml

of buffer was placed on top of the column. The magnetically labelled fraction of cells was

flushed out immediately by firmly applying the plunger. The magnetic particles were removed

from cells by incubation with Multisort Release Reagent (Miltenyi Biotec, Germany, 20pl per

ml of collected cells) for 20min at room temperature. This allowed a second magnetic

labelling step and separation of cells expressing the second surface marker of interest. The

released cells were incubated with second antibody (anti-mouse opTCR-FITC or NKl.1-PE)

and subjected to a second round of magnetic separation. To remove any residual magnetically

labelled cells, the magnetic separation procedure was repeated and cells were separated over a

single LS* column. In each separation, magnetic (non-released) and non-magnetic (released)

cell fractions were sampled to determine the efficiency of the release reaction.

The separated cells were washed by adding l-2ml of buffer per 107 cells and centrifuged at

300xg for lOmin. The supernatant was removed and the cells were resuspended in buffer in a

final volume of 50¡rl per 107 total cells. MultiSort Stop Reagent was added and the cells were

mixed well. Cell number and viability were then estimated as described previously.
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2.2.16 Adontive r of snleen cells

Unseparated splenocytes from C57BL|6 mice, or purified suspensions of NKT cells from

spleen, were transferred adoptively by injection into the tail vein of Jal8 GKO mice. Control

mice received either 0.5m1 of RPMI medium or unseparated splenocytes from Jo18 GKO

mice. The adoptive transfers were performed 24hours prior to infection with HSV-I strain

SCl6. At various days after infection, skin and ganglia were removed, homogenised and

assayed for infectious virus.

2.2.17 Treatment with a-GalCer

The glycolipid o-GalCer (KRN7000) was kindly provided by the Pharmaceutical Research

Laboratories (Kirin Brewery, Gumma, Japan) and was prepared as described previously

(Kitamura et al., 1999). The o-GalCer was dissolved in saline supplemented with 0.5%

polysorbate-2O (wlvol). Mice received either Ary,5p9 or 1Opg by intraperitoneal injection 1

day prior to infection with HSV-I, and on days 3 and 7 post-infection. The control vehicle

was saline supplemented with 0.5% polysorbate-2O (wlvol).

2.2.18 Plasmid DNA preparations

To produce plasmid pSLAT4 (Simmons et al., 1992a), a 3ml LB broth starter culture was

inoculated from laboratory glycerol stocks of transformed bacteria and incubated overnight at

37'C (with 100pg/ml ampicillin). The starter culture was added to 250m1 of LB medium with

l0Opg/ml ampicillin and again incubated overnight. The bacterial cells were harvested by

centrifugation at 4000rpm for 20 minutes at 4"C in a Beckman J2-2lM centrifuge. DNA was

then prepared using a plasmid DNA maxi-prep kit (Qiagen), according to the manufacturer's

instructions. This kit produced high quality plasmid DNA yields of 500pg.
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2.2.19 Restriction endonuclease disestion

Vector DNA was digested in the presence of the appropriate restriction endonuclease (3-5

units/¡rg DNA) according to the manufacturer's recommendations (Roche, Germany). Digests

were incubated for a minimum of 2 hours and the reaction was then terminated by heating at

65'C for 30 minutes.

Following restriction endonuclease digestion, a portion of the mixture was mixed with a l/10

dilution of lOx loading buffer. Electrophoresis of digested DNA was carried out on in lYo

(w/v) agarose (Progen, Australia) gels, prepared and run in TAE at l00V in a horizontal gel

apparatus. The gels were stained with ethidium bromide (2p{ml in distilled water, Sigma,

USA) for 5 mins and then destained in water for 10 minutes whilst being rocked gently. DNA

fragments were visualised using 254nm short wave UV light.The sizes of restriction

fragments were calculated by comparing their relative mobilities in agarose to those of DNA

molecules of known sizes. The molecular weight markers used were EcoRl digested Bacillus

subtilis phage SPPl DNA (Bresatec, Adelaide, Australia).

2.2.21 Purification of DNA from aearose

Bands of the required sizes were excised from the agarose gels and the DNA was purified

using a QlAquick Gel Extraction Kit (Qiagen), according to the manufacturer's instructions.

DNA was eluted from the QlAquick column using 55pl of HzO. One tenth of the eluted DNA

was analysed by gel electrophoresis to monitor the success of the elution protocol and to

obtain an approximation of the amount of DNA by comparison of the band intensity with

known amounts of DNA marker. The purified DNA fragments were stored at -20"C until

required.
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2.2.22 Ouantitation of DNA

The concentration of DNA in solution was determined by measuring the absorption at 260nm

in a spectrophotometer (Ultraspec@ Plus, Pharmacia Biotech, Sweden), assuming that an 4266

I : 5Opg/ml of DNA.

2.2.23 Microscopy and photoeraphv

An Olympus BH-2 microscope, equipped for fluorescence, was used for light and

fluorescence microscopy. Transmitted light photographic images were recorded using a

Diagnostic instruments Inc. digital camera and associated software (Spot Advanced).
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Chapter 3

Pathogenesis and clinical manifestations of
HSV-1 infection in CDld and Ja18

genetic knockout mice
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3.1 Introduction

The mechanisms responsible for clearance of HSV are multi-faceted and incompletely

understood. [n general, the immune response at mucosal and cutaneous sites acts to interrupt

the spread of virus to the neryous system, and to stem the flow of virus re-emerging from

axons to infect other sites sharing the same dermatome. As with many other viral infections,

the initial stages of HSV infection are influenced by the innate immune system, mainly

through the activities of interferons and NK cells, both of which can limit the spread of virus

in the skin and the nervous system (Tanigawa et a1.,2000). Later, as the adaptive immune

system develops, antibodies act to reduce the spread of infection in the skin (Deshpande et al.,

2000a). However once infection of epithelial cells takes place, neutralising antibodies are

ineffective and T cell immune responses prevail.

Both CD4+ and CD8+ T cells are capable of limiting the severity of HSV infection, although it

has been shown that the anti-viral action of CD4+ T cells is confined to the skin (Manickan et

ol., 1995b). On the other hand, CD8+ T cells have more general importance in the overall

immune control of HSV infection. Resolution of primary HSV-I infection in the sensory

ganglia is dependant on CD8+ T cells, which prevent the destruction of infected neurons by

mechanisms other than cytolysis (Simmons et al.,1992c). Although the effectiveness of HSV-

specifrc CD8* T cells in the skin has been questioned in the past (Simmons et al., 1992c)

(Manickan, 1995), more recent studies have shown that they can have direct effects at this site

(van Lint et aL.,2004). Thus the inhibition of early virus replication within the skin could limit

subsequent entry into the DRGs, as well as the direct effect of limiting virus replication in

DRG neurons. Furthermore, prematurely aborting Ag presentation in the skin experimentally

can attenuate the size of the primary CTL response (Stock et ol., 2004), implying that

prolonged antigen presentation in the skin is necessary to achieve maximal CTL expansion.

CDl-restricted NKT cells are important in the early stages of the immune response to a

number of infectious agents, including viruses (see Section I.4.5.4.3). Depending on the

infection studied, CDld-restricted T cells have been found to control growth of micro-
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organisms, influence antibody production and cellular immune responses against them, and

contribute to the immunopathology of tissue injury (see Section 1.4.5.4).ln many instances,

resistance to viral infection requires the combined efforts of both the innate and the adaptive

immune responses. [t is, therefore, possible that the protection conferred by NKT cells results

as much from the effects of cytokines produced by the NKT cells in activating early innate

immune responses as from their effects on the development of classical virus-specihc T-cell

response. NKT cells are well suited for this role, because of their characteristic rapidity of
activation, abundant production of cytokines such as IL-4 and IFN-y, and their ability to

activate other cell types, such as CD8* T cells (reviewed in (Kronenberg, 2005)) NKT celts

are, therefore, attractive candidates for investigation as cells that can provide an early antigen-

specific link between innate and adaptive defence against HSV-1.

The principle objective of this study was, therefore, to investigate the role of CDld and NKT

cells in the immunopathogenesis and clinical manifestations of HSV-l disease. This objective

was approached by the use of C57BL6 mice and CDldl GKO and Jal8 GKO mutations on

this normally resistant background. Because the CDID2 gene is non-functional (Mendirutta et

al., 1997), mice lacking CDldl lack all CDI function. Without the restriction element

required for positive selection, CDldl GKO mice are deficient in all CDld restricted NKT

cells (both Type I Vol4-Jal8 and Type II variant TCR subsets). The JolS GKO mice were

used to examine the role of the Type I Vol4-Ju18 NKT cell subset specifically, as these mice

are replete in functional Type 2 NKT cells (Cui et al., 1997). The difference in resistance of
these two GKO strains to HSV-I can be attributed to the functions of the Type II NKT cells,

which are not responsive to o-GalCer and have variant TCRs.

The hypotheses tested in the work described in this Chapter are:

o CDld and NKT cells control primary and latent infection with HSV-1

. Type II NKT cells contribute to the control of HSV infection
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3.2 Results

3.2.1 Path and clinical ns of nrimarv HSV-I in in CDld

GKO mice

To investigate the possibility that CDld and CDld-restricted NKT cells contribute to the

control of HSV-I infection, CDld GKO mice on the C57BL|6 background were inoculated

with lx106 pfu of HSV-1, strain SC16 on the left flank. The incidence and size of zosteriform

lesions was compared between wt C57BL|6 and CDld GKO mice.

All of the mice developed primary lesions at the site of inoculation. However, CDld GKO

mice developed more severe zosteriform disease than wt mice. As shown in Figure 3.1, all27

CDld GKO mice (100%) developed zosteriform lesions, compared with 6 of l0 of wt mice

(60%). CDld GKO mice developed notably larger skin lesions (mean lesion width 7.5mm)

than wt mice (mean lesion width 1.5mm). Thus, there was a higher incidence of zosteriform

lesions in the CDld GKO mice and the lesions were more severe than in the wt mice.

In the mouse model of zosteriform infection, peak of the HSV infection in the skin occurs at

day 5 with most of the virus cleared by day 7 post-infection. In each of two separate

experiments, conducted in dupticates, groups of 30 wild type and CDld GKO mice were

infected and on days 3, 5 and 7 after inoculation, l0 mice were killed and the skin

encompassing the inoculation site was excised and assayed for viral load (Figure 3.2).

Clearance of virus from the skin of control mice was rapid, with virus load on day 7 being

-1,000-fold less than on day 3. Because the results from the two experiments conducted in

duplicate were indistinguishable, the graph shows the composite data from both experiments.

In contrast, CDld GKO mice showed no significant clearance of virus in the skin over the

entire period of examination.
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3.1 Zosteriform lesions in CDld GKO and C57BL6 mice, 6 days post-infection.

(A) CDld GKO mice developed lesions that were more severe (top) than those observed in

C57BL6 wt mice (bottom),

(B) Width (mm) of skin lesions in CDld GKO mice (samples l-27) and in C57BL6 wt mice

(samples 28-38). Not all control mice developed zosteriform lesions during the course of

infection, while all CDld GKO mice had zosteriform lesions.
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CDld GKO mice displayed more rapid spread of virus to the dorsal root sensory ganglia and

slower virus clearance when compared with control mice. On day 3 (Figure 3.34), viral

spread was restricted to ganglia at T1l, Tl2, and Tl3 in control mice. [n contrast, higher viral

loads and greater virus spread was observed in the DRG of CDld GKO mice, with virus

present at all spinal levels examined (T8 to Tl3). On days 5 and 7 (Figure 3.3, B and C,

respectively), virus was detected in ganglia from T8 to T13 in CDld GKO and wild-type mice

but the viral load was at least 100-fold higher in the CDld-deficient mice. This finding was

consistent with the observations made in skin.

Furthermore, as shown in Figure 3.4 A and B, whereas 69Yoof wild type mice survived the

cutaneous HSV-I infection during the 12 day observation period, the survival time of CDld

GKO mice was significantly shorter and 60Yo of these mice were dead by day 8 post-infection.

The progression of disease correlated with reduced survival in CDld GKO mice.

3.2.2

GKO mice

To further define the role of NKT cells in host protection against HSV-1, the clinical course of
infection was compared between C57BL6 and B6.Ju18 GKO mice lacking only Vol4* NKT

cells. As previously described Vol4* NKT cells expresses both NKl.l and a single invariant

T cell receptor encoded by the Vol4 and Jo281 gene segments. Mice with a deletion of the

Ju28l gene segment were found to exclusively lack this population of cells, leaving other

lymphocyte populations intact (Cui et al.,1997). Since CDld GKO mice lack not only CDld

but also all NKT cells (Type I and Type II) which are dependant on CDld for their

development, the use of JolS GKO mice afforded a more definitive model in examination of
the potential role of Type I NKT cells in HSV-1 immunopathogenesis.
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Figure 3.2 Viral load in skin taken from CDld GKO mice or control mice 3, 5, or 7

days after infection. Mice were inoculated by scarification through a droplet containing 1

x106 pfu HSV-I strain SC16 on the left posterior flank corresponding to the tenth and

eleventh dermatome and at the times indicated, mice were killed and the skin encompassing

the inoculation site was excised. Virus yield was expressed as a logl¡ pfu. Each point

represents the geometric mean titre of 10 mice.
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Figure 3.3 HSV-I titres in spinal ganglia of CDld GKO mice and control C57BL6 mice.

Mice were inoculated by scarification through a droplet containing 1x106 pfu HSV-I strain

SC16 on the left posterior flank comesponding to the tenth and eleventh dermatomes (T10 and

T1l) and at times indicated, mice were killed and individual spinal ganglia assayed for virus.

Virus yield was expressed as a logl¡ pfu. Each point represents the geometric mean titre of 10

mice.
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Figure 3.4 Survival rate of CDld GKO mice and wild type C57B.L6 mice over the

course of primary infection with strain SC16 of HSV-I.

Mice were infected with lx 106pfu and their survival rate was assessed over a 12 day period.

(A) Survival percentage over a 12 day period of primary infection.

(B) Total percentage of survival over the 12 day period of primary infection.
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C57BL6 and JulS GKO mice were inoculated with 1x106 pfu of SCl6 strain of HSV-I on the

left flank and their progress through acute infection was examined. Marked features of

zosteriform model of infection are characteristic swelling-like inflammation of the skin

encompassing the inoculation site in the first 3 days post-infection and subsequent

development of vesiculating lesions spreading ventrally from the site of primary inoculation

toward the anterior midline. Examination of zosteriform lesions in JalS GKO mice when

compared to C57BL6 controls, revealed that by day 5 post-infection 40% of Ju18 GKO mice

had developed lesions compared to only -2o/o of control wt mice (Figure 3.54). By day 7

post-infection Ju18 GKO mice had a 2-fold higher incidence of development of lesions (80%)

than C57BL6 mice (40%) (Figure 3.54).

During the initial stages of infection, day 3 and 5 p.i., there was no significant difference

observed in sizes of lesions of JolS GKO and C57BL6 mice (Figure 3.58 and C,

respectively). However, the difference was more prominent on day 7, when JolS GKO mice

developed notably larger skin lesions (mean lesion width 5.5mm) than control mice (mean

Iesion width 3mm) concurrent with higher incidence of lesion development (Figure 3.5 B and

D).

In the mouse model of zosteriform infection, peak of the HSV-l infection in the skin occurs at

day 5 as atthat point virus that replicated in the DRG starts to re-emerge at the skin and thus

're-seeds' the initial infection site, resulting in vesicle formation and the appearance of a

zoster-like band. By day 7 in the naturally resistant C57BL6 strain most of the virus in the

skin clears and lesions heal. To characterise if the Vo14*NKT cells specifically contribute to

the control of infection in the skin groups of 30 wild type and JcllS GKO mice were infected

and on days 3, 5 and 7 after inoculation, 10 mice were killed and the skin encompassing the

inoculation site was excised and assayed for viral load.
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Figure 3.5 Zosteriform lesions of Ja18 GKO and C57BL6 mice post-infection.

(A) Jcll8 GKO mice had a greater incidence of zosteriform lesions when compared to

C57BL6 mice over the course of primary infection

(B) Sizes of skin lesions in Jol8 GKO mice and in control C57BL6 mice.

(C) Primary skin lesions on day 3 p.i. did not differ in size or severity between Jo18 GKO

(top) and C57BL6 mice (bottom)

(D) On day 6 p.i. Ja18 GKO mice developed severe zosteriform lesions in skin (top) while

control C57BL6 mice (bottom), had no zoster but few mild herpetic vesicles.
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The clearance of virus from control mice was progressive and in accord with the natural

progression of infection. On day 3 post-infection (Figure 3.6), skin taken from inoculation

sites during acute infection and assayed for viral load showed substantially higher viral loads

in JcllS GKO compared to wild-type mice, with -100 fold more virus present in the skin of
Jo18 GKO than controlmice.

On day 5 p.i. a difference of -5 fold was observed in the skin of JslS GKO mice than

C57BL6 mice, while on day 7 p.i. the difference was more pronounced (-10 fold). Taken

together, these findings indicate that NKT cells contribute to the immune response and to the

control of primary HSV-l infection.

To obtain evidence in support of the theory that NKT cells and in particular Vo14* NKT

subset, contribute to HSV-1 immunity, ganglia that were removed from individual mice were

pooled and virus was assayed. This way the cumulative effect of the lack of NKT cells on the

infection of DRG was examined. In this experiment groups of 30 JcllS GKO and C57BL6

mice were infected with SC16 HSV-I and ganglia were pooled from each mouse (Figure 3.7).

The difference in virus load between JulS GKO and C57BL6 during days 3 and 5 of the acute

infection was more apparent in this model of testing. On day 3 p.i. virus load in the pooled

DRG of Jsl8 GKO was -10 fold higher than that observed in the ganglia of C57BL6 mice.

This higher viral load in DRG of JslS GKO was also observed on the day 5 ( -2O-fold), while

surprisingly on day 7 p.i. itwas not as apparent (-5-fold).

In order to investigate the titres, rate of spread and the clearance of replicating HSV-I at each

spinal ganglion in JolS GKO, CDld GKO and wild-type mice, groups were infected by

cutaneous inoculation and on days 5 and 7 after infection, virus from the ganglia was assayed.

On day 5, there is evidence of impaired virus clearance both in Jo18 GKO and CDld GKO

mice in comparison with control C57BL6 mice. DRG in both knockout strains contained up to

lO-fold more virus than ganglia from control mice (Figure 3.84). By day 7, this effect was

even more pronounced, with ganglia from JalS GKO and CDld GKO mice containing up to

100-fold more virus than control mice (Figure 3.88) indicating that Val4* NKT cells do

contribute to the control of acute HSV-l infection.
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Virus load in skin of Ja18 GKO and C57BL6 mice during
acute HSV'1 infection
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Figure 3.6 Viral load in skin taken from Ja18 GKO mice or control mice 3, 5, or 7

days after infection. Mice were inoculated by scarification through a droplet containing

1x106 pfu HSV-I strain SC16 on the left posterior flank corresponding to the tenth and

eleventh dermatome and at the times indicated, mice were killed and the skin encompassing

the inoculation site was excised. Virus yield was expressed as a logro pfu' Each point

represents the geometric mean titre of 10 mice.
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Virus load in DRG of Ja18 GKO and CS7BLG mice
during acute infection with HSV'I
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Figure 3.7 Titres of infectious virus in ganglia of Jo18 GKO and control C57BL6 mice

during the acute phase of primary infection.

Left thoracic ganglia spanning the eight through thirteenth thoracic segments of each

experimental animal were removed, pooled and examined on days 3, 5 and 7 post-infection'

Virus yield was expressed as logro pfu. Each point represents the geometric mean titre and

range from groups of 10 mice.
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Furthermore, throughout the course of acute infection JolS GKO mice had a reduced survival

rate (54%) when compared to C57BL6 mice (690/'\, although not as severe as the survival rate

observed for CDld GKO mice (33%) (Figure 3.98). As shown in Figure 3.94 duringthe 12

day observation period survival period of JolS GKO mice was significantly shorter than that

of control C57BL6 animals and 54o/o of JolS GKO mice were dead by day 9 post-infection.

The progress of clinical disease in JulS GKO, as observed by incidence and size of

zosteriform lesions, correlated with their reduced survival.

3.2.3 The role of diverse NKT cells (Tvoe II) in control of primarv HSV-I infection:

immunopathosenesis and clinical manifestations of HSV-I infection in CDld

GKO and Jcr18 GKO mice with lower doses of HSV-I.

Throughout the course of primary HSV-1 infection, the pathogenesis of HSV-l infection in

Jcrl8 GKO mice was similar and comparable to that seen in CDld GKO mice, as assayed by

viral load and clinical manifestations of the disease. However throughout the course of

infection CDld GKO mice experienced greater mortality rate (67Yo) than that observed for

Ja18 GKO (48%). This prompted us to investigate the possibility whether non-classical

CDld-dependant NKT cells, with more diverse TCRs, which are present in JolS GKO mice

but absent from CDld GKO mice, contribute to the control of HSV-1 infection.

To investigate this possibility CDld GKO and Ja18 GKO mice on a C57BL6 background

were inoculated with two, lower than standard, doses of HSV-1 strain SC16. Standard dose of

inoculum which was used in previous experiments was 1x10ó pfu. The lower doses that were

used were: the dose of 5xl0s pfu and the dose of 1x10s pfu. As previously mice were

inoculated on the left flank and their progress through acute infection was examined.
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Figure 3.8 HSV-I titres in spinal ganglia of CDld GKO, Ja18 GKO and control

C57B|L6 mice. Mice were inoculated by scarification through a droplet containing 1x106 pfu

HSV-I strain SC16 on the left posterior flank corresponding to the tenth and eleventh

dermatomes (T10 and T11) and at times indicated, mice were killed and individual spinal

ganglia assayed for virus. Virus yield was expressed as a logro pfu. Each point represents the

geometric mean titre of 10 animals.
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Figure 3.9 Survival rate of Ja18 GKO mice and wild type C57B.L6 mice over the

course of primary infection with strain SC16 of HSV-I.

Mice were infected with lx 106pfu and their survival rate was assessed over a 12 day period.

(A) Survival percentage over a 12 day period of primary infection.

(B) Total percentage of survival over the 12 day period of primary infection
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Assessment of the incidence and the severity of skin lesions provides vital information as to

the severity and the rapidity of virus spread from the skin to and throughout the PNS, as

following viral replication in the ganglia, virus re-emerges back at the skin and 're-seeds'

initial infection site, resulting in zosteriform lesions. The severity of zosteriform lesions, as

determined by measuring the width of the lesion, provides clues as to how severe is the

infection in the PNS, as larger lesions indicate involvement of more than one dermatome, thus

indicating involvement of a greater number of infected DRG, which infection results from

greater spread of the virus. Therefore, the clinical course of HSV-l infection such as incidence

and size (in width) of zosteriform lesions was compared between the wild type C57BL6,

CDld GKO and Jol8 GKO mice, infected with the lower dose of 5x10s pfu.

During the acute infection with this dose, CDld GKO mice retained a very high incidence of
zosteriform lesions, with 90% of animals developing zoster by day 9 p.i., compared to 30% of
control C57BL6 mice (Figure 3.10). More importantly, there was a significant difference in

the prevalence of lesions between CDld GKO and JalS GKO, with only 40Yo of Jol8 GKO

mice developing lesions at the peak of infection. Infecting mice with this lower dose of 5xl0s

pfu has shifted and delayed the daily progress of disease, as no animals had developed any

lesions on day 5 p.i., and the peak of occurrence of clinical manifestation of disease

(zosteriform lesions) was at day 7 p.i. rather than at days 5-6 p.i. as previously demonstrated

with the standard dose of 1x106 pfu. While C57BL6 mice completely cleared the infection at

day L2 p.i., Ja18 GKO mice still exhibited clinical signs of infection and20Yo of animals had

lesions. Nonetheless at day 12p.i. Jo18 GKO mice displayed signs of clearance of infection,

and the incidence of lesions was comparatively lower than that observed for CDld GKO mice

(35%). During the entire period of observation, in terms of zoster development, Jol8 GKO

mice presented more in a manner similar to that of wild type mice, than CDld GKO animals

which still displayed very high incidence of lesions. Thus suggesting that non-classical CDld-
restricted Type II NKT cells contribute to the initial clearance of virus.

Furthermore, as Figures 3.ll and Figure 3.12A show at day 7 p.i., out of 45%o of JslS GKO

mice that did develop lesions their average width was 3.3mm, clinically less severe than that

observed with the CDld GKO mice (5mm).
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Comparatively, lesion width of JolS GKO was comparable to the clinical severity (Figure

3.11) and the mean width obtained for C57BL6 mice (2.8mm) (Figure 3.124). CDld GKO

mice still developed the most severe lesions with the mean lesion size of 5mm for -80% of

animals (Figure 3.12A). The difference observed between the JolS GKO and CDld GKO

mice was even more pronounced at day 9 p.i., where the mean lesion width for CDld GKO

mice was 5mm, while Jo18 GKO and C57BL6 mice both developed lesions with mean width

oî 2mm (Figure 3.128). By day 12 p.t. all animal groups cleared the skin infection as

evidenced by the low incidence of zosters (Figure 3.10) and small lesion size present in only 1

mouse of both the CDld GKO and Jo18 GKO groups. (Figure 3.12C), while control C57BL6

mice had no zosters present. These frndings further corroborate the theory that Type II NKT

cells contribute to the control and clearance of HSV-1 infection.

ln order to further asses the pathogenesis of HSV-I infection with 5xl0s pfu dose, in both

knockouts and wild type mice and to further characterise the role of Type II CDld-restricted

NKT cells in HSV-I immunopathogenesis, viral titres in the skin and DRG were analysed

throughout the course of infection.

Taking into the account the theory that NKT cells contribute to the immune response early in

the infection, we were interested in investigating the levels of viral replication and clearance

at the peak of infection (day 5 p.i.) and onwards, rather than at day 3 p.i., as data obtained for

later stages of infection would demonstrate the implications that the lack of both Type I and

Type II NKT cells would have on the viral replication and viral clearance. Furthermore, as the

zosteriform data showed, inoculating mice with this lower dose of infection has somewhat

delayed and reduced the severity of the natural progession of the disease, when compared to

the standard dose of lxl06 pfu.
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Figure 3.10 Percentage of development of zosteriform lesions in CDld GKO' Jo18

GKO and C57BL6 mice infected with a lower dose of 5x10s pfu SC16 strain of HSV-I.

Mice were infected on the left flank with a droplet of virus containing 5x10s pfu HSV-I and the

clinical progress of disease in terms of incidence of zoster development was monitored. Mice

did not develop any lesions prior to day 7 post infection.

CDld GKO mice had a much greater incidence of lesion development (90% at peak of

infection), when compared to Ja18 GKO (3S%) and controlC5TBL6 (30%) mice. The onset and

percentage of lesions in Ja18 GKO mice closely mimicked that of control C57BL6 mice.

119



B

Figure 3.ll Zosteriform lesions of CDld GKO, Ja18 GKO and control C57BL6 mice 7

days post infection with 5x10s pfu of SC16, HSV-I.

(A) CDld GKO mice (top) develop more severe zosterifonn lesions than control

C57BL6 mice (bottom).

(B) Jol8 GKO mice (top) did not develop severe lesions and were comparable to that

observed for control C57BL6 mice (bottom)'

When compared CDld GKO mice (A-top) developed clinically more severe lesions than Jcll8

GKO mice (B-top).
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Figure 3.12. Sizes (width in mm) of zosteriform lesions of control C57BL6, CDld GKO

and Ja18 GKO mice during acute HSV infection, inoculated with 5x10s pfu of SC16.

(Ð Day 7 post-infection, out of mice that developed zosteriform lesions, C57BL6

had the clinically least severe lesions (2.8mm) when compared to GKO

mice.Jol8 GKO mice were marginally (3.3mm) less severe than wt mice,

while CDld GKO mice had most severe lesion size of 5mm.

(B) Day 9 post-infection, CDld GKO mice developed zosters greater in size

(5mm) than both Jcrl8 GKO (l.7mm) and control C57BL6 mice (2mm).

Lesions of JolS GKO mice were marginally less severe than control animals.

(C) Day 12 post-infection, only one CDld GKO and Jcrl8 GKO mouse developed

very mild zosteriform lesions of lmm in width. No C57BL6 mice developed

lesions at this point in experiment.
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In order to asses the viral load in the skin, groups of 20 mice were infected with the 5x10s

pfu dose of HSV-I strain SC16 and the skin encompassing the site of infection was

excised and assayed for virus titres. Rate of clearance of virus from the skin was

progressively similar for JalS GKO, CDld GKO and C57BL6 mice with this lower dose

of infection, with all mice clearing the infection by day 9 p.i.. However, CDld GKO mice

still displayed the highest titres of virus present with -100 fold virus more present at day 5

p.i. than that observed for C57BL6 mice (Figure 3.13A). More importantly, at day 5 p.i.

Jul8 GKO mice displayed comparable virus titres to that observed for the control C57BL6

mice and also had up to -100-fold virus less than CDld GKO mice. At day 7 p.i. a similar

effect is observed with CDld GKO mice still exhibiting the highest viral load compared to

that of Jo18 GKO and C57BL6 mice. Most of the C57BL6 mice (75yo, data not shown)

did not have any virus present thus accounting for the large error bars on the graph. Jo18

GKO mice had less virus present than CDld GKO mice fuither supporting the hypothesis

that Type II NKT cells contribute to the control of HSV-I infection. On the other hand the

contribution that Vcl14* NKT cells make to the immune response is also evident, as even

at this lower dose Js18 GKO mice had 10 fold more virus present than the control

C57BL6 mice.

To analyse the contribution that Type II NKT cells have in restricting the viral replication

in the ganglia, DRG from individual animals were removed and pooled together and

assayed as a total viral load in ganglia per animal. As seen in Figure 3.138 all animals

cleared the infection in the DRG by day 12 p.i. However CDld GKO mice displayed

greater viral replication and slower clearance than Jcll8 GKO and C57BL6 mice. C57BL6

mice cleared the infection rapidly with only 20o/o of animals containing replicating virus at

day 7p.i. (data not shown), thus accounting for the large error bars. At day 7 p.i. CDld

GKO mice had -1O0-fold more virus present in their DRG than that observed for Jo,l8

GKO, which had similar levels of virus to that of C57BL6 mice. Day 9 p.i. represents the

last stage of viral clearance, and CDld GKO mice had -10 fold more virus that that

observed for Ju,18 GKO mice. This finding was consistent with that observed in the skin

and provided more evidence in support of the theory that Type II NKT cells also

contribute to the clearance of HSV-1 infection. As C57BL6 mice had completely cleared

infection by this point, the fact that Ja18 GKO had -l0-fold more virus at this point

fuither corroborates our previous findings that Type I NKT cells are contributing to the

viral clearance.
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Figure 3.13. Virus load in skin and ganglia of mice infected with 5x10s pfu HSV-I.

CDld GKO, Jsl8 GKO and C57BL6 mice were infected by scarification through a droplet

containing 5x10s pfu HSV-I strain SC16 on the left posterior flank corresponding to the

tenth and eleventh dermatome. At times indicated mice were killed and skin encompassing

the inoculation site and ganglia were excised Virus yield was expressed as a logro pfu.

Each point represents the geometric mean titre of 10 mice.

(A)

(B)

Virus load in the skin

Virus load in the ganglia

Note. Throughout the acute infection in skin and ganglia most of C57BL6 mice did not

have any replicating virus present, accounting for the large error bars.
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Figure 3.14 Survival rate of CDld GKO , Jc18 GKO and C57BL6 mice infected

with 5x10s pfu of strain SC16 of HSV-I over the course of primary infection.

(A) Survival percentage over a 12 day period of primary infection

(B) Total percentage of survival over the 12 day period of primary infection
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Furthermore, as shown in figure 3.14, infecting Jcrl8 GKO mice with the lower dose of

5x10s pfu HSV-1 resulted in a much improved survival rate (88%) (Figure 3.14) than that

observed with the standard dose of infection (56%) (Figure 3.9). Although the survival of

CDld GKO mice was improved to 50Yo, they retained high mortality when compared to

Jo18 GKO mice (Figure 3.14). Moreover, atthis infection dose the survival rate of Ja18

GKO mice was the same as that observed for the C57BL6 mice.

Since CDld GKO mice experienced a greatly reduced survival rate when infected with

standard dose of 1x106 pfu or the lower dose of 5x10s pfu, a number of animals that have

completely succumbed to infection was not included in the previous analyses. Thus, results

that were presented do not include the findings from animals that were most infected with

HSV-I. To counteract this issue and to further define the role of Type II NKT cells in

control of HSV-I by comparing the outcome of infection between the CDld GKO and

Js18 GKO mice, we analysed the pathogenesis of HSV-1 in the knockout mice compared

to wild type C57BL6, infected with 1000-fold less virus (1x105 pfu) than the standard dose

(1x106 pfu). At this dose, C57BL6 mice did not develop any characteristic signs of

infection, as shown by the complete lack of zosteriform lesions (Figure 3.15 and 3.164

and B). Moreover C57BL6 mice did not display any initial signs of infection in the skin

such as primary lesions, defined as swelling and oedema at the site of scarification.

Contrary to the observations for C57BL6 mice -25% of CDld GKO and -I0% of Jü18

GKO mice developed zosteriform lesions at the peak of infection day 7 p.i. (Figure 3.15).

More importantly throughout the course of infection CDld GKO mice had higher

incidence of zosters than that seen for Jcr18 GKO mice (Figure 3.15). Furthermore as

Figures 3.164 and 3.17 show, with this low dose of infection, CDld GKO mice still

developed clinically severe lesions of -5mm in width, compared to the complete absence

of infection observed for C57BL6 mice. Additionally Jol8 GKO mice did not develop

complete zosters, but developed a mild form of infection as shown by the presence of few

herpetic vesicles (Figure 3.168 and3.l7). Thus providing fuither evidence that Type II

NKT cells together with Type I contribute to the control of infection.
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Figure 3.15 Percentage of development of zosteriform lesions in CDld GKO, Ja18

GKO and C57BL6 mice infected with a lower dose of 1x10s pfu SC16 strain of HSV-I.

Mice were infected on the left flank with a droplet of virus containing 1x105 pfu HSV-I and

the clinical progress of disease in terms of zoster development was monitored. Mice did not

develop any lesions prior to day 7 post infection. CDld GKO mice had a significantly

greater incidence of lesion development (23%o peak of infection), when compared to Jcrl8

GKO (10%). Control C57BL6 mice did not develop any lesions throughout the acute

infection.
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A B

Figure 3.16 Zosteriform lesions of CDld GKO, Ja18 GKO and control C57BL6

mice 7 days post infection with lxl0s pfu of SC16, HSV-I.

(A) CDld GKO mice (bottom) develop severe zosteriform lesions, while control

C57BL6 mice (bottom) exhibit no signs of clinical disease.

(B) Ja18 GKO mice did not develop fuIl zosteriform lesions, but rather had

vesiculating lesions present around the site of infection

When compared. CDld GKO mice (A-top) developed clinically more severe lesions than

Jol8 GKO mice (B).
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Figure 3.17. Sizes of zosteriform lesions in CDld GKO, Ja18 GKO and C57BL6

mice following cutaneous infection with 1x10s pfu HSV-I.

(A) Day 5 post-infection, only one CDld GKO mouse developed a zoster 2cm

in width. C57BL6 and Ju,18 GKO mice did not develop any zosters.

(B) Day 7 post-infection, CDld GKO mice developed zosters greater in size

than Jo18 GKO mice. Control C57BL6 mice did not develop any

zosteriform lesions.

(C) Day 9 post-infection, only one CDld GKO mouse developed a zosteriform

lesion 2.5cm in width. C57BL6 and Ju18 GKO mice did not develop any

lesions.
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Following virus inoculation, skin and individual DRG were removed, ganglia were pooled

per mouse, and virus titres in these tissues were determined using the standard pfu assay at

days 5, 7 andg post infection. It was determined that following infection with 1xl0s pfu of

HSV-I, the overall presence of replicating virus in both tissues, compared to the standard

dose, is greatly reduced in all three strains of mice. Throughout the course of infection

C57BL6 mice did not have any detectable levels of replicating virus in their skin and DRG

(Figure 3.18). Although the infection was reduced in CDld GKO mice, some animals still

had relatively high levels of virus in their skin (Figure 3.184), but only one mouse

presented with replicating virus in their DRG (Figure 3.188). In addition titres for Jc18

GKO mice mimicked those of C51BL6 mice and presented with no replicating virus in

their skin throughout the course of infection. Like CDld GKO, only one Jol8 GKO mouse

presented with virus in DRG, albeit at a -10 fold lower level than CDld GKO.

Moreover, the infection of mice with 1000 fold less virus than standard dose resulted in

100% survival rate for both C57BL6 and Jcr18 GKO mice while CDld GKO mice still

experienced20% mortality (Figure 3.19). Thus fuither reinforcing the theory that Type I

and Type II NKT cells contribute to the control of HSV-I infection.

3.3 Discussion

Various immune mediators have been implicated in the control of primary herpes simplex

virus infection. Given the complexity of HSV pathogenesis, which involves transitions

between different phases of the infection (lytic and latent) as well as the physical

movement of virus between different tissues (skin and nerves), it is not surprising that

uncertainty exists as to exactly how and when the immune response deals with this virus.

The results of this study provide new insights into mechanisms of resistance during the

early stages of primary HSV infection.
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Figure 3.18. Virus load in skin and ganglia of mice infected with 1x10s pfu HSV-I.
CDld GKO, Ju18 GKO and C57BL6 mice were infected by scarification through a droplet

containing 1x10s pfu HSV-1 strain SC16 on the left posterior flank corresponding to the

tenth and eleventh dermatome. At times indicated mice were killed and skin encompassing

the inoculation site and ganglia were excised Virus yield was expressed as a logl¡ pfu.

Each point represents virus load per mouse.

(C) Virus load in the skin.

(D) Virus load in the ganglia

Note. Throughout the acute infection in skin and ganglia all C57BL6 mice did not have

any replicating virus present in skin or ganglia.
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In the zosteriform model of infection there is a progressive spread of antigen expression to

neighbouring cells within the 14-48h after infection (Allan et aL.,2003). In this system

early skin replication is necessary for optimal infection of the DRG as it provides greater

access to sensory nerve endings. In C57BL6 mice spread of HSV to the CNS from

peripheral sites is restricted, conferring on these mice the lowest mortality and highest

resistance to HSV infection in comparison to all other inbred strains so far tested (Lopez,

1975, Lopez, 1985).

When infected with the standard dose of lxl06 pfu, the results obtained with CDld GKO

mice clearly reveal that the lack of CDld and thus all CDld-dependant NKT cells leads to

the development of more severe clinical disease in these animals. This was initially

demonstrated by the development of zosteriform lesions in a greater proportion of mice

and by more prominent skin lesions (mean lesion size for CDld GKO -7.5mm, compared

to control C57BL6 -1.5mm). Notably, when assessing the severity of zosteriform lesions,

the width of the lesion was measured (in mm), always lcm below the scarification point in

order to allow for consistent interpretation of results (Section 2.2.2, Figure 2.t).

Importantly, experimental groups of animals that were analysed at different days were

always separated prior to inoculation.

Assessment of incidence and severity of skin lesions provides vital information as to the

severity and the rapidity of virus spread from the skin to and throughout the PNS, due to

the 're-seeding' of the initial infection site, by the newly replicated virus emerging from

the PNS. Thus measuring the width of the lesions, provides an indication as to the severity

of infection in the PNS. Larger lesions indicate involvement of more than one dermatome,

thus indicating involvement of a grealer number of infected DRG. Greater incidence and

rapid development of lesions, resulting in unrestricted viral replication in multiple DRG

suggests an impediment in the early stages of immune control of HSV infection.

Subsequent analysis of viral replication in the skin further corroborated the above findings

as CDld GKO mice were found to have increased viral titres and no significant clearance

of virus throughout the entire period of examination. Clearance of virus from the skin of

C57BL6 mice was rapid and in accord with previous observation that C57BL6 mice clear

HSV infection rapidly (Speck et aL.,1998).
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In addition CDld GKO mice exhibit more rapid spread of the virus in the PNS,

involvement of more dorsal root sensory ganglia and delayed clearance of virus when

compared to controls. In contrast to resistant C57BL6 mice, by day 3 post-infection in

CDld GKO mice the virus has already spread to all ganglia in the thoracic region.

Throughout the course of infection in the PNS the virus persisted at a much higher titre in

CDld GKO mice than in control C57BL6 mice. This higher viral load had an impact on

virus clearance as CDld GKO mice displayed high virus titre at day 7 p.i., indicative of

low clearance and an impediment in the immune response. In C57BL6 mice at this point

rapid viral clearance was underway and error bars, derived from means of 20 mice, are

wider for controls as majority of control mice had no virus. These findings substantiate our

previous conclusion of more florid infection, greater viral titre and lower clearance in the

skin of CDld GKO mice, as greater skin infection leads to greater PNS infection in the

zosteriform model. Thus the initial impediment in the host's control of infection in the skin

has an impact on the outcome of PNS infection. Since CDld GKO mice have otherwise

intact immune system but to the lack of CDld and all NKT cells, this outcome can only be

attributed to the impediment in the CD1d-NKT cell immune pathway.

Furthermore, CDld GKO mice have been shown to have great morbidity throughout the

course of infection. When CDld GKO mice were infected with the standard dose of 1x106

pfu HSV-1 their increased mortality correlated with the disease progression, as -60Yo of

CDld GKO mice were dead by day 8 p.i., which in C57BL6 mice is usually a point when

the adaptive immune system completely clears the primary infection and thus reduces the

clinical manifestations and the load of replicating virus. This increase in morbidity is

another indicator of greater viral replication and an impediment in the immune control of

the infection in these mice. A characteristic that in the case of CDld GKO mice can be

attributed to the lack of CDld and all NKT cells.

It is important to note that death was never used as an end point in any of the experiments

conducted with CDld GKO mice. Following cutaneous infection, mice were monitored on

a twice daily basis and were euthanised at any sign of CNS infection on the advice of an

experienced supervisor of IMVS Animal Facility. Signs such as a hunched animal,

extremely poor mobility and hind leg paralysis were deemed as extremely severe clinical

signs of infection and those animals were euthanised. In some instances, few animals that

were clinically deemed f,rne on a specific day have died overnight in cages. Moreover,
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none of the euthanised animals were ever included in data collection and final

experimental results. Therefore it can be speculated that the infection in CDld GKO mice

is even more severe than what is reported here since euthanising severely ill animals has

removed the top end of the experiment i.e. the most infected animals.

As CDld GKO mice, lack both antigen presenting molecule CDld and all NKT cells, it is

not clear if the actual antigen presentation by CDld or the direct/indirect action of NKT

cells contribute to diminished immune response and more florid infection observed in

these mice. The availability of Jol8 GKO mice afforded amore precise model where the

actual contribution of Type I, invariant Vo14n, NKT cells to HSV-1 immunopathogenesis

can be examined.

This investigation found that Jcr 1 8 GKO mice had a 2 fold greater incidence of zosteriform

lesions than C57BL6 mice and skin lesions were clinically more severe and greater in size.

These results correlated with our findings for CDld GKO mice and were indicative of the

fact that these knockouts experienced a more severe skin infection and greater viral

replication than the C57BL6 mice, which was confirmed by the analysis of virus load in

the skin. Of particular interest is the hnding that on day 3 p.i. Jo18 GKO mice had 100

fold greater viral load than control mice, which suggests that early in the infection there is

an impairment in the control of infection, which can be attributed to the lack of Vo14*

NKT cells and the lack of early cytokine production by these cells, which in turn could

also impair the early response by classical T cells (Carnaud et al., 1999). The effect of

impaired viral clearance and greater replication was also observed by greater viral load

present in the DRG of Jul8 GKO mice than in controls throughout the course of infection

on all spinal levels. Thus providing more evidence in support of our hypothesis that Vcl4+

NKT cells contribute to the control of HSV infection.

In addition Jo18 GKO mice had a reduced survival rate of 54%o throughout the course of

infection and in accord with our observations for CDld GKO mice, this increased

mortality correlated with the disease progression, as -60%o of CDld GKO mice were dead

by day 8 p.i.

However during the course of primary infection a significant difference was observed

between the survival rate of CDld GKO (30%) and Jo18 GKO (54%) mice. This posed a
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question that CDld GKO mice could be more susceptible to infection than Jo18 GKO

mice. Investigating the pathogenesis of HSV-I in these two knockout strains using the

qualitative and quantitative methods, such as assessment of zosteriform lesions and virus

load, under a standard dose of infection (1x106 pfu) did not reveal any significant

difference between the two strains. Nevertheless it is important to note that due to high

mortality of CDld GKO mice, animals that were most infected and have completely

succumbed to infection were never analysed with this dose of infection. Therefore it is
entirely possible that if they were assessed a quantitative difference, other than mortality,

could have been observed between the two stains.

This prompted us to investigate the possibility that non-classical CDld-dependant NKT

cells, with more diverse TCRs, which are present in Jo18 GKO mice but absent from

CDld GKO mice, could contribute to the control of HSV-1 infection. It is likely that their

contribution to immunity could account for the difference observed between the two

strains. Thus, in an attempt to eliminate the reduced survival rate of CDld GKO mice and

in order to be able to examine the animals, that under standard infectious dose succumb to

infection, mice were inoculated withtwo lowerthan standard doses of HSV-1, strain SC-

t6.

In the first experiment, under the infectious dose of 5x105 pfu, prevalence and clinical

signs of zosteriform lesions showed that CDld GKO mice still displayed a very high rate

and severity of zosteriform lesions. More importantly CDld GKO mice presented with

two fold greater incidence of lesion development and their average lesion size was three

fold greater than that of Jcrl8 GKO mice (day 9 p.i.), with the CDld GKO mice displaying

more severe signs of infection. A similar difference in prevalence and size of zosters was

found under the second infectious dose of 1x10s pfu between the two knockout strains.

Notably the more the infectious dose was lowered, the more Jol8 GKO mice behaved like

C57BL6 controls, while CDld GKO mice still exhibited increased signs of HSV-I

pathogenesis.

These results correlate with findings of virus titres in skin where under the infectious dose

of 5x10s pfu CDld GKO mice had -100 fold more virus in their skin at day 5 p.i. than

Jo18 GKO mice, which had virus titres comparable to that of C57BL6 mice. This

difference in virus titres of the skin, between the two knockout strains was also evident at
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day 7 p.i. At this point in infection Jo18 GKO mice had more replicating virus than

C57BL6 controls, further supporting our previous finding that Type I NKT cells also

contribute to immunity to HSV-I. Analysis of virus titres in the DRG further supported

this theory as throughout the infection CDld GKO mice displayed greater viral replication

and slower clearance than Jal8 GKO and C57BL6 mice. Under this infectious dose all

surviving animals cleared the infection by day 12 p.i. In contrast to knockout mice

C57BL6 mice cleared the infection rapidly with only 20% of animals containing

replicating virus at day 7 p.i. Throughout the course of infection CDld GKO mice

displayed the highest viral load and at days 7 and 9 p.i. considerably higher than that of

Jo18 GKO mice (d7 p.i. -100 fold and d9 p.i. - 10 fold), As C57BL6 mice had completely

cleared infection by this point, the fact that Jü18 GKO had -i0 fold more virus further

corroborates our previous findings of the imporlant contribution that Type I NKT cells

make to the viral clearance. Furthermore under this infectious dose CDld GKO mice

presented with a significantly greater rate of morbidity than Jul8 GKO.

Infecting C51BL6 mice with the dose of lxl05 pfu resulted in the absence of any clinical

signs of HSV-I infection. These animals did not develop any visible lesions or herpetic

vesicles and had no virus present in their skin or DRG throughout the course of infection,

This very low infectious dose also lowered the severity of infection in knockout strains.

Importantly at this dose, Jol8 GKO experienced 100% survival (like C57BL6 mice) while

CDld GKO mice still had a morbidity of 20Yo. Furthermore CDld GKO mice had higher

prevalence of lesions than Ja18 GKO, and at day 7p.i they were -3 fold greater in size.

Importantly most of Jol8 GKO did not develop zosteriform lesions, but rather they had the

presence of mild herpetic vesicles. The very low severity of infection observed in Jcrl8

GKO was further evident by the absence of virus in the skin and PNS. In contrast CDld

GKO mice still had a prevalence of -25% in terms of lesion development and they did

present will full herpes zosters. Although their infection of the PNS was greatly reduced

and comparable to that of Jol8 GKO, CDld GKO mice still displayed high virus titres in

the skin in the early stages of infection. Overall, examining the pathogenesis of HSV-1 in

the knockouts over 2 lower than standard infectious doses, further emphasised our

previous findings that Type I NKT cells are crucial in control of infection. More

importantly the differences observed between the two knockout strains indicate that Type

II NKT cells could also contribute to immunity to HSV-I.
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To date, not much is known about the Type II NKT cells and their role in protective

immunity against pathogens. In one recent study a protective role for Type II CDld-

restricted NKT cells, has been demonstrated. This study has shown that following an

infection with the picornavirus ECMV-D, CDld GKO mice exhibit heightened

susceptibility to infection-induced paralysis when compared to C57BL6 mice, however,

susceptibility was not increased in Jo18 GKO mice (Exley et al.,200la). The defect

observed in the CDld GKO mice was attributed to a loss of IL-I2 production from APC

and a subsequent defect in the activation of NK cells, with the consequential impairment in

production of IFN-y (Exley et al.,200Ia). Taking into the account the previous findings

that the lack of IFN-y in mice during acute HSV-I infection results in decreased ability to

eliminate virus from infected skin, it is plausible that such mechanism could be defected in

CDld GKO mice. Furthermore it is known that decreased IFN-"y production during early

stages of HSV infection in neonates and pregnant women may directly influence the

severity of clinical disease (Burchett et aL.,1992).

The results of this study provide new insights into mechanisms of resistance during the

early stages of primary HSV infection. They show that the lack of CDl-restricted subset of

NKT cells leads to more severe disease, greafer spread of the virus, involvement of more

dorsal root sensory ganglia and delayed clearance of the virus. The non-classical MHC-

like molecule CD 1d has been shown previously to present Ags from a range of pathogens

to a subset of NKT cells that expresses the semivariant Vcrl4-Jcl281 TCR. These

pathogens include mycobacteria (Porcelli et al.,1992), the spirochete Borrelia burgdorferi

(Kumar, 2000), respiratory syncytial virus (Johnson et al., 2002), and hepatitis B virus

(Baron, 2002). However, the precise extent to which CDld participates in immunity to

each of these pathogens remains unclear. For example, the outcome of infection with

Mycobacterium tuberculosis is similar in CDld GKO and wild type mice (Behar et al.,

1999), suggesting that NKT cells do not play a critical role in defence against tuberculosis

in mice. In contrast, our study provides two lines of evidence that CDld and all CDld-

restricted NKT cells are important in the control of HSV infection and in the clearance of
virus.

More recent hndings have demonstrated that IL-15 and NK and NKT cells are critical for

innate protection against intravaginal HSV-2 infections (Ashkar et aL.,2003), The general

concept is that following a viral infection, IL-15 is rapidly produced by infected cells or

monocytes lmauophages and then acts primarily on NK and NKT cells. Activation of these
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cells leads to rapid production of IFN-1 andlor enhanced NK cytotoxicity (Ashkar et al.,

2003). In this study NK and/or NKT cells were the early source of IFN-y in vaginal

secretions following genital HSV-2 infection and thus a potential role for NKT cells in the

control of HSV-2 infection \À/as proposed (Ashkar et a|.,2003).

In further support of our hndings on the role of NKT cells in herpesvirus immunity, a

recent report revealed of an 1l-year-old girl presented with a papulovesicular rash and

severe respiratory distress 5 weeks after receiving varicella vaccine (Levy et aL.,2003). An

extensive immunologic analysis identified that she has a profound deficiency in NKT

cells, suggesting that NKT cells contribute to host defence against varicella virus.

This study further supports our findings which indicate that NKT cells contribute to the

control of HSV-I infection. The exact mechanism by which CDld and/or NKT cells

contribute to herpesvirus immunity remains to be elucidated. However, the similarity in

the patterns of infection between the CDld GKO and the Jo,18 GKO mice suggests that

CDld may present a virus-related Ag to CDl-restricted NKT cells. However the role of

Type II NKT cells should not be excluded and as little is known about the action of this

specif,rc NKT cell subset, their general effector functions arc yet to be defined. The Ag

presented by CDld to NKT cells during HSV-I infection could be a virus-derived

hydrophobic peptide Ag, or epitopes derived from glycolipids or polypeptides produced by

stressed virus-infected cells. A plausible hypothesis is that in the absence of NKT cells, the

lack of cytokines normally produced by this particular subset leads to a critical impairment

of the early immune response to the virus. The absence of CDld or of CDld-r'estricted

NKT cells in the GKO mice used in this study could permit greater viral replication and

spread early in the infection. Further, lack of early cytokine production by these cells could

also impair the response by classical T cells, in particular the production of virus-specific

cytotoxic T cells. It has been shown that the activation of Type I NKT cells by the CDld

ligand a-GalCer leads to activation of CD8* T cells (Camaud et al., 1999) and the

defective clearance of HSV-I as late as 7 days after infection in the two GKO strains used

in this study suggests adaptive immunity to the virus may be impaired in the absence of an

early response by NKT cells.

Another plausible hypothesis is that NKT cells could exert their antiviral effects by the

release of large quantities of IFN-1. The importance of NKT cells might depend on their
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ability to be activated early during viral infection, and to produce cytokines such as IFN-y

quickly, thus initiating the activation of NK cells, which then exert the primary antiviral

effects, either directly by cytolysis or indirectly through the further release of cytokines.

Thus a deletion of CDld, with the resulting loss of function of all CDld-restricted NKT

cells, may compromise an important link between the innate and adaptive arms of the

immune system.
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Chapter 4

Detection of virus antigens and latency associated

transcripts in dorsal root ganglia from HSV-1 infected

CDld and Ju18 genetic knockout mice
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4.1 Introduction

The pathogenesis of HSV-I infection in the sensory ganglia of mice has been a subject of
many studies in the past. After entering sensory nerve endings in the skin, the virus travels

to the neural ganglia via retroaxonal flow. Virus replicates in the bodies of the sensory

neurons and from there has the potential to spread as a lethal infection to the brain. The

virus is thought to cross synapses and this is thought to account for the widespread

distribution of HSV-I DNA in the central and peripheral nervous systems of humans

following infection, although other explanations such as hematogenous spread are also

possible (reviewed in (Koelle et aL.,2003)). The incidence of virus spread to the brain is

increased by immunosuppression and HSV-I encephalitis has emerged as one of the

serious complications in immuno-suppressed individuals (Kleinschmidt-DeMasters et al.,

2001). DRG are not only sites of transient productive infection but also of establishment of

latency. The ability of HSV-I to cause both productive and latent infections of neurons i¡z

vivo is an important survival strategy for the virus and one of the most fascinating aspects

of its interaction with the host.

Productive infection by HSV-I has been studied extensively in cultured cells and it

involves expression of more than 80 viral genes in an orderly temporal cascade of
immediate-early, early and late genes (reviewed by (Roizman et al., 2001)).

Immunohistochemical detection of HSV-I antigens in the DRG of infected animals

provides a means for assessing the time course of the infection, its spread and the

clearance of replicating virus.Histological analyses of infected DRG following flank

inoculation with the strain SC16 of HSV-I have shown that the numbers of neurons

containing viral DNA or viral antigens increase progressively until 136h post infection

(Speck et aL.,1998). This is followed by rapid and almost complete disappearance of viral

antigens in the following 8-16 hours. Viral proteins \À/ere distributed throughout

axoplasms, rather than being confined to axonal membranes (Speck et al., 1998).

Concurrent with infection of the sensory neurons, viral antigens and DNA were also

detected in Schwann cells. However, infection was rarely, if ever, detected in satellite glial

cells (Speck et al., 1998). The latter observation is consistent with earlier studies which

showed that satellite cells undergo abortive infection with HSV. Electron microscopy
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revealed either un-enveloped virions insatellite cells (Hill et al., 1973), or the complete

absence of virions (Dillard et aL.,1972).

Latent infection has been studied primarily in animal models, specifically within the

sensory ganglia that innervate peripheral sites of virus inoculation, such as the skin and the

cornea. Within latently infected sensory neurons, the pattern of viral gene expression

differs dramatically from that observed in productively infected cells. In latent infection,

there is abundant expression of a single viral locus, resulting in the production of latency

associated transcripts (LATs) which accumulate in large amounts in the nuclei of the

infected cells (reviewed by (Roizman et a1.,2001)). Despite a vast body of work, the

function of LATs and the mechanisms that determine latency and regulate reactivation of

HSV-I have not been fully elucidated.

The latently infected cell can harbour between 20 and several hundred copies of the virus

genome. In the zosteriform model in mice, viral DNA is most abundant in DRG that

innervate the inoculation site and the amount of virus DNA recovered was similar to that

found previously in human trigeminal ganglia. It is estimated that LAT* neurons each

contain hundreds of copies of HSV-I DNA (Simmons et aL.,1992a). Thus the virus load is

highest in cells which have previously supported viral replication (Simmons et al.,I992a).

Furthermore, non-isotopic in situ hybridization studies have shown that low abundance

(minor) LATs arc localized to sharply defined intranuclear foci, while the more abundant

LATs (major) are distributed diffusely throughout the nucleoplasm in latently infected

neurons (Arthur et al. , 1993). A quantitative in situ analysis of HSV- 1 latency showed that

both input (un-replicated) and progeny (replicated) viral genomes contribute to the number

of LAT* sites in DRG (Slobedman et al., 1994). This suggests that viral DNA replication

within neurons is required to establish the high numbers of HSV-1 genomes observed in

the latently infected cells. Viral replication appears, therefore, to increase the number of
latent sites established within ganglia.

The nature of immune response to HSV-I in ganglia is qualitatively different to that seen

in the skin. Both innate and adaptive immune response are thought to be of uttermost

impoftance in defence against HSV-I and alterations in the immune response are of
particular relevance for herpesvirus spread, replication and establishment of latency in the

nervous system. The CNS and DRG are shielded from the circulation by the blood-brain
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barrier and blood-nerve barriers. Because of these barriers, the absence of lymphatic

drainage and the lack of intranarial lymphatic channels, and because neurons do not

express typical MHC molecules, the CNS and the DRG are traditionally considered to be

immunologically privileged sites (reviewed in (Dyck et aL.,1993)). However, activated T

cells can enter the CNS, where they play an important role in immunological surveillance

(Hickey, 2001). Because the blood-nerve barrier is more permeable than blood-brain

barrier, it is thought that immunological surveillance occurs also in the sensory ganglia

(AIlt et a|.,2000).

The available evidence suggests that innate and adaptive immunity both contribute to the

initial control of HSV-1 replication in sensory ganglia and to the establishment of latency.

Resolution of ganglionic infection is dependant on (Simmons et al., 1992c) and temporally

associated with (Speck et al., 1998) the infiltration of CD8* T cells into the DRG. At the

same time, there is de novo transcription and expression of HLA class I molecules by

neurons (Pereira et al., 1999). Control of ganglionic infection does not seem to be

associated with killing of neurons by CTL, implicating c1'tokines in the halting of virus

replication (Martz et al., 1992) (Pereira et aL.,2000). Interest in the role of NK cells in the

control of HSV-I infection has been renewed by the mapping of susceptibility in mice to

near or within the locus that encodes NK cell receptors. However, the precise role of NK

cells in immunity to HSV-I remains unclear (Pereira et a|.,2001).

Although the immune response to acute infection with HSV-1 has been well characterised,

less is known about the factors that govern the immunological events in sensory ganglia

during latency. However, evidence is emerging that supports a role for T lymphocytes in

controlling HSV-1 latency. Histological analysis of the TG after infection of the cornea in

mice with HSV-I has revealed that both CD4* and CDS+ T cells accumulate in the

ganglion, seemingly for the life of animal (Liu et al., 1996) (Shimeld et aL.,1995). T cell

attracting chemokines such as RANTES, as well as expression of T cell derived anti-viral

cytokines (IFN-1, and TNF-o,), are detectable in latently infected TG for at least 180 days

after the initial infection of the comea with HSV-1 (Liu et al.,1996) (Halford et al.,1996)

(Cantin et aL.,1995).

Recent dose-ranging studies in mice and guinea pigs have demonstrated that there is a

direct relationship between the size of the peripheral inoculum, the extent of initial
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ganglionic replication, the number of latently infected neurons and the frequency of

reactivation (reviewed by (Koelle et aL.,2003)). Therefore, the factors that limit the spread

of HSV-I to the DRG and the extent of replication of the virus in the ganglia during

primary infection are likely to have a profound influence on the ability of virus to persist

and reactivate in the host. Because the studies described herein have shown that NKT cells

make an important contribution to controlling the primary infection with HSV-I,

investigations were undertaken to examine the extent of in situ ganglionic infection during

primary infection and its effect on the establishment of latency in CDld and Jo18 GKO

mlce.

4.2 Results

4.2.1 Acute infection of DRG in CDld and .Ia18 GKO mice and fate of HSV

infected neurons

To examine the clearance of HSV-I from DRG, twenty adult (6-8 weeks old) mice from

the CDld GKO and Jul8 GKO strain were infected with the standard dose of SC16 HSV-

1 (1x106pfu). On day 7 after infection, mice were euthanised and spinal ganglia from all

mice from each of the strains were removed, fixed in PLP and embedded in paraffin blocks

(pooled DRG from 5 mice per one paraffin block). As controls,20 C57BL6 wt mice were

infected and paraffin blocks of DRG were prepared in the same mannet, fot comparison

with the tissue from the CDld GKO and Jo18 GKO mice. The presence of HSV-I

antigens in sections of the DRG was examined by immunohistochemistry.

Seven days after inoculation of control mice, expression of viral Ag was typically either

sparse or absent, as shown in Figure 4.lE. Only one neuron contained viral antigen in this

section (anow). In contrast, in sections of ganglia from CDld GKO mice, expression of

viral Ag was abundant, with 20 or more Ag-positive neurones observed per ganglionic

profile (Figure 4.1.4). Furthermore, in contrast to C57BL6 mice, in which no HSV-I

antigens were detected in Schwann cells (Figure 4.1.F), Schwann cells of CDld GKO

mice (Figure 4.18) were heavily infected with HSV-l af day 7 post-infection.
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The distribution of viral antigen in the DRG from Jo18 GKO mice was essentially the

same as in the CDld GKO mice. There were large numbers of antigen-positive neurons in

DRG from all spinal levels examined (Figure 4.1.C). Furthermore, in contrastto C57BL6

mice, Schwann cells in DRG from Jol8 GKO contained large amounts of viral antigen at

this stage in the infection (Figure 4.1.D). Thus at a point in the infection cycle when there

is almost complete clearance of virus in the C57BL6 wt mice, large numbers of virus

antigen-positive neurons and Schwann cells are still present in the DRG of both CD 1d and

Jol8 GKO mice.

To examine the morphological effects of the infection, DRG were collected from CDld

GKO, Jol8 GKO and C57BL6 wt mice 6 days after inoculation. Paraffin blocks prepared

from pooled ganglia from 5 mice yielded in total -150 slides, The sections were, stained

with haematoxylin and eosin (H&E) and more than 20 randomly selected slides were

examined per block. Primary sensory neurons in infected wild-type mice are readily

identified in H&E-stained sections, owing to their large size and characteristic appearance

(Figure 4.2.A and B). Despite the presence of a mononuclear inflammatory infiltrate

surrounding many neurons in DRG from C57BL6 mice (Figure 4.2.8), neuronal

architecture was well preserved and cells showed no obvious evidence of nuclear or

nucleolar breakdown, and or of fusion with surrounding support cells (Figure 4.2.8).

In contrast, neuronal cells in the DRG from CDld GKO mice had vacuolated appearance

and there was shrinkage from the supporting satellite cells (Figure 4.2.C). There was also

evidence of substantial neuronal 'dropout' in DRG from these mice (Figure 4.2.D). The

striking loss of neurons at this stage of the infection in CDld GKO mice, compared with

C57BL6 mice, indicates that the florid infection observed in CDld GKO mice leads to

neuronal destruction. Sections of DRG from Jcll8 GKO were similar in appearance to

those from CDld GKO mice. Neurons had vacuolated appearance and shrinkage from the

supporting satellite cells (Figure 4.28 and F). There was also neuronal dropout (Figure 4.2

F green arrow), again suggestive of neuronal destruction in the course of infection.
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Figure 4.1. Photomicrographs showing HSV antigen expression (brown-staining) in

cross sections of dorsal root ganglia from CDld GKO, JalS GKO and C57BL6 wt

mice, 7 days post-infection.

(A) Specific staining was observed in multiple sensory neurons in DRG from CDld

GKO mice.

(B) Schwann cells expressing HSV-I antigens in a DRG from a CDld GKO mouse

(E) Specific staining of HSV-I antigen was very sparse in DRG from C57BL6 mice.

Only one neuron is stained in this cross-section.

(F) Viral antigen was not detected in Schwann cells of DRG from C57BL6 wt mrce.

Sections were stained by the indirect peroxidase-anti-peroxidase technique to detect HSV-

1 antigens and counterstained lightly with rapid haematoxylin.
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Figure 4.2 Photomicrographs illustrating the morphology of dorsal root ganglia

obtained from CDld GKO mice 6 days after infection. The sections \ryere stained with
eosin and rapid haematoxylin.

(A and B) DRG removed from C57BL6 wt mice, showing primary sensory neurons

(black arrow) which have large rounded appearance, characteristic basophilic cytoplasm

and ovate nucleus with one or more prominent nucleoli. Surrounding satellite cells (red

anow) have little or no visible cytoplasm. Mononuclear cells (small cells, stained dark

purple) infiltrate the ganglion, sometimes sulrounding and partially obscuring individual

neurons. There is some edema but the neurons are intact.

(C and D) A section of DRG from a CDld GKO mouse, showing primary sensory

neurons that are vacuolated and shrinking away from supporting satellite cells (arrows).

There are also spaces (neuronal 'dropout'), where neurons have been destroyed (red

arrow).

(E andF) A ganglionic profile of Jol8 GKO mice showing primary sensory neurons

of vacuolated appearance and shrinking away from supporting satellite cells (arrows)



'-\. i :il

arÂ -40x

:

1 53



4.2.2 Analvsis of latent infection CDl rl GKO and .Ial8 GKO mice

HSV-I establishes latent infections in sensory neurons of DRG. During latency, the only

transcripts produced abundantly are the latency-associated transcripts (LAT). The immune

response in primary HSV-I infections appears to determine the number of DRG and

sensory neurons that harbour latent virus, as well as the number of copies of viral genome

within each latently infected neuron. These factors are important in determining the

likelihood of a reactivation event. It was important, therefore, to examine the role of CDld

and CDld restricted NKT cells in controlling both establishment of HSV-1 latency and the

extent of latency. This was examined by in situ hybridization of LAT RNA in the neurons

of DRG.

Thirty C57BL6, CDld and Jol8 GKO mice were inoculated with lx106 pfu of HSV-1 on

the left flank. Ganglia were collected from the sides ipsilateral and contralaterul to the site

of infection, 28 days post infection. The ipsilateral and contralateral ganglia from each

group of mice were pooled separately and embedded in paraff,rn blocks (containing the

ganglia collected from 5 mice). Each block yielded approximatelyl50 slides and from

these, -20 were selected at random for in situ detection of LAT RNA. Following in situ

hybridization, counts were made of the total number of ganglia per section, the number

LAT containing ganglia (LAT+) per section and the total number of LAT* neurons within

individual LAT* ganglia. The percentage of LAT+ ganglia was obtained for each

ganglionic prohle by dividing the number of LAT* ganglia by the total number of ganglia

observed. The results are expressed as the percentage of DRG showing evidence of
latency, on the sides ipsilateral and contralateral to the site of infection (Figure 4.3) and the

number of LAT* neurones per LAT* ganglion (Figure 4.4).

In CDld and Jül8 GKO mice, most of the DRG (-10%) on the side ipsilateral to the site

of infection expressed LATs (Figure 4.3 A). The proportion of latently infected ipsilateral

ganglia was comparable in the two GKO strains. In marked contrast, only -20% of the

DRG on the ipsilateral side expressed LATs in C57BL6 wt mice..

154



àe

o
c'|(!

6)o
o
fL

A
100
90
BO

70
60
50
40

B
100

Percentage of LAT* ganglia
(ipsilateralside)

CDld GKO Ja18 GKO C57BL6

Percentage of LAT. ganglia
(contralate ral s ide )

30
20
10

0

90

^80tzo
960
Ëuo
ü40tso

20
10

0
CDld GKO Ja18 GKO C57BL6

Figure 4.3. Latency in CDld GKO, Jcr18 GKO and C57BL control mice after infection

with HSV-1

At day 28 p.i., DRG (TS-T13) were removed from the sides ipsilateral and contra-lateral to

the site of infection in each mouse (n:-30 per group). The percentage of LAT* DRG was

calculated for each block containing ipsilateral (A) or contra-lateral (B) ganglia. On the

ipsilateral side, the proportion of ganglia containing LAT transcripts was higher in CDld

GKO and Jo18 GKO mice than in C57B6L mice. In C57B6L mice, ganglia from the

contra-lateral side contained very few LAT positive ganglia (5%). However, the

proportions of LAT* contra-lateral and ipsilateral ganglia were similar in CDld GKO and

Jol8 GKO mice.
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On the side contralateral to the site of infection, only a minority (5%) of the DRG in

C57BL6 wt mice ganglia showed evidence of LATs expression. Consistent with the

greater severity of primary infection in the GKOs, which displayed greater morbidity

including hind leg paralysis, LATs was detected in approximately 70o/o of the DRG on the

side contralateral to infection in both the CDld GKO and the Jal8 GKO mice (Figure 4.3

B). Thus, there is little transmission of the virus across the spinal cord in immuno-

competent mice but spread (clinical and sub-clinical) via the central nervous system is

coÍrmon in CDld and NKT cell deficient mice.

To characterise the level of latency on a single cell level, the number of LAT expressing

neurons per LAT* ganglion was examined. LAT* neurons within the cross sections of

individual ganglia were counted, to give an estimate of the number of LAT* neurons per

ganglionic prof,rle. Interestingly, on the ipsilateral side (Figure 4.4) it was found that there

was no signif,rcant difference in the number of latently infected neurons in DRG that

expressed LATs (mean -4 neurons expressing LAT RNA per positive ganglion) between

CDld GKO, Jol8 GKO and control mice. Furthermore there was no significant difference

between CDld GKO and Jcll8 GKO mice in the number of LAT expressing neurons per

LAT* DRG on the sides ipsilateral and contralateral to the inoculation site.
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Figure 4.4 Mean number of LAT+ neuronal profiles per LAT+ ganglion (TS-T13)

30 days post-infection.

The intra-cellular location of LATs was analysed in PLP fixed DRG (T8-T13), using high

resolution non-isotopic ISH. In each histological slide, previously examined for percentage

of LAT* gaîg;lia, counts were made of the number of LAT+ neurons per LAT+ ganglion.

Each block contained the pooled ganglia from 5 mice. Numbers of LAT* neurons were

similar in LAT* ganglia from CDld GKO, Jo18 GKO and C57BL6 mice. Each point

represents the geometric mean (+ range) from groups of -20 slides per block.
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4.3 Discussion

This study demonstrates that CDld and CDld-restricted Vo14* NKT cells are crucial in

restricting the spread of virus and in the survival of neurons in the peripheral nervous

tissue of HSV-1 infected mice. Furthermore, by restricting the amount of virus replication

and spread, NKT cells limit the amount of spread by the virus into the central nervous

system and the extent of latent infection that is established in the surviving mice.

Within DRG, immunohistochemistry indicates that viral antigens and thus viral replication

is more florid in the absence of CDld and Type I NKT cells. V/hile C57BL6 wt mice

restrict the replication of the virus within 7 days of inoculation, CDld and Jol8 GKO mice

still have abundant expression of viral antigens at this time. Furthermore, in contrast to

C57BL6 mice, there is virus replication in Schwann cells as well as neurons. These

findings corroborate the conclusions from estimates of viral load in the DRG (Chapter 3).

It appears, therefore, that Type I NKT cells have an important role in restricting the

interneuronal spread of virus within the PNS.

The results of histological examination revealed that ganglionic morphology and neuronal

survival were altered profoundly in the mice lacking CDld or Vo14* NKT cells. Tissue

from control mice showed moderate inflammatory infiltration, little oedema and the

neurons were of a healthy rounded appearance and surrounded by normal satellite cells. In

contrast, there was marked neuronal loss in the DRG of both CDid and Jo18 GKO mice.

The surviving neurons in the DRG of CDld and Jcrl8 GKO mice were vacuolated in

appeatance and exhibited shrinkage away from the satellite cells. Furtherrnore, there was a

greater mononuclear cell inf,rltrate in the DRG of CDld and Jü18 GKO mice.

The precise mechanism by which CDld and Type I NKT cells might restrict the spread of

HSV in the PNS and the spinal cord, and protect neurons from damage, has not been

elucidated. Type I NKT cells might have direct effects, enhance the generation and

effector functions of classical T cells (possibly by rapid cytokine secretion ), or limit the

amount of virus that traffics to the DRG by retro-neuronal spread. It is important to note

that neuronal destruction in the ganglia of HSV-I infected mice has been described only
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once previously. This was in a study in BALB/o mice that had been depleted of CD8* T

cells in vivo. Simmons and Tscharke (1992) showed that treatment of mice with anti-CD8

mAb prior to infection with HSV-I had a profound influence on the outcome of infection

and that this treatment led to depletion of a high percentage of the neurons in the DRG.

This finding provided strong support for the importance of CD8* T cells in maintaining the

integrity of neurons in the sensory nervous system during infection with HSV- 1 . It is likely

that the protective effect of CD8* T cells is exerted by factors such as IFN-y, because

neurons lack classical MHC class I molecules and this protects them from attack by CTL

(Joly et at.,I99l). Thus, CTL appear to exert their effect by terminating infection by non-

lytic cytokine-driven mechanisms. The role of NKT cells could be to provide additional

IFN-y locally in the DRG or to enhance the CTL response to the virus during the afferent

phase of the immune response.

Previous studies have shown that activation of Type I NKT cells by the CDld ligand, o-

GalCer, leads to activation of CD8* T cells (Camaud et al., 1999). Furthermore, NKT cells

have been found to contribute to efficient induction of CD8* T cell responses against

respiratory syncytial virus (RSV), acting primarily by amplihcation of inherent immune

responses (Johnson et al., 2002). In the absence of NKT cell activation in CDld GKO

mice, virus clearance was delayed, probably due to diminished activation, recruitment or

expansion of RSV-specific CD8* T cells - perhaps due to less early production of IFN-1 in

the absence of CDld-restricted T cells. It is plausible that a similar defect might be

responsible for the impaired response to HSV-I infections in CDld and Jol8 GKO mice.

A number of other studies have found that NKT cells, activated early during viral

infections, amplify initial anti-viral immune responses, thus directly or indirectly

controlling infections by augmenting classical T cell responsiveness (Kakimi, 2000)

(Exley et al.,200la) (Biron et a|.,2001).

Analysis of HSV latency revealed that both of the GKO strains had a -4-fold greater

proportion of latently infected ganglia than wild type controls. Comparable levels of

latently infected ganglia onthe side ipsilateral to the site of infection in CDld and Jo18

GKO mice indicate that CDld-restricted NKT cells have an important role in determining

the level of latent infection in convalescing mice. This effect is probably due to the effect

of the cells in limiting virus replication, as others have demonstrated in mice and guinea

pigs that the size of the peripheral inoculum, the extent of initial ganglionic replication and
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the number of latently infected neurons are all directly related (reviewed by (Koelle et al.,

2003)). The results indicate that an additional vital role of NKT cells is in the protection of

the central nervous system against invasion by the virus. In this study, the "footprint" left

by the virus in the contralateral DRG, in the form of LATs-producing neurons, indicates

that virus crossing the central nervous system is unusual in immuno-competent mice, but

that it is a regular occuffence in mice lacking CDld and/or Type I NKT cells. These

findings probably explain the frequent observation of hind leg paralysis in infected mice of

both GKO strains.

Finally, when LAT* neurons per LAT* DRG were analysed, there was no significant

difference in the numbers in either of the GKO strains and those in the C57BL6 wt mice.

Given the higher infectious virus numbers in the DRG from the GKO mice during acute

infection, and the greater numbers of neurons containing viral antigens, the most likely

explanation for the similarity in latency is that most of the infected neurons in the GKO

mice are destroyed by the infection. This is consistent with the appearance of neuronal

vacuolation and "drop-out" in histological sections of DRG from acutely infected GKO

mice. However, fuither study is required to show this directly and to examine the

possibility that LAT-negative latency might be established in these immuno-def,rcient

mlce.

In conclusion, Type I NKT cells play an important role in controlling viral replication and

virus clearance from the DRG in acute productive HSV-I infections in mice. Consistent

with this, there was greater distribution of HSV-antigen positive neurons and Schwann

cells in the DRG of GKO mice than in control mice during productive infection.

Fufthermore, neurons in the DRG of CDld and Jcl18 GKO mice were destroyed during the

acute infection. During convalescence, a greater proportion of ganglia in GKO were found

to be LAT-positive than in controls, on sides both ipsilateral and contralateral to the

inoculation site. The latter findings indicate that there is greater invasion of the central

nervous system in mice that lack CDld-restricted NKT cells. The f,rndings indicate that the

effectiveness of the immune response during the acute infection has a direct effect on the

subsequent level of latency. As the observations in CDld and Jo18 GKO mice were

comparable, the effects are attributable to a lack of Type I NKT cells in both strains and to

the effects of these cells in the anti-viral immune response.
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Chapter 5

Dynamics of NKT cells during acute

HSV-I infection
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5.1 Introduction

As discussed earlier, Type I NKT cells express invariant Vu14-J418 TCR a-chains

and TCR B-chains that are biased heavily toward 8V8.2, -7 or -2, together with the NK cell

marker NKl.l (CD161). A hallmark of NKT cells is their capacity to produce copious

amounts of cytokines quickly in response to TCR engagement. They recognise and

respond to glycolipid antigens presented in the context of CDld. After stimulation, NKT

cells produce large amounts of IL-4 and IFN-"y and the production of these cytokines

appears critical for their involvement in a diverse range of immune responses, including

autoimmunity, allergy, infection and tumour rejectiorVdestruction (Brigl et al., 2004,

Godfrey et al., 2004a, Kronenber g, 2005).

The marker of choice for identification of NKT cells in tissues has traditionally

been the NK1.1 molecule, used in conjunction with the opTCR (Hammond et al., 1999).

More recently, tetrameric complexes of CDld loaded with o-galactosylceramide (o-

GalCer) have been used to identifyNKT cells. These complexes bind stably and selectively

to NKT cells expressing the invariant Vcr14-Jo18 TCR o-chain in mice or Yu24-JuQ TCR

in humans. Cells prepared from TCR Ja18 GKO and CDld GKO mice, which lack Type I

NKT cells, do not bind the cr-GalCer-loaded CDld tetramers (Matsuda et al., 2000)

(Benlagha et al., 2000).

An analysis of the tissue distribution of cells that bind o-GalCer-loaded CDld

tetramers revealed that NKT cells populate the liver, spleen, thymus, bone marrow, and

peripheral lymph nodes and are also present among intraepithelial lymphocytes

(Hammond et a1.,2001), In mice, invariantCD4* or CD4 CD8- double negative (DN)

NKT cells were most frequent (20-30%) among liver lymphocytes (Emoto et a1.,2000). In

thymus, bone marrow, spleen, lymph nodes, and intraepithelial lymphocytes, they

constitute between 0.4o/o and 2o/o of the total lymphocyte population (Hammond et al.,

1999,Hammond et aL.,2001, Matsuda et a|.,2000).

Most studies of NKT cell activation have employed stimulation by a-GalCer. This

compound, bound to CD1d, forms a complex that is bound strongly by the NKT cell TCR,

leading to potent and selective stimulation of invariant NKT cells (Brossay et al., 1998,

Burdin et a\.,1998, Kawaîo et a\.,1997) (Sidobre et a\.,2002). A number of studies have
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demonstrated that soon after activation (within 8-12h), NKT cells become undetectable

(Daniels et al.,200l,Eberl et a\.,1998, Eberl et al.,2000b, Fujii er a|.,2002, Hobbs et al.,

200I, Kirby et aL.,2002, Matsuda et a\.,2000) by staining with anti- NKl.1 antibodies.

This apparent demise of NKT cells has been observed following stimulation in vlvo with

anti-CD3 antibodies (Eberl et al. , 1998) or o-GalCer (Eberl et a|.,2000b, Fujii er aL.,2002,

Matsuda et a1.,2000), administration of lL-I2 in vivo (Eberl et al., 1998), and in the

setting of viral (Daniels et aL.,2007, Hobbs et aL.,2001) and bacterial infections (Kirby ef

at.,2002). The loss of NKl.1* T cells has been correlated with increased apoptosis and

increased expression of Fas and FasL by the remaining NKT cells (Eberl et al., 1998,

Leite-de-Moraes et a\.,2000), suggesting that the NKT subset is exquisitely sensitive to

Fas-mediated activation induced cell death (AICD).

According to this model, the loss of TCR\K1.l* cells in liver and spleen is

followed quickly by re-population from extra-thymic homeostatic proliferation of an NKT

cell reservoir in the bone marrow (V/ilson et a1.,2003). Perhaps the most surprising

consequence of NKT cell stimulation is this subsequent recurrence of NKT cells, usually

within 2-3 days of stimulation (Eberl et a\.,1998). However, apparcnt loss of NKT cells

after aclivalion occurs also in mice lacking the pre-apoptotic Bcl-2 family member Bim

(Crowe et aL.,2003), which controls death of conventional T cells and contraction of the T

cell pool after Ag-induced expansion (Hildeman et al., 2002, Pellegrini et al., 2003).

Furthermore, in vitro stimulation of NKT cells does not lead to rapid death, but instead

results in the proliferation of the cells and down-regulation of NKl.1 from the cell surface

(Chen et al., 1997). Three recent studies have shown that disappearance of NKT cells is

due mainly to the transient down-regulation of cell surface expression of TCR and NKl.1

following NKT cell activation, followed by re-expression of the molecules (Crowe et al.,

2003,Harada et a\.,2004, Wilson et aL.,2003).It appears, therefore, that loss of NKT cells

after activation is probably more appffent than real and this needs to be considered in

studies of NKT cell dynamics during immune responses.

Because the findings from CDld GKO and Ja18 GKO mice indicate that NKT

cells play an important role in resistance to HSV-I infection, the next step was to

investigate the effect of infection on NKT cell numbers in the regional lymph nodes, liver

and other organs of wt C57BL6 mice.
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5.2 Results

5.2.1 NKT cells: frequencv and tissue durins acute HSV-I infection

In mice, in vivo activation of NKT cells by the canonical ligand o-GalCer leads to rapid

and dramatic changes in the expression of cell surface receptors (reviewed by

(Kronenberg,2002)). The cells down-regulate expression of the TCR receptor and NKl.1

(86 background), leading to an apparent decrease in the frequency of NKT cells (V/ilson

et a1.,2003) (Crowe et a1.,2003). However, these changes in phenotype are probably

indicative of activation and can be used as an indication of recent stimulation. This study

was undertaken to investigate whether this activated phenotype is expressed by NKT cells

during infection with HSV-1. Wild-type C57BL6 mice (6-8 weeks old) were inoculated on

the flank with the standard dose of HSV-I, SC16 (1x106 pfu) and estimates were made of

the frequency of NKT cells in the axillary lymph node (draining lymph node), the liver and

the spleen.

NKT cells were identified by dual colour direct immuno-fluorescence, using anti-oBTCR

and anti-NKl.l antibodies (Benlagha et a1.,2000, Matsuda et a1.,2000, Stanic et al.,

2003). The gating used for analysis of lymphocytes is shown in Figure 5.14 and Figures

5.18-D illustrate the levels of binding of isotype matched control conjugates (Figure 5.18)

and specific anti-opTCR (FITC, Figure 5.lC) and anti-NKl.1 (PE, Figure 5.1D)

antibodies. Invariant NKT cells were detected specifically by staining with anti-oBTCR

(FITC) and CDld tetramer loaded with cr-GalCer (PE-CD1d/o-GalCer). PE-CD1d tetramer

loaded with vehicle and not s-GalCer was used as a negative control in all experiments

and the clear signal obtained ftom a minority of liver T cells (Figure 5.3) attests to specific

binding to the invariant subset of NKT cells.

As shown in Figure 5.2, NKl.1* cells from normal liver can be subdivided into NKl,1*

TCR- (NK cells) and NKl.t* tCR* (NKT cells) subsets. NKT cells constituted 12% of

gated liver lymphocltes. The mean fluorescence intensity of staining of the NKT cells by

the anti-TCR antibody was lower than the staining of the classical T cells.
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Five days after infection with HSV-I, the proportion of NKl.t* TCR* cells decreased to

approx. 8% of total lymphocytes. This was accompanied by the appearance of a subset of

NKT cells (Figure 5.2, see arrow) that express either low levels of NKl.1 or levels that are

within the range of auto-fluorescence (NKl.1lo/- cells). This population was not detectable

in cells stained with the isotype-matched control antibody, indicating that most of the cells

continued to express low levels of NKl.1. Inclusion of all NKl.1lof opTCR. cells raises

the proportion of "NKT cells", indicating that the apparent loss of NKT cells is due mainly

to a considerable proportion of them assuming an activated phenotype. By day 7 post-

infection, the proportion of NKT cells had increased to approximately 20o/o of all liver

lymphocytes (percentages represent means for results obtained of 5 individual mice).

Some of these NKT cells retained the NKl.llo/- phenotype, suggesting that they were

activated. At this time, the proportion of NK cells had retumed to pre-infection levels.

During the apparent decline in NKT cells at day 5 after infection, there was a marked

increase in the proportion of NKl.1+ opTCR- cells Q.{K cells), from approx. SYo in normal

mice to approx. 18Yo in the infected mice. The proportion of NK cells had returned to pre-

infection levels by day 7 after infection.

CDld/a-GalCer tetramers are extremely useful because they allow NKT cells to be

identif,red in a way that is independent of expression of NKl.1. To investigate invariant

NKT cells specifically, hepatic lymphocytes were stained with anti oBTCR* antibody and

CDld/G-GalCer tetramer (Figure 5.3). CDld tetramers that had not been loaded with o-

GalCer were used as a negative control. Approximately lIYo of liver lymphocytes from

normal mice bound CDld/cr-GalCer tetramers (Figure 5.3). The labelled cells all expressed

the opTCR and as in the case of T cells stained with anti-NKl.1 (Figure 5.2), the cells that

bound teramer expressed lower levels of TCR than the classical T cells.

Within one day after infection, the proportion of CDld/o-GalCer tetramer+ NKT cells had

declined to 5.4%o of total liver lymphocytes. In the same time, numbers of total liver

lymphocytes were essentially unchanged (Figure 5.4), leading to a significant decrease in

the numbers of Type I NKT cells (Figure 5.48). This suggests loss of Type I NKT cells,

either by apoptosis or by cell migration.
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Figure 5.1 Gating of lymphocytes for flow cytometric analysis of NKT cells and

specificify controls for the anti-apTCR and anti-NKl.l antibodies.

Spleen cells analysed by flow cytometry. The lymphocytes were gated as shown on the

basis of their forward light scatter (FSC) and side scatter of light (SSC) characteristics (A).

After labelling, the cells were fixed so that samples from all time points and each organ

(lymph nodes, spleen and liver) could be analysed under identical flow clometer settings.

(B) Splenocytes labelled with immunoglobulin isotype controls for the anti-opTCR

and anti-NKl. 1 antibodies

(C) Splenocytes labelled with the anti-upTCR antibody and the isotype-matched

control for the anti-NKl.1 antibody.

(D)Splenocytes labelled with anti-NKl.1 antibody and the isotype-matched control

for the anti UpTCR antibody.

C
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By day 5 post-infection, the proportion of CDld/o-GalCer tetramer+ NKT cells had

retumed to normal (Fig.5.3) and because the total number of liver lymphocytes had

doubled (Figure 5.44), there was a similar increase in Type I NKT cells (Figure 5.48).

Liver lymphocytes had declined by day 7 and despite an increase in the proportion of
CDld/s-GalCer tetramer* NKT cells, the number of these cells had returned to normal

(Figures 5.3 and 5.4).

In the spleens of normal mice, approx. 2Yo of the lymphocytes expressed the oBTCR and

NKl.l (Figure 5.5). By 1 day after infection, the proportion of opTCR* NK1.1* T cells

had declined to 0.8%. The proportion of oBTCR* NKl.1* T cells had returned to normal

by day 7 post-infection. The frequency of NK cells (NK1.1* cTBTCR-) remained unchanged

throughout the course of infection.

In normal spleen, approx. 3% cells of the cells were labelled with CDld tetramers loaded

with cr-GalCer (Figure 5.6). This proportion had decreased 2-fold by day 1 after infection

and by approx. 4-fold by day 5. The proportion of CDld/a-GalCer tetramer* cells was still

3-fold less than normal by day 7 afte'r infection. Total spleen cells did not vary greatly

during the course of the infection (Figure 5.74). There was therefore, also a significant

decrease in the numbers of CDld/s-GalCer tetramer+ cells throughout period after

infection (Figure 5.78).

The kinetics of NKT cells in the axillary LNs are of particular interest, because these

lymph nodes drain the site of infection and are, therefore, the most likely site from which

the protective immune response against the HSV-1 infection is launched. NKl.1* cTBTCR*

T cells constitute less than l%o of the cells in the LNs from normal mice, while NKl.ln
crpTCR NK cells make up approx. 1.6% (Figure 5.8). Five days after infection, the

proportion of NKT cells had declined to approx. 0.4%obut a subset of NKl.llo^ cTBTCR*

cells had appeared. NKT cells had recovered to slightly higher than pre-infection levels by

day 7 after infection. NK cells remained constant aT day 5 after infection and increased

approx. 2-foldby day 7.
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Figure 5.2. Effects of HSV-I infection on the proportions of NKT and NK cells in

the liver of C57BL6 mice.

Mice were infected with lxl0u pfu of HSV-I, strain SC16. At the times indicated,

mononuclear leucocytes were isolated from the liver and subjected to flow cytometric

analysis after labelling with FlTC-conjugated anti-opTCR and PE-conjugated anti-NKl.1

antibodies. The percentages of NK and NKT cells are indicated in the upper left and upper

right quadrants, respectively. The arrow indicates a subset of NKl.1to^ aBTCR* cells. The

data were obtained by collection of 100 000 events per sample and are representative of
the results obtained from 5 mice per group.
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Figure 5.3. Population dynamics of Type 1 NKT cells in the liver after infection

with HSV-I. Representative plots from flow cytometric analysis of liver mononuclear

cells from mice infected with 1x106 pfu HSV-I, strain SC16. At the indicated times MNCs

were isolated from the liver, labelled with FlTC-conjugated anti-aBTCR and PE-

conjugated CDld/a-GalCer tetramer, and analysed by flow cytometry.. The boxes indicate

the CDld/o-GalCer tetramer+ NKT cells, and the percentages indicate the events within

the box as a proportion of the total gated events (100,000 events). The data are

representative of the results obtained from the 5 mice in each goup.
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Figure 5.4 Effects of HSV-I infection on the total number of liver MNCs and Type

l NKT cells.

Liver mononuclear cells were obtained from age matched uninfected (day 0) and HSV-I

infected C57BL6 mice. Mice were killed at indicated time points and livers were analysed

for the presence of total mononuclear cells (A) and oPTCR+/CDld/o-GalCer tetramer+

cells (B). Absolute numbers of NKT cells were calculated from the flow cytometric data.

Data points represent values obtained from individual mice and bars represent mean

values. Data were analysed statistically employing the Kruskall-Wallis Test and * denotes

p value < 0.005.
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Figure 5.5 NKT cell population dynamics in the spleen after HSV-I infection of

C57BL6 mice.

Mice were infected with 1x10u pfu HSV-I, strain SC16, and, at the times indicated,

splenocytes were isolated and subjected to flow cytometric analysis with FlTC-conjugated

anti-opTCR and PE-conjugated anti-NKl.1. The percentages of NK and NKT cells are

indicated in the upper left and upper right quadrants, respectively. Data are representative

of the 5 mice in each group and represent analysis of 250 000 events.
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Figure 5.6. Population dynamics of Type I NKT cells in the spleen after infection

with HSV-I. Representative plots from flow cytometric analysis of spleen cells from mice

infected with 1x106 pfu HSV-I, strain SC16. At the times indicated, splenocytes were

isolated and stained with FlTC-conjugated anti-upTCR and PE-conjugated CDld/o-

GalCer tetramer. The boxes indicate the NKT cells, and the percentages indicate the events

within the box as a proportion of the total gated events (250,000 events). The data are

representative of the results obtained from the 5 mice in each group.
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'When Type 1 NKT cells were estimated by staining with CDld tetramers loaded with o-

GalCer (Figure 5.9), they accounted for a proportion (0.8%) similar to that identifìed by

anti-NKl.1 antibodies (Figure 5.8). The proportion of CDld/u-GalCer tetramer+ NKT

cells decreased progressively during the course of the infection, reaching 0.22% at day 5

and 0.l3Yo at day 7 (Figure 5.9). However, following infection, there was marked

hypertrophy of the axillary LNs, with a2.5 fold increase in cellularity by day 1, reaching

approx. 30 fold by days 5 and 7 (Figure 5.104). As a consequence, the decline in the

proportion of NKT cells is seen to reflect dilution by the overall increase in cell contents of

the LNs. In fact, the numbers of Type 1 NKT cells increased 9-fold by day 5 after

infection and was still 4-fold greater than normal at day 7 (Figure 5.108). This could

reflect proliferation of the cells andlor recruitment from other sources. The presence of

NKl.ltor opTCR* at day 5 after infection (Figure 5.8) suggests that at least some of the

NKT cells in the draining lymph node were activated.

5.3 Discussion

Although a number of studies have shown that NKT cells play a key role in a variety of

immune responses (reviewed by (Kronenberg, 2005)), the biology of these cells remains

aî area of active investigation. The response of the cells to stimulation is of particular

interest. Current theories suggest that quickly after activation, NKT cells down-regulate

the cell surface molecules NKl.1 and cTBTCR and produce large amounts of cytokines,

which in turn activate a variety of other cell types, including NK cells, DC, B cells and

conventional T cells (Kronenberg, 2005). Although a fraction of NKT cells activated in

this manner undergoes AICD, a signif,rcant pool of NKT cells persists and undergoes

robust proliferation, resulting in significant expansion 2-3 days after the initial stimulation

with cr-GalCer (Wilson et aL.,2003) (Crowe et a|.,2003). This expanded population has

down-regulated expression of NKl.l and has the phenotype NK1.1- or NKl,llo*.
Homeostatic mechanisms appear to control the size of the NKT cell population, which

remains slightly expanded 7 days after activation. In vivo activation of NKT cells

resembles the in vitro behaviour of these cells, and also demonstrates their capacity to

exhibit "memory" for encounters with ü-GalCer (Burdin et al., 1999, Fujii et a1.,2002,

Singh et a|.,1999).
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Figure 5.7 Effects of HSV-I infection on the total number of splenocytes and

kinetics of NKT cells.

Splenocytes were obtained from age matched uninfected (day 0) and HSV-I infected

C57BL6 mice. Mice were killed at indicated time points and spleens were analysed for

total lymphocytes (A) and oBtCR*/CD1d/o-GalCer tetramer* cells (B). Absolute numbers

of NKT cells were calculated from the flow cytometric data. Data points represent values

obtained from individual mice and bars represent mean values. Data were analysed

statistically employing the Kruskall-Wallis Test. **p < 0.001, *p <0.005.
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Figure 5.8. NKT cell population dynamics in the axillary lymph nodes of C57BL6

mice after HSV-I infection.

Mice were infected with 1x10ó pfu HSV-1, strain SCl6, and at the indicated, lymphocytes

were isolated from the axillary lymph nodes. The cells were stained with FlTC-conjugated

anti-opTCR and PE-conjugated anti-NKl.1 and subjected to flow cytometric analysis. The

percentages of NK and NKT cells are indicated in the upper left and upper right quadrants,

respectively. Data are representative of the 5 mice in each group and represent analysis of
250 000 events.
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Figure 5.9. Population dynamics of Type I NKT cells in the axillary lymph nodes

after infection with HSV-I.

Representative plots from flow cytometric analysis of lymph node cells from mice infected

with 1xl06 pfu HSV-I, strain SC16. At the times indicated, cells were isolated, and stained

with FlTC-conjugated anti-upTCR and PE-conjugated CDldlu-GalCer tetramer. The

boxes indicate the NKT cells, and the percentages indicate the events within the box as a

proportion of the total gated events (250,000 events). The data are representative of the

results obtained from the 5 mice in each group.

176



Total lymphocyte numbers in LN during
acute HSV-1 infectionA

40

35 a
s
a :

a
30

o)E
x
o220
ã

ã15o

10

5

0

0

0.1

009

008

0.07

0,06

005

0.04

003

002

0,0'l

0

I
2 4

Days pos infection

Absolute numbers of CDld/a-GalGer tetramer' apTCR'
cells in LN during acute HSV-1 infection

a
I

34
Days poS infection

3 5 6 7

*
.:
a

a
a

a

B

o
x

oâ
E
f

FYz
d
oF

0 5 o

Figure 5.10. Numbers of total lymphocytes and absolute numbers of NKT cells

present in axillary lymph nodes in response to acute HSV-I infection.

Groups of mice were infected by scarification of the left flank with 5x10s pfu HSV-I,

strain SC16. Axillary lymph node (LN) lymphocytes were obtained from uninfected

C57BL6 mice (day 0) and age matched mice infected mice. Mice were killed 1,5,7 and9

days after infection and axillary LNs were analysed for the presence of total lymphocytes

(A) and oPTCR*/CD1d/o-GalCer tetramer* cells (B). Data points represent values obtained

from individual mice and bars represent mean values. Data were analysed statistically

employing the Kruskall-Wallis Test. *p <0.005.
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In the study described in this chapter, the dynamics of NKT cells were examined during an

acute HSV infection. In the axillary lymph node, draining the site of infection, the

percentage of detectable oBTCR* NK1.1* NKT cells decreased at the peak of HSV-I

infection but returned to above normal levels by the end of the experimental period (day

lp.i.).Staining with CDld tetramer revealed sustained reduction in the proportion of

CDld tetramer* invariant NKT cells throughout the experimental period. This apparent

"disappearaîce" of invariant NKT cells may be due to activation, as observed in other

studies (Wilson et a\.,2003). NKT cells have been shown to down-regulate surface TCR

after activation, and are thus no longer detectable by staining with u-GalCer-loaded CDld

tetramers. Thus, rather than suggesting "loss" of NKT cells, the results may be consistent

with activation of the cells in response to infection with HSV-1. Furthermore, non-specific

recruitment of lymphocytes into the lymph nodes by inflammatory signals is also a likely

contributing factor, as total lymph node cell numbers increased by -7 fold at day 5 p.i.. In

fact, when allowance is made for the greater total cell numbers, there was a net increase in

cells stained by CDld tetramer.

Overall, the latter observation, together with the possibility that invariant NKT cells down-

regulate TCR after activation, suggests that the numbers enumerated may considerably

under-estimate the total numbers of invariant NKT cells in the regional lymph nodes

during HSV-1 infection. The increase in local NKT cells could be due to local

proliferation, recruitment from the skin via the afferent lymphatics and/or recruitment from

other sites such as the spleen and the liver. Thus, the axillary lymph nodes, draining the

site of skin infection, may act as a key site for immunological interaction between NKT

cells and HSV-1 antigens. Since these lymph nodes are also the site at which virus-specific

cytotoxic CD8* T cells are generated, they may also be an important site where cytokines

released by NKT cells can facilitate the production of the specific anti-viral immune

response. A plausible hypothesis is that HSV-1 infection results in NKT cell activation in

the axillary lymph nodes, leading to a rapid production of cltokines and activation of

cytotoxic T cells, which in turn are recruited to the PNS where they are essential for virus

clearance. It will be important in future studies to compare numbers of virus-specif,rc CD8*

T cells in the regional lymph nodes of wt mice and NKT cell-deficient mice.
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Observations on lymphocytes prepared from liver and spleen also showed effects of HSV-

1 infection on NKT cells. Soon after HSV-I infection, there was a transient reduction in

novel subset of NKl.llo* oBTCR* cells, suggesting that some NKT cells had down-

regulated expression of the NKl.1 molecule. Nevertheless, the proportion of NK1.1*

opTCR. cells had recovered to -20Yo by day 7 p.i. When total recovery of lymphocytes

from the liver is taken into account, there was essentially no change in the absolute

numbers of NKl.1* upTCR* cells during the course of infection. There was also a decline

in the proportion of liver lymphocytes stained with CDld tetramer, especially at day 1 p.i.

(5.4% versus LLYo in normal liver). The proportions of cells stained with the tetramer

returned to near normal at days 5 and 7 p.i. When total numbers of cells stained with the

teramer were calculated, there was a small but significant decline in stained cells by day 1

p.i., followed by a2-fold increase by day 5 p.i. Thus, important changes in the liver NKT

cell population include down-regulation of NKl.1 by day 5 p.i., decrease in cells stained

by tetramer by day 1 p.i. (possibly indicating down-regulation of the TCR) and a transient

net increase in Type 1 NKT cells by day 5 p.i. Further studies will be needed to examine

the mechanism of the effects of the virus on the liver NKT cells, As this is likely to be a

dynamic system, the contributions of migration of cells to and from the liver, a possible

expansion within the liver, all require assessment. It is known that activated T cells are

recruited to the liver (reviewed by(Park et a1.,2002)) and it is possible that some of the

liver NKT cells during infection are recruited from the regional lymph nodes via the blood.

However, virus may reach the liver and induce activation andlor proliferation and the liver

equally may contribute NKT cells to the periphery. A recent study has shown that

cutaneous sensitisation for contact sensitivity (CS) leads to rapidly activation of invariant

NKT cells in the liver (Campos ef a\.,2003). Va14* NKT cells were found to be important

in the initiation of CS and that their activation in the liver stimulated B-1 cells to produce

IgM antibodies rapidly after immunization. However, as in the work described herein, the

origin of the activated NKT cells in the liver was not examined directly.

These findings are similar to others reported from earlier studies. As discussed earlier,

down-regulation of cell surface markers on NKT cells follows in vivo antigenic stimulation

and TCR engagement (Wilson et a\.,2003) (Crowe et aL.,2003). This phenomenon could

explain some of the phenotypic characteristics of liver NKT cells during HSV-1 infection.

TCR down-regulation after antigenic stimulation is a well established phenomenon for

conventional T cells and may be a means for protecting T cells against over-stimulation
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and AICD (Cai et al., 1997, Schonrich et al., 1991). Similarly, TCR down-regulation by

NKT cells may protect these cells against over-stimulation and protect the host against

extensive inflammation and resulting tissue damage (V/ilson et aL.,2003). Previous studies

have shown that uncontrolled NKT cell responses can cause liver damage (Takeda, 2000)

(Osman et a|.,2000) and induce abortions in mice (lto et aL.,2000). TCR down-regulation

may provide a mechanism to avoid these undesirable consequences of NKT activation

during HSV-1 infection and to rescue these cells from AICD ('Wilson et a|.,2003).

In the spleen, cells attained for the surface markers NK1.1 and opTCR declined -2-fold by

day 5 p.i., returning to normal levels by day 7 p.i.Because total spleen cell numbers

remained relatively constant, this suggests a decrease in the total NK1.i* oBTCR* cells at

day 5 p.i. This decrease was due, at least in part, to down-regulation of NKl.1 by a large

proportion of the splenic NKT cells. However, caÍe must be taken in interpreting the

results because classical T lymphocytes are reported to up-regulate cell surface expression

of NK1.1. following virus infections (Slifka et a1.,2000) (Kambayashi et al., 2000). Cells

stained by o-GalCer-loaded CDld tetramer showed a markedly different picture. The

proportion of cells labelled by the tetramer declined to half by day i p.i. and decreased

fuither by days 7 and 9 p.i. In terms of total Type 1 NKT cells in the spleen, there was a

sustained decrease from day 1 p.i., reaching -25% of normal by day 5 p.i. While it is
plausible that the apparent decline in total Type 1 NKT cells in the liver is due down-

regulation of the TCR by these cells, the failure to return to normal levels by the

completion of the study suggests actual loss from the spleen. If this is the case, it could

suggest that splenic NKT cells undergo AICD during the HSV-I infection. A long-term

loss of NKT cells has been reported previously in the setting of other viral infections such

as LCMV (Lin et al., 2005) and HIV (Sandberg et a1.,2002). Howevet, in the case of

LCMV infection, the loss of NKT cells appears to be due to direct infection of NKT cells

by LCMV. Whether HSV is also able to infect NKT cells is unknown, but it remains to be

investigated. A final possibility that warrants investigation is that the spleen serves as a

reservoir of Type 1 NKT cells and that inflammatory signals, released during infection,

lead to mobilisation of the cells to peripheral sites, via the blood.

NKT-cell population appears to be quite dynamic in response to a range of pathogens and

other disease processes. This study presents evidence that suggests that the response of
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NKT cells during HSV infection is no less dynamic. More detailed studies are needed to

assess the contributions of receptor down-regulation, AICD, cell proliferation, cell export,

and cell recruitment, to the dynamics of NKT cells at each of the sites that were

investigated. Furthermore, the possibility that NKT cells are activated at distant sites, such

as the liver and spleen, as well as in the draining lymph nodes, deserves investigation with

respect to dissemination of free virus by haematogenous routes andlor carriage of viral

components by dendritic cells. Most impoftantly, it is vital to understand patterns of traffrc

of resting and activated NKT cells under ambient conditions and in response to infection

with HSV-I. It is possible that a complex pattern of signalling and traffic assists in the

delivery of NKT cells to sites of induction of anti-viral immune responses and delivery of
anti-viral effector cells. The studies described herein provide insights into how a normally

rare population of cells has the ability to regulate the protective immune response to HSV-

1. A better understanding of these cells during HSV-1 infections should provide valuable

clues for targeting NKT cells in pursuit of new therapeutic strategies.
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Chapter 6

Adoptive transfer of l{KT cells and

therapeutic effects of u-Galactosyl Ceramide on primary

HSV-1 infection
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6.1 Introduction

To demonstrate unequivocally that NKT cells play a critical role in host defence against

HSV-I infections, the first aim of the work described in this Chapter was to examine the

effects of transferring NKT cells adoptively from wild type mice to Jol8 GKO mice. The

second aim was to assess the effect of activating the invariant NKT cells with o-GalCer

prior to infection with HSV-1.

As shown in Chapters 3 and 4, JalS GKO and CDld GKO mice are more susceptible to

HSV-I infection than C57BL6 wt mice, suggesting that NKT cells have an impoftant role

in preventing the replication of HSV-1. As the only reported difference between the wt and

Jol8 GKO mice is the presence of CDld-restricted invariant Vo14 NKT cells (Benlagha et

a|.,2000, Cui et al.,1997, Matsuda et a|.,2000), the next step in this study was to attempt

to restore protection in Jo,18 GKO recipients by adoptively transferring invariant NKT
cells. Adoptive transfer studies have been used by other investigators to demonstrate the

role of NKT cells in immunity to Lìsteria monocytogenes (Ranson et a\.,2005), resistance

to immune-mediated colitis (Shibolet et a|.,2004) and protection against tumours (Crowe

et a|.,2002) (Crowe et aL.,2005).

Both human and mouse invariant NKT cells recognise the glycosphingolipid antigen cr-

Galactosyl Ceramide (o-GalCer) when presented by CDld (Brossay et a1.,1998, Kawano

et al., 1997). cr-GalCer, the most studied ligand of invariant NKT cells, is a high potency

agonist that is derived from the marine sponge Agelas mauritianus (Morita et al., 1995).

However, its patho-physiological significance in mammals remains unclear. Because

Sphingomonas species have glycosphingolipids similar to o-GalCer and live in seawater, it
has been speculated that bacteria harboured by the sponge may have been the source of cr-

GalCer in the original sample (Kinjo et aL.,2005). The compound has since been produced

synthetically, but the single galactose linked to the lipid is found naturally. Other known

ligands, which stimulate only relatively small populations of invariant Vo14 NKT cells,

include a bacterial phospholipid (PIM4) and a tumour-derived ganglioside (GD3) (Fischer

et a|.,2004,Wu et aL.,2005). The C-linked analogue of q,-GalCer (Yang et a\.,2004) and

u-GalCer analogues with different lipid chain lengths (Goff et a1.,2004) have also been

reported to have significant activities toward NKT cells.
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Following stimulation by o-GalCer, either in vitro or in vivo, invariant NKT cells display

an activated/memory phenotype and respond quickly by secreting several regulatory

cytokines, such as IL-4, IFN-y and IL-10 (reviewed by (Godfrey et al., 2000)).

Furthermore, in vivo administration of o-GalCer induces invariant NKT cells to secrete

either a Thl- or Th2-like profile of cytokines, leading in tum to polarisation of the ensuing

immune response towards either aTh2 (Yoshimoto et al., 1995b) (Singh et aL.,1999) or

Thl direction (Hermans et a|.,2003, Stober et aL.,2003). Activation of NKT cells can set

off a cascade of events, modifying the behaviour of a variety of cells belonging to the

innate and adaptive immune systems, such as NK cells, DCs, and T cells (Eberl et al.,

2000a, Eberl et a|.,2000b, Smy'th et aL.,2002b, Stetson et a|.,2003).

The immunomodulatory properties of NKT cells have been exploited successfully for

experimental prophylactic and therapeutic pulposes, as exemplified by the capacity of
repeated c¿-GalCer injections to prevent tumour metastases (Hayakawa et al., 2003,

Hayakawa et al., 2002, Smyth et al., 2002b) and to protect susceptible mice against

autoimmune diseases such as type I diabetes (Hong et a1.,200I, Naumov et a1.,2001,

Sharif et a1.,2001) and EAE (Miyamoto et a1.,2001, Singh et a1.,2001). In a number of

studies, activation of invariant NKT cells with o,-GalCer enhanced the protective responses

against microbial infections such as RSV, hepatitis B virus, malaria, T. cruzi, MCMV and

EMCV-D (Exley et al., 200Ia, Gonzalez-Aseguinolaza et al., 2000, Gonzalez-

Aseguinolaza et al., 2002, Johnson et a1.,2002, Kakimi, 2000, van Dommelen et al.,

2003). Given the role of NKT cells in the pathogenesis of HSV-I, it is possible that s-

GalCer activated NKT cells might inhibit viral replication during the course of primary

infection with HSV-1.

6.2 Results

6.2.1 Assessment of lesions

The effects of treatments on development of zosteriform lesions in HSV-1 infected mice

was assessed using the following severity score system (Figure 6.1). Animals that did not

develop any herpetic vesicles or zosteriform lesions were given a score of 0. Mice that had

developed less than 3 vesicles in the field usually affected by zosteriform lesions were
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deemed to have lesions of mild severity and were given a score of l. Mice that developed

>3 number of vesicles in this field had mild lesions and were given a score of 2., while

mice that have developed a full band-like zosteriform lesion were deemed to have severe

lesions and given a score of 3.

To ensure consistency and accuracy of results one person assigned scores throughout the

experimentation. In order to ensure unbiased scoring that person was kept unaware of the

treatment that mice had received. It is important to note that the scoring system

implemented in these studies is different that the system employed in Chapters 3 and 4

where only animals that developed full band-like zosters were assessed and their lesion

width measured.

6.2.2 Adontive transfer of HSV-I resistance to Ja18 GKO mice bv snleen cells from

C57BL6 wt mice.

The only genotypic difference between C57BL6 wt and Jul8 GKO mice is the presence of
CDld-restricted NKT cells. Therefore, if invariant NKT cells are important in control of
HSV-I, it should be possible to restore resistance in Jal8 GKO mice by adoptive transfer

of spleen or liver lymphocytes (containing NKT cells) from C51BL6 wt mice. Liver-

derived lymphocytes were used because of the relative abundance of NKT cells in the

liver, while the spleen provides large numbers of total lymphocytes.

Importantly, transfer of unsorted lymphocytes avoids the use of antibodies that might

affect function of NKT cells by engaging surface molecules or inducing clearance of the

cells i¡¿ vivo. In these experiments, 3x106 total liver lymphocytes or 3x107 total spleen

lymphocytes were transferred, amounting in each case to approx. 7.5x105 opTCR* NKl .1*

cells (determined by flow cytometry, Figure 6.3). The cells were transferred to Jsl8 GKO

recipients 1 day prior to infection with the standard dose of 1x106 PFU of HSV-I, strain

SCl6. DRG were collected 7 days p.i., for measurement of virus titres. Cohorts of Jol8
GKO mice injected with RPMI, and untreated wt C57BL6 mice, were infected with the

same dose of HSV-1 as controls.
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A

D

Figure 6.1. Scoring system for the assessment of zosteriform lesions. Mice were

infected with 1xl0u pfu of HSV-I, strain SC16 and their lesions were assessed daily

throughout the course of infection.

(A) Score 0: no apparent infection in the skin

(B) Score l: less than 3 herpetic vesicles. Mild.

(C) Score 2: more than 3 herpetic vesicles. Moderate.

(D) Score 3: full band-like zosteriform lesion. Severe.
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Figure 6.2 Effects of adoptive transfer of liver or spleen lymphocytes from C57BL6 wt

mice to Jol8 GKO mice on virus replication. Jsl8 GKO mice received either 3x106 liver

lymphocles or 3x107 splenocytes (in each case containing -7x10s NKT cells) 24h prior

to infection with 1x106 pfu of HSV-I, SC16. Control Js18 GKO mice received RPMI

only. Groups of 5 mice were used and Virus titres in DRG were analysed 7 days p.i. (mean

+ SD, n::5)

(A) Percentage of mice that showed detectable replicating HSV in DRG 7 days

p.i.

(B) Virus titres in DRG. The differences between the RPMl-treated Ja18 GKO

group and the groups receiving liver or spleen lymphocytes were

significant, using a Turkey-Kramer Multiple Comparisons test. r'p<1.05; **

p S.01
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In approximately 40%o of Jo18 GKO mice treated with liver lymphocytes from C57BL6 wt

donors, no replicating HSV-I was detected in the DRG, whereas replicating virus was

detected in all of the control Ja18 GKO mice (Figure 6.2A). This incidence of viral

replication was similar to that observed in the C57BL6 wt mice (Figure 6.2A).

Interestingly, none of the Jo18 GKO mice that received splenocytes had detectable

replicating HSV-I in the DRG (Figure 6.2A). Virus titres in DRG from Jol8 GKO mice

treated with wt liver lymphocytes were similar to those in infected C57BL6 wt mice

(Figure 6.28) and significantly lower (-100-fold) than in the ganglia from RPMI treated

Jol8 GKO mice (p<0.05). DRG from Ja18 GKO mice treated with wt splenocytes did not

contain replicating virus 7 days p.i. (Figure 6.28). Thus spleen cells were used in all

subsequent adoptive transfer experiments.

In a second experiment, groups of Jol8 GKO mice received 3x107 wt splenocytes from

either C57BL6 wt donors (NKT cell replete) or Jul8 GKO donors (similar numbers of
conventional lymphocytes but NKT cell def,rcient) 24hrs prior to infection with HSV-I,
thus controlling for the total number of lymphocytes transferred. A third group of Jo,18

GKO mice received an intravenous injection of only RPMI (vehicle). A group of C57BL6

mice was infected with HSV-1 for comparison. NKT cells typically constituted

approx.I.5-3% of C57BL6 wt splenocytes (Figure 6.3.4), thus delivering approx.7.5x10s

NKT cells (invariant and variant) to the recipients. NKT cells constitute only 0.7-0.8o/o of
splenocytes from Jol8 GKO mice (Figure 6.3.B).

As shown in Figure 6.4A, only 25Yo of Jo18 GKO mice that received wt splenocytes

developed lesions at day 7 p.i. In comparison, the incidence of zosteriform lesions was

-40% in C57BL6 wt mice and -70o/o in Jo18 GKO mice that received RPMI only. Jo,18

GKO mice that received splenocytes from Jol8 GKO donors remained highly susceptible

and the incidence of zosteriform lesions (-75%) was similar in these mice and in the

controls that received RPMI alone.

Analysis of the severity of skin lesions supported the eff,rcacy of spleen cells from wt

donors in protecting against HSV-1. Jo18 GKO mice that received normal splenocytes had

lesions of severity comparable with those observed in the C57BL6 wt mice (Figure 6.48).

In contrast, transfer of splenocytes from Jcll8 GKO had no effect on the severity of
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lesions. Lesions in these mice were indistinguishable from those in mice treated with

RPMI only (Figure 6.48).

In this experiment, virus titres in the skin and DRG were estimated 7 days p.i. Levels of

replicating virus in skin from Jo18 GKO mice that received wt splenocytes were similar to

those in infected C51BL6 wt mice and significantly lower (-10O-fold) than those present

in skin from Jal8 GKO mice that received RPMI only (p<0.01) (Figure 6.54). In contrast,

virus titres in skin from Jol8 GKO mice that received splenocytes from Jol8 GKO mice

were similar to those in the RPMI treated controls. Virus titres were also lower (10O-fold)

in DRG from Jul8 GKO mice that received normal splenocytes compared with controls

that received RPMI only (p<0.05) and were similar to the to those in C57BL6 mice (Figure

6.58). Many of mice that received normal splenocytes had no detectable virus in their

DRG, accounting for the large error bars in this group. In contrast, mice that received

RPMI only and mice that received splenocytes from Jo18 GKO mice had high levels of

replicating virus in the DRG (Figure 6.58). These data suggested strongly that the greater

resistance of Jo,18 GKO mice to HSV-I infection after adoptive transfer of normal

splenocytes was due to the transfer of CDld-restricted NKT cells.

6.2.3 Adoptive transfer of semi-purified NKT cells

To evaluate unambiguously the role for NKT cells in early protectionagainst HSV-I, a
number of attempts were made to purify the cells from spleen, using magnetic cell sorting

(Section 2.2.15).In each experiment, lymphocytes from 10 C57BL6 wt spleens (1.2 x10e

total cells) were pooled and stained with mAbs against NKl.1 and the upTCR. At each

step of the purification, an aliquot of cells was kept for analysis of purity by flow

cytometry. None of the experiments yielded a pure NKT cell preparation, but three

separate attempts produced increasing proportions and yield of NKT cells. The results of

these attempts at purification are shown in Figure 6.6, and the variations of technique are

explained in the legend.
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Figure 6.3. Dual colour flow cytometric analysis of splenocytes from C57BL6 wt mice

and Jo18 GKO mice. Splenocytes isolated from C57BL6 mice (A) and Js18 GKO mice

(B) were labelled with monoclonal antibodies against NKl.t and opTCR to identify NKT

cells.
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Figure 6.4 Incidence and severity of zosteriform lesions in mice infected with HSV-I

after adoptive transfer of splenocytes from C57BL6 wt donors. Twenty four hours prior to

infection, groups of Jal8 GKO mice received 3x107 splenocytes intravenously from either

C57BL6 wt or Jol8 GKO donors, while a control goup received vehicle alone (RPMI).

Zosteriform lesions were assessed on day 7 p.i. and the results represent the means from

data pooled from 4 independent experiments (n:: 5 per pool).

(A) Percentage of mice that have developed lesions of any magnitude (score 1,2 or 3)

(B) Severity of zosteriform lesions, assessed using a scoring system where: 0 indicates

absence of any signs of clinical diseases, 1-presence of less than 3 vesiculating lesions, 2-

presence of 3 or more vesiculating lesions, and score of 3 indicates a fulI band-like

zosteriform lesion (see legend Figure 6.1).
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Figure6.5 Virus titre in the skin (A) and ganglia (B) of JalS GKO and wt C57BL6

mice 7 days p.i.. Prior to infection with the standard dose of HSV-1, SC16, groups of Jo18

GKO mice received 3x107 splenocytes intravenously from either C57BL6or Ja18 GKO

donors, while control mice received vehicle alone (RPMI). The results (mean + SD)

represent pooled data from 4 independent experiments (n:: 3-6 per grouP, and 12-20 per

pool). The significance of differences between recipients of splenocytes and controls that

received RPMI only was determined using the Kruskall-Wallis test. *p 4.05; ** p S.01.
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The total number of NKT cell-enriched lymphocytes and NKT cells that were transferred

per recipient in each experiment was as follows:

. (a) 5% NKT; 95%T cells: 2.8 x104 NKT cells (Figure 6.64)

. (b) 20% NKT; 55% NK cells: 8x100 NKT cells (Figure 6.68)

. (c) 50% NKT; 35% NK cells: 1.5x l0s NKT cells (Figure 6.6C)

These preparations were transferred intravenously to groups of Jol8 GKO mice (4-10 per

group) one day prior to infection with HSV-I. A control group of Js18 GKO mice

received RPMI only. Viral titres were assessed in the skin and DRG 7 days p.i. Transfer of
these semi-pure prepffations of NKT cells reduced the levels of virus in the skin and DRG

significantly (Figure 6.7.). At day 7 p.i., mice that received2.S x104 NKT cells (5% NKT;

95% T cell) had a significant reduction of virus titre in both skin (p:0.01) and DRG

(p10.05), compared with respective titres in the RPMI treatred controls. The virus titres in

the recipients of enriched NKT cells were comparable to those observed in the C57BL6 wt

mice. In subsequent experiments, preparations were transferred that contained 20% NKT

cells plus 55% NK cells and 50% NKT cells plus 35% NK cells respectively (these

preparations contained 8x104 and 1.5x10s NKT cells per recipient, respectively). In both

experiments, adoptive transfer resulted in significant reduction in viral titres in the skin

and DRG of recipient miceT days p.i. (p<0.01 and p<0.05 respectively).
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Figure 6.6 Results of attempts to purify NKT cells from splenocytes obtained from

C57BL6 wt mice. Splenocytes were labelled with mAb directed against cell surface NKl.l
and oBTCR. NKT cells were selected positively using MACS magnetic beads (Section

2.2.rs).

(A) Total splenocytes were labelled with uBTCn*-f'nC antibody and positively

selected using o-FITC MACS beads. Purified aBTCR* cells were then labelled

with NKl.l-PE antibody and NKT cells were positively selected from aBTCR*

cells using a-PE MACS beads. Purified population contained 5% of NKT cells and

94o/oT cells.

(B)Using a different approach total splenocytes were labelled with NKl.l-PE
antibody and positively selected using cr-PE MACS beads. Purified NKl.l* cells

were then labelled with uBTCR*-FITC antibody and NKT cells were positively

selected using o-FITC MACS beads. Purified population contained 20% NKT cells

and 55o/o NK cells

(C)Total splenocytes were labelled with NKl.1-PE antibody and positively selected

using o-PE MACS beads. Purified NKl.1+ cells were then labelled with oBTCR+-

FITC antibody and NKT cells were positively selected using c-FITC MACS beads.

To remove any residual magnetically labelled cells which were non NK1.1*

o,pTCR*, the magnetic separation procedure was repeated and cells were separated

for the second time over a single LS* column. Semi-purified population containing

50% NKT cells and 35% NK cells

The absolute numbers of NKT cells that were transferred to each recipient were (A) 2.8

xl0a; (B) 8x104 (C) 1.5x 10s cells.
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Figure 6.7. Virus titres (mean + SD) in the skin (A) and dorsal root ganglia (B) of Jol8

GKO and C57BL6 wt mice 7 days p.i. Prior to infection with the standard dose of HSV-I,

SC16, groups (4 to l0 mice per goup) of Ju18 GKO mice received semi-purified NKT

cells from C57BL6 mice. Each experiment included a group of Jul8 GKO that received

vehicle alone (RPMI) and a group of C57BL6 wt mice that was infected for comparison.

The significance of differences between the Jo,l8 GKO treated with RPMI and the groups

receiving adoptive transfer of cells was determined using the Turkey Cramer Multiple

Comparisons Test *p S.05; ** p <0.01.
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6.2.4 The effects of treatment with cl-Galactosyl Ceramide on the outcome of
primary HSV-I infection

The relevance of NKT cell activation in the anti-HSV response was examined by

observing the effects of s-GalCer therapy on the severity of HSV-I infection in the skin

and on the ability of the virus to replicate in the skin and DRG. The normally resistant

C57BL6 wt mice were injected with either Z¡t"g of o-GalCer in vehicle intraperitoneally, or

vehicle only, 1 day prior to infection and on days 3 and 7 post-infection. The animals (40

per group) were monitored for clinical signs of infection and the severity of skin lesions

was recorded,

After infection with the standard dose of HSV-1 (1x106 pfu), all mice had developed

lesions at the site of inoculation by day 3 p.i. However, while 22Yo of the vehicle treated

mice developed zosteriform lesions of varying severity by 5 days p.i., none of the o-

GalCer treated mice had detectable zosteriform disease (Score 0) (Figure 6.84 and B),.

This trend was apparent also at day 6 p.i., where 66Yo of vehicle treated mice developed

lesions of varying severity compared to only 35%o of s-GalCer treated mice. Similar results

were obtained for day 7 p.i..

To grade the severity of the zosteriform lesions, the mice were examined by a "blinded"

observer and scoring using the system shown in Figure 6.1. Of the vehicle treated mice,

lIo/ohad lesions of the score 1 on day 5 p.i. and a further ll%had lesions of score 2. In

contrast, none of the mice treated with cl-GalCer developed detectable lesions (Figure

6.94). By day 6 p.i., 35o/oof the u,-GalCer treated mice had developed lesions, which were

predominantly of mild severity (Score l; 20%; Score 2, l5o/o) (Figure 6.98). None of the

a-GalCer treated mice developed full zosteriform lesions (Score 3). On the other hand,

35Yo of the vehicle treated mice had mild lesions (Score 1), l0% had lesions of
intermediate severity (Score 2) and 2l'/o had developed band-like zosteriform lesions

(Score 3). At day 7 p.i., the usual time for clearance of infection from the skin and DRG,

22%o of the cr-GalCer treated mice had intermediate lesions and only l8% had band like

zosteriform lesions (Figure 6.9C and 6.108). Importantly, the remaining60Yo of mice had

no signs of clinical disease (Figure 6.108). In contrast,T}yo of the vehicle treated mice

developed lesions, which were of varying severity (10% band like zosteriform lesions and

30% with Score 1 or Score 2) (Figure 69C and 6.104).

t96



Treatment with o-GalCer also produced a signihcant reduction in virus titres in the skin at

days 3 (P <0.02) and 5 (P < 0.05) post-infection (Figure 6.114). At these times, HSV

titres were reduced by t3 log (day 3) and >1.0 log (day 5) when compared with the titres

in untreated mice. However, there was no difference in virus titre in skin between ü,-

GalCer treated and vehicle treated at day 7 p.i.. Levels of replicating virus were also

significantly lower in DRG from o-GalCer treated mice. At the early time of infection in

the DRG (day 3 p.i.) The virus load was reduced by t 2.0 log (p<0.02) at day 3 p.i., by

>2.0log (p<0.02) at day 5p.i. and by tl.5 log (p<0.02) at day 7 p.i.(Figure 6.1 1B).

Having shown that o-GalCer has an antiviral effect during the acute stages of HSV-I

infection, the next step was to determine whether the observed therapeutic effects can be

enhanced by administering a higher dose of u.-GalCer. Therefore, C57BL6 wt mice were

treated with either 2pg, 5 pg or 10 pg of ü-GalCer, or with vehicle only (n:10 for all

treatment groups).

The occurrence of zosteriform lesions on days 5 and 6 post-infection was reduced in mice

that received the higher doses (5 pg and 10 prg) of cr-GalCer (Figure 6.12A and B). ,The

highest dose of o-GalCer (10 pg) appeared to have the greatest therapeutic effect, as the

percentage of mice that developed lesions on days 7 and 9 was lower than in the groups

that received either 2 ¡tg or 5 pg of o-GalCer (Figure 6.I2C and D). Thus it appears that

the effect of a-GalCer in reducing the incidence of zosteriform lesions is dose dependent

and that it was greatest at the higher dose of 10 ¡rg.

The severity of the lesions was assessed, using the blinded procedure described above. As

observed for incidence of zosteriform lesions, severity of lesions was less in mice treated

with the higher doses of cr-GalCer. At day 5 p.i., most of the mice that received 5pg or

10¡rg of cr-GalCer (60% and 50olo respectively) showed no signs of clinical disease (Score

0). In comparison, only 37o/o of those treated with 2¡rg of cl-GalCer were without lesions

and only 20o/o of those treated with vehicle only had zero scores (Figure 6.134). Of the

mice treated with 5pg or 10pg of ü,-GalCer, most of those that developed lesions had

scores of I (Figure 6.138).
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Figure 6.8. Mice were treated with either a-GalCer or vehicle, infected with 1xl06 pfu

of HSV-I, SCl6, and the development of herpetic vesicles and zosteriform lesions was

assessed on days 5,6 andT p.i.

(A) Percentage of mice that developed lesions (Scores 1,2 or 3).

(B) Percentage of mice that had no signs of clinical disease (Score 0).
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Figure 6.9 Assessment of the severity of zosteriform lesions in mice treated with o-

GalCer and infected with HSV-I, SC16. Severity of zosteriform lesions was assessed

using the scoring system shown in Figure 6.l.Severity of lesions are shown at:

A) 5 days p.i.

B) 6 days p.i.

C) 7 days p.i.
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A B

Figure 6.10 Zosteriform lesions at 7 days p.i. in mice treated with either a-GalCer or

vehicle and infected with HSV-I, SC16.. The photographs illustrate representative mice

with lesions belonging to each category of severity. A) Vehicle treated mice: top:score 3 of

severity, middle: score 2, bottom: score 1. B) o-GalCer treated mice: top:score 3, middle:

score 2 and bottom: score 0.
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Figure 6.11 Virus titres in skin and dorsal root ganglia of C57BL6 mice infected with

1xl06 pfu of HSV-1, SC16, and treated with either vehicle or o-GalCer. The virus yield is

expressed as lo916 pfu. Each point represents the geometric mean titre of 10 mice (+ SD).

The significance of differences from vehicle-treated mice was determined using a Mann-

Whitney U test .* S.05; **P 9.02.
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Figure 6.12 Percentage of C57BL6 mice treated with either vehicle, 2pg, 5Vg or 10¡rg

of o-GalCer that developed zosteriform lesions after infection with 1x106pfu HSV strain

SC16.

(A) 5 days p.i.

(B) 6 days p.i.

(C) 7 days p.i.

(D) 9 days p.i.
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Figure 6.13. Severity of skin lesions at day 5 post-infection in C57BL6 wt mice that

were treated with vehicle, 2pg,5pgor 10¡rg of a-GalCer and infected with 1xl06pfu HSV

strain SCl6. The severity of disease was assessed using the scoring system shown in

Figure 6.1.
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Figure 6.14. Severity of skin lesions at day 6 post-infection in C57BL6 wt mice that

were treated with vehicle, 2þg,Sttgor 10pg of a-GalCer and infected with 1x106pfu HSV

strain SC16. The severity of disease was assessed using the scoring system shown in

Figure 6.1.
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Figure 6.15. Severity of skin lesions at day 7 post-infection in C57BL6 wt mice that

were treated with vehicle, 2þg,Sltgor 1Opg of u-GalCer and infected with 1x106pfu HSV

strain SC16. The severity of disease was assessed using the scoring system shown in

Figure 6.1.

Day 7: Score 3

o
o)
G
c(¡
o
o
o-

100

80

60

40

20

vehicle 2pg o-GalCer Spg o-GalCer 10¡.rg o-GalCer

206



Score 1 Score 2 Score 3

D

Figure 6.16 Zosteriform lesions in mice treated with varying doses of a-GalCer or

vehicle, T days after infection with HSV-I. Representative lesions in C57BL6 mice that

were treated with:

;
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Mice treated with 2¡rg of u-GalCer developed lesions of all 3 severities.

Mice treated with 5pg of a-GalCer developed lesions of all 3 severities.

Mice treated with 10pg of a-GalCer developed only mild (score 1) and

intermediate/moderate (score 2) severity.

Mice treated with vehicle only. These mice developed intermediate

(score 2) and severe (score 3) lesions.
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Figure 6.17 Severity of skin lesions at day 9 post-infection in C57BL6 wt mice that

were treated with vehicle, 2pg,5pgor 10pg of u-GalCer and infected with 1x106pfu HSV

strain SCl6. The severity of disease was assessed using the scoring system shown in

Figure 6.1. Score 1 is not shown because there were no animals with a score of I (mild) in

any of the groups.
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The dose-dependency of the effect of ü-GalCer on the severity of skin lesions was also

seen at days 6 andT post-infection (Figures 6.14 and 6.15). At day 6 p.i., most of the

vehicle treated mice had developed band-like zosteriform lesions (-80%), while majority

of the s-GalCer treated mice (all three groups) had only mild to moderate skin lesions

(Figure 6.138 and C). At day 7 p.i., mice that were treated with 10pg of u,-GalCer had

only mild and moderately severe skin lesions (Figure 6.158 and C), while mice that

received the lowest dose of (2pÐ developed moderate (-20%) or band-like zosteriform

lesions (-50%) and those that received the 5pg dose had lesions mainly of moderate

severity (Figure 6. 1 5).

Thus it appears that increasing the dose of o-GalCer results in reduced severity of the skin

lesions, and more importantly, an increase in the number of mice without signs of clinical

disease at the peak of viral replication. Furthermote, treatment with cl-GalCer appears to

shorten the duration of the skin lesions, with approx. 80% of the mice treated with 5-1Opg

lesion-free at day 9 p.i., compared with 600 in the mice treated with vehicle only (Figure

6.17). Lesions representative of those seen in the various treatment groups are shown in

Figure 6.16.

6.3 Discussion

This study exploits the availability of Jo18 GKO mice, which were produced using

C57BL6 embryonic stem cells (Cui et al., 7997). The mice are, therefore, completely

congenic and differ from wild-type C57BL6 mice only at the locus encoding the Jcr281

exon. This deletion prevents Jo18 GKO mice from producing T cells that express the

canonical invariant Ju281- Vul4 TCR that defines Type 1 NKT cells(Cui et al., 1997).It

can be argued, therefore, that peripheral T cells from C57BL6 wt mice differ from those in

secondary lymphoid tissues in Jul8 GKO mice only in the presence of Type 1 NKT cells

and that adoptive transfer of spleen cells from wt donors to Jo18 GKO recipients should

correct specifically the phenotypic difference between the two strains. In practice, this is a

reasonable prediction because analysis of Jcr18 GKO mice indicates that they have a

normal lymphoid system, with the exception of a specif,rc defect in Type 1 NKT cells (Cui

et al.,1997).
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Therefore, adoptive transfer of NKT cells from C57BL6 wt mice into Jo18 GKO

recipients was used to assess the capacity of the NKT cell complement to confer protection

against HSV-I. This approach has been used previously to investigate the role of NKT
cells in restricting the growth of methylcholanthrene (McA)-induced fibrosarcomas

(Crowe et a1.,2002).ln that study, it was shown that inhibition of tumour growth was dose

dependant and that 106 liver lymphocytes (-3.0 x 105 NKT cells) were required for

optimal prevention of tumour growth. Because the protective immune response against a

virus must be rapid, we transferred a greater number of NKT cells (- 7.5x10s) to Jcll8

GKO recipients, as either liver lymphocytes (3x106) or splenocytes (3x107;. Although

NKT cells constitute only -2-3%o of spleen lymphocytes, they are more easily obtained.

NKT cells are more abundant in liver (-20%) and for this reason they were tested also.

Transfer of -7x10s NKT cells, derived from either liver or spleen, restored resistance of
Js18 GKO recipients to HSV-1 to levels comparable with C57BL \Mt mice. Virus

replication was similar in the skin and ganglia of wt mice and complemented Jo18 GKO

recipients 7 days p.i. Because of the large difference in the total numbers of spleen and

liver lymphocytes transferred, it appeared unlikely that the protective effect was due to the

transfer of any other subset of cells. Subsequent studies used spleen cells for convenience.

In these experiments, control adoptive transfer of splenocytes from Ju18 GKO donors

failed to confer protection against HSV-I, indicating that the protective effect of spleen

cells from wt mice was due to the complement of Type 1 NKT cells and not simply an

effect of greater numbers of classical T cells or cells of other lineages (eg NK cells).

Verification that the protective effects of spleen cells from wt donors are due to NKT cells

requires transfer of the purified cells. Purification of NKT cells from spleen was not

achieved, due to time constraints and to the difhculty in purifying a minority subset of
cells. However, using preparations enriched in NKT cells, adoptive transfer of 2.8 x10a

NKT cells had a significant effect in restricting virus replication in skin and DRG of the

recipients. In additional experiments, using preparations enriched for NK1.1* cells,8x10a

NKT cells (together with NK cells as the main contaminant), transfer again resulted in

significantly reduced viral titres in both skin and DRG of recipient mice. Using the most

highly enriched preparation, containing 1.5x 105 NKT cells per recipient (plus NK cells)

produced a similar result. While not conclusive, when viewed together with the lack of
protection from Jal8 GKO splenocytes, it is unlikely that the protection observed against
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HSV-1 infection was provided by other contaminating lymphocytes. Further experiments,

employing the transfer of pure NKT cell populations, are needed to confirm this

conclusion. Use of liver lymphocytes may be more successful, due to the higher proportion

of NKT cells in the commencing preparation.

Adoptive transfer of NKT cells has been employed previously by a number of
investigators to establish the role of NKT cells in a variety of immunological settings. As

mentioned earlier, transfer of liver NKT cells from wt donors to Jo,18 GKO recipients has

been used to evaluate the role of NKT cells in protection against methylcholanthrene

(MCA)-induced fibrosarcomas (Crowe et aL.,2005, Crowe et a1.,2002). Other studies

have shown that spleen-derived NKT cells can mediate immune deviation in the anterior

chamber of the eye (Sonoda et a|.,2001) #1221), and that they can promote airway hyper-

reactivity in an allergic asthma model (Akbari et aL.,2003).

These and other studies have presumed that liver and spleen-derived NKT cells are

functionally homogenous and that they are representative of all NKT cells. However, it has

been discovered more recently that different NKT cell subsets mediate particular responses

ìn vivo (Crowe et al., 2005, Terabe et al.,2005). In particular, it appears that that liver

NKT cells (and primarily the CD4- subset) are unique in their ability to confer protective

anti-tumour immune responses (Crowe et ol., 2005). This observation raises several

important questions, including whether the effects that are mediated by NKT cells in the

setting of HSV-1 infection are influenced by the tissue of origin of the NKT cells. Findings

from the study described herein show clearly that both liver and spleen derived NKT cells

are capable of promoting protection against HSV-I. However this should be further

investigated by comparing the protective activities of various subsets of NKT cells in

response to HSV-1 after adoptive transfer to Ja18 GKO mice.

The findings in earlier chapters have demonstrated an important role of Vol4* NKT cells

in host protection against HSV-1 infection. To augment this effect, wt C57BL6 mice were

treated with cr-GalCer to activate the Vsl4* NKT cells specifically. Treatment with 2¡rg of
o-GalCer reduced the incidence and severity of skin disease, and reduced the amount of
replicating virus in the skin and ganglia of treated mice significantly. Increasing the dose

of a-GalCer augmented the effect further, leading to reduced incidence and severity of
skin lesions after infection with HSV-I. Thus, while animals treated with o-GalCer still
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developed moderate and severe zosteriform lesions, the incidence was signif,rcantly

reduced in treated animals when compared to the vehicle injected controls and mice

treated with the high dose of s-GalCer (10¡rg) failed to develop full band like zosteriform

lesions. Further work is needed to determine the most beneficial dose of u-GalCer for

protection against acute HSV-1 infection.

The mechanism responsible for the protective effect of u-GalCer presumably involves the

activations of Vo14*NKT cells. Previous studies have shownthat these cells are activated

within hours on injection and that they produce copious amounts of both regulatory and

pro-inflammatory cytokines, in particular IFN-y and IL-4 (Fujii et a|.,2002, Singh et al.,

1999, Tomura, 1999). In mice treated with u,-GalCer, there is rapid release of various

cytokines into the serum, and these cytokines induce the activation of NK cells, dendritic

cells, macrophages, B cells and conventional T cells (Carnaud et al., 1999) (Eberl et al.,

2000b) (Eberl et a\.,2000a). This rapid and vigorous cytokine release by Vo14* NKT cells

appears to play a critical role in the regulation of autoimmune diseases (Hong et aL.,2001,

Sharif et aL.,200I, Wang et a|.,2001), protective immunity against tumours (Smyth et al.,

2002a, Smyth et aL.,2002b) and the response to infectious agents (Kawakami et a1.,200Ib,

Nieuwenhuís et aL.,2002).In augmenting protection against HSV-1, NKT cells could act

as effectors locally in the skin and other sites, suppressing virus replication by production

of IFN-y. In addition, they could restrict spread of the virus, or limit its growth in the

DRG, by synergistic effects on the production of virus-specihc CD8* T cells.

While the precise molecular mechanism of the protective effects of o-GalCer in HSV-1

infection remains to be fully clarified, it is possible that activation of Vol4\KT cells by

the compound acts to restrict viral spread and replication. Both dose and timing of

administration may prove to be critical for the maximal effect of cl-GalCer against of

HSV-I. From other studies, it appears that NKT cells proliferate within 3 days of
treatment, to reach levels of up to 10 times their steady-state numbers, before contracting

to pre-stimulating levels by 6-9 days (Crowe et a|.,2003) (Wilson et al., 2003) (Harada et

al., 2004). The rapid kinetics of HSV replication and transport between the skin and PNS

dictate that therapeutic interventions designed to reduce the pathological effects of the

virus must act rapidly if they are to be effective. Thus, it is important to investigate

whether maximum benefit requires activation of NKT cells before infection or whether q,-

GalCer can be administered immediately following infection. This would be important if
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a-GalCer is to have a place as a therapeutic intervention in situations where there is a high

risk of severe HSV-I infection, such as neonatal exposure to the virus from actively

infected mothers. The role of NKT cells in HSV-I infection is clearly an exciting area of

investigation with obvious clinical potential. The possibility that NKT cells can enhance

immunity, whether via direct recognition or indirect mechanisms, makes them important

targets for future therapies and to deliver adjuvant effects in vaccine design.
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Chapter 7

General Discussion & Conclusions
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Herpes simplex viruses are highly pervasive pathogens in humans, with seroconversion

rates in adults of greater than 600/o worldwide. HSV-I is associated with the disease

herpetic stromal keratitis, the leading cause of infectious comeal blindness in the

industrialized world. In spite of the availability of antiviral therapy for the treatment of
neonatal HSV infections, the outcome remains poor, particularly for babies with

disseminated multi-organ infection or infection that involves the CNS. Patients who are

immunocompromised may be at risk of serious and potentially life-threatening

complications of herpes virus infections. The morbidity associated with these infections is

principally due to the inflammatory response, the development of lesions, and scarring.

Study of interactions between the host immune response and HSV-I is important,

therefore, in order to better understand the pathogenesis ofherpetic disease and to design

better therapies. The murine zosteriform model appears to mimic the natural infection

process in humans and as such, provides an excellent opportunity to study the pathogenesis

of HSV inlections in vivo.

The clinical outcome of an HSV-1 infection can be considered as a race between

development of the host defences and the progression of infection (Goel et al.,2002).

Numerous studies have concentrated on the role of NK, T, B and other cells in the immune

control of HSV-1 (for review see (Koelle et a|.,2003, Mossman et aL.,2005). However,

none to date have addressed the role of NKT cells. This study concentrated principally on

the role of these cells in the pathogenesis of HSV-I infection. The studies described in

Chapter 3 and 4 have been published (Grubor-Bauk et al., 2003) and are the first to

demonstrate a role for NKT cells in the immune control of HSV-1. Use GKO mice, on the

highly resistant C57BL6 background, the studies demonstrate clearly that the lack of CDld
and NKT cells leads to enhanced susceptibility to infection, increased morbidity, greater

and faster spread of HSV-1 and higher viral loads in skin and DRG (Chapter 3).

The dose ranging studies (Chapter 3) suggest that CDld-reactive NKT cells have multiple

important regulatory roles in the control of HSV-I spread, severity of skin lesions and

virus titres in skin and ganglia. Comparisons between wild type (NKT cell replete), JalS

GKO (deficient in invariant Va14* NKT cells) and CDld GKO (deficient in all CDld-

dependant NKT cells) mice allowed assessment of the importance of the CDld-dependant

subset in defence against the virus at various stages of infection (Chapter 3). These
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comparative studies indicate that both Vü14* NKT cells and CDld-dependant NKT cells

with diverse TCRs play roles in protective immunity against HSV-I. The finding of

comparable mortality in Jol8 GKO mice and C57BL6 mice at low doses of virus indicates

that the activity of Vsl4* NKT cells becomes significant only at higher virus doses, while

NKT cells with diverse TCRs are important even at a dose as low as lxl0s pfu. Thus, both

subsets of NKT cells are important in the early control of HSV-I infection, but the

contribution of CDld-dependant NKT cells with diverse TCRs appears to be most

important. Interestingly, hind limb paralysis was very common in both GKO strains,

suggesting that the spinal cord is invaded in these mice. It is clear, therefore, that the

Vo14* NKT cells are important in limiting virus spread to the CNS.

Because there is a distinct relationship between virus challenge dose and the clinical

outcome in both GKO mouse strains, it is likely that the main effect of NKT cells is to

limit the initial amplif,rcation of the virus in the skin and/or the DRG. At a dose of 1x106

PFU (Chapter 3; (Grubor-Bauk et a1.,2003)), the virus load at the inoculation site was

found to be similar in CDld GKO and C57BL6 mice at 72 hours after inoculation. This

suggested that NKT cells do not control early expansion of the virus. However, at a dose

of 1x106 PFU, the virus load in skin is clearly higher in Jol8 GKO mice than in C5TBL6

controls. This finding suggests that the Vcr14* subset plays a significant role in limiting

local virus replication at lower challenge doses but that the effect is overwhelmed at higher

doses. These findings, at a dose that is probably more similar to natural transmission,

support the suggestion by Mitchell et al (1996) that the outcome of infection with virulent

HSV- 1 is a race between development of the host defences and the replication of the virus

and its spread.

This hypothesis was tested by examining the load of virus at the next anatomical

destination of the virus. Following infection with lxl06 PFU, highertitres of virus were

detected in DRG from Jü18 GKO mice than from C57BL6 mice, suggesting that the

Vo,14* subset of NKT cells does indeed control the level of replication and persistence at

this site. Impairment in clearance of infectious virus from DRG in CDld GKO and Jo18

GKO mice was demonstrated by the detection of viral antigen in ganglia from these mice

at 7 days post-infection, when essentially all neurons in DRG from C57BL6 mice were

free of viral antigen (Chapter 4). Histologically, neuronal damage and death appear to be

equivalent in the DRG of both GKO strains, supporting an important role for the Vo14+
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subset of NKT cells in controlling viral replication and neuronal destruction (Chapter 4).

The differences in titre of infectious virus in DRG from C57BL6, Jo18 GKO and CDld
GKO mice were not dramatic after infection with lower doses of virus (5x10s and lxl0s
PFU), suggesting that the role of NKT cells in DRG is most important when there are high

levels of replicating virus.

When the zosteriform lesions were compared at the lower doses of virus (5x105 or 1x105

PFU), it was clear that in both incidence and severity, they were most similar between

Jul8 GKO mice and C57BL6 mice (Chapter 3). In contrast, these measures of anterograde

axonal spread and secondary skin infection were both markedly different in the CDld
GKO mice. It appears, therefore, that both subsets of NKT cells have significant roles in

limiting the anterograde spread of virus and/or its secondary replication in the skin, but

that the CDld-dependant subset with diverse TCRs may be more impoftant at this stage of
the infection than the Vo,14+ subset of NKT cells. This conclusion is supported by the

delay beyond 7 days in the clearance of infectious virus from the zosteriform lesions in

CDld GKO mice.

The exact relationships between the mechanisms that control acute ganglionic replication

of virus, the establishment of ganglionic latency, and reactivation of virus are unknown.

Dose-ranging studies in mice and guinea pigs have demonstrated that the peripheral

inoculum, the extent of initial ganglionic replication, the number of latently infected

neurons, and the frequency of reactivation are all related (Lekstrom-Himes et a1.,1998,

Sawtell, 1998, Sawtell, 2003). Thus the presence of LAT transcripts provides a valuable

"foot print" with which to track both the abundance of latency and the anatomical spread

of the virus. Examination of LAT transcripts in the DRG has been informative for two

reasons (Chapter 4). Firstly, it indicates that NKT cells affect the establishment of latency,

either directly or indirectly. It is clear that the proportion of LAT-positive DRG on the side

ipsilateral to infection was higher in mice of both GKO strains than in C57BL6 mice. This

appears most likely to be due to involvement of nerve endings from more dermatomes at

the site of primary infection and enhanced transneuronal spread.

The use of LATs also allowed the spread of the virus to the spinal cord to be tracked. The

presence of LAT positive DRG on the side contra-lateral to the site of infection in the
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GKO mice indicated that the virus had traversed the spinal cord. This conclusion is

supported by the observation of increased levels of hind limb paralysis in both strains of

GKO mice after infection with the standard dose of virus, as discussed above. It appears,

therefore, that NKT cells provide protection against CNS invasion. Invasion of the CNS is

the probable cause of death in infected mice, leading to the conclusion that the proportion

of LAT positive DRG on the contra-lateral side in the survivors in fact under-estimates the

true proportion of mice that suffered spinal cord invasion.

A striking finding was the protective effect of NKT cells on the effects of replication and

spread of HSV-I on neurons in the DRG of both GKO strains (Chapter 4). Neuronal

destruction in DRG, on the scale observed in these mice, has been observed previously

only in mice that have been treated with anti-CD8 monoclonal antibodies to deplete CD8*

T cells (Simmons et al.,I992c). This observation suggests that inDRG, as in skin, early

mobilization of virus-specific CD8* T cells by NKT cells is vital to control virus

replication. Furthermore, clinical evidence of transverse myelitis (caused by spinal cord

invasion) and the presence of more LAT* ganglia on the contralateral side in survivors (see

above) indicates that a rapid and adequate cytotoxic T cells response is also necessary to

prevent spread to the CNS. These findings provide an explanation for the lethal effects of
virulent HSV-I in NKT cell-deficient mice and emphasize the crucial role that these cells

play in defence against neuro-invasive strains of the virus. Furthermore, by reducing the

number of infected DRG and the proportion of infected peripheral neurons, NKT cells

indirectly influence the extent of latent infection and the morbidity caused by re-activation

of the virus later in life. It is concluded, therefore, that both subsets of NKT cells play

important roles in controlling HSV-1 and preventing lethal neuroinvasive disease, that

both are vital adjuncts to the adaptive immune response and that without them, low doses

of neuropathogenic HSV-1 can establish quickly and cause fatal infections.

Importantly, the results indicate that NKT cells are critical for resolution of infections with

virulent clinical isolates of HSV-I and this contrasts with recent hndings obtained by

others using a relatively attenuated laboratory strain of HSV-1(Comish et ø1.,2006). That

study did not hnd any signif,rcant compromise in the handling of the KOS strain of HSV-I

by CDld GKO mice and concluded that NKT cells are not critical for resolution of HSV-1

infection (Comish et al., 2006). In contrast, CDld GKO mice infected with the

neuropathogenic clinical SCl6 strain of HSV-I experience more severe disease than
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C57BL6 mice (Chapter 3 and 4; (Grubor-Bauk et a1.,2003). Comish et al (2006) attributed

the difference between their study and the data published using the SC16 strain (Grubor-

Bauk e/ a1.,2003) to difference in virus strains and this assessment appears to be valid.

Reports from a number of laboratories indicate that low passage clinical isolates, such as

SC16, behave in a manner more similar to each other and to recent clinical isolates, than to

the highly passaged KOS strain (Bower et aL.,1999, Dix et aL.,1983, Goel et a\.,2002).In
particular, comparing the KOS strain with highly neuro-invasive strains of HSV-I in a

zosteriform model of HSV-I infection, the potential to invade the CNS was found to

correlate with severity of zosteriform lesions, the percentage of mice that exhibited

zosteriform lesions and with mortality (Goel et al., 2002). Neuro-invasive potential

followed the trend: low passage neuronal isolates>low passage non-neuronal

isolates>>highly passaged laboratory strains (Dix et al., 1983) (Goel et al., 2002).

Therefore, given the reported attenuation in the neurovirulence of the KOS strain (Bower

etal.,1999,Dick etal.,1995,Dix etal.,l983,Goel eta|.,2002, Thompson etaL.,1986),

the virulent SCl6 strain provides a better indication of the general significance of NKT

cells in handling HSV-1 infection in this model than the results obtained using the KOS

strain. The work of Allan et al (2003) suggests that early events that might appear

unimportant in resistance to relatively attenuated strains of HSV-I (Comish et a1.,2006)

could assume critical importance in resistance against neuro-virulent strains, such as SC16.

Allan et al (2003) showed in the zosteriform model that there is progressive local spread of
virus in the skin within the 14-48h period after infection and that this early amplification

ensures access to the DRG via sensory nerve endings and influences the clinical

manifestation of disease. It follows, therefore, that studies aimed at identifying elements

that are important in protective immunity to HSV-1 should employ virulent strains, such as

SC16, that are likely to exercise the full gamut of host defences that utilised during natural

infections.

While it is clear that NKT cells are potent regulators of HSV- 1 infection, the mechanism

by which NKT cells exert their protective effects against HSV and other viruses have not

been characterised. As discussed earlier, it has been shown that rapid production of
cytokines by activated NKT cells can induce bystander activation of NK, T and dendritic

cells, thus facilitating the development of protective T cell responses (Fujii et al., 2002,

Hansen et aL.,2004). Questions arise, therefore, as to whether NKT cells are activated after

infection with HSV-1. This question was addressed by examining the phenotype of NKT
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cells during the acute stages of primary HSV-I infection. NKT cells were found to down-

regulate surface NKl.1 and uBTCR (Chapter 5). This was observed in the liver, spleen and

draining lymph nodes. In the liver NKT appear to show signs of activation such as down-

regulation of cell surface markers, 'disappearance' and robust subsequent in vivo

proliferation in response to HSV-1, resulting in expanded NKT cell population in the liver

7 days post infection.

In the spleen, NKT cell numbers are dramatically reduced during the course of HSV-I

infection and it remains to be investigated whether they are undergoing AICD or are being

directly infected by HSV-I, as previously reported with LCMV (Lin et a1.,2005) and HIV

infections (Sandberg et a1.,2002). In HlV-l-infected patients, NKT cells are reduced

(Sandberg et al., 2002), remain so for at least I year following infection, and this is

correlated with Fas expression (van der Yliet et a|.,2002). During MCMV infection rapid

and dramatic reduction of NKT cells is in part mediated by IL-12 (Biron et aL.,2001). A

similar decrease has also been repofted in hepatitis C virus patients (Lucas et a1.,2003).

Thus it remains to be established whether the depletion of NKT cells during HSV-I and

several other viral infections, occurs as a result of AICD after NKT cells have been

activated, or whether it reflects a microbial survival strategy specifically targeted at

disruption of NKT cell-induced immune responses. One hypothesis relates to the

possibility that invariant NKT cells exist in two or more functionally distinct subsets and

that these subsets are activated by different stimuli, leading to the diverse outcomes of
NKT cell activation that we and others have observed (reviewed by (Yu et a1.,2005)).

However it can not be excluded that the reduction in iNKT cell proportion and numbers in

the liver and spleen occurs due to the recruitment of NKT cells from liver and spleen to

other sites during the course of infection.

In the draining axillary lymph node NKT cells CDld-tetramer staining revealed sustained

disappearance of CDld tetramer+ iNKT cells throughout the course of primary infection,

while in contrast, the absolute number of detectable lymph node CDld tetramer+ iNKT

cells dramatically increased during infection. It is plausible that reduced proportions of
NKT cells are a consequence of great influx and proliferation of other lymphocytes in

response to HSV-I infection and this remains to be investigated. However the dramatic

increase in iNKT cell numbers is indicative of their response to HSV-I infection and thus

it is plausible that they become activated and proliferate in response to HSV-I. Another

220



possibility is that NKT cells are recruited to the axillary lymph node from other sites, thus

resulting in an increase in their numbers.

This finding is of great significance as it is likely that the activation CD8* T cells occurs in

the axillary lymph node draining the site of infection and activation of NKT cells has been

shown to result in subsequent activation of CD8* T cells (Carnaud et a\.,1999). Thus it is
plausible and remains to be investigated, that in response to cutaneous HSV-I infection,

NKT cells in the axillary lymph node are activated, increase in numbers and activate CD8*

T cells. These activated CDS+ T cells are then recruited to the PNS where they clear

replicating HSV-1.

At any rate, NKT cells, activated early during viral infections, amplifl' the initial viral

response by rapidly activating NK cells that directly or indirectly control infections and

augment fuither classical T cell responsiveness and it is possible that this may be the case

with HSV infections. In future it would be of great importance to determine exactly which

NKT cell subsets are being activated in organs of interest and which cytokines are being

produced by the HSV-activated NKT cells.

Furthermore, taking into the account the importance of CDS+ T cells in rapid control of
HSV infection and neuronal survival it would be crucial to determine if NKT cells

contribute to the eff,rcient induction of CD8* T cell response against HSV-I and whether

activation, recruitment or expansion of HSV-specific CD8* T cells is diminished in the

absence of NKT cells.

In other studies, functional interactions between NKT cells and other immune cells have

been dissected by adoptive transfer experiments involving recipients that lack NKT cells.

This approach was used in the work described in Chapter 6. Because CDld GKO mice

lack all CDld-dependant NKT cells, they are not suitable as recipients in adoptive transfer

experiments because they lack the signalling element required for NKT cell activation.

While Ja18 GKO micelack the genetic elements required to produce the semi-invariant

TCRo chain, they nevertheless express CDld and can sustain activation of adoptively

transferred CDld-restricted NKT cells. Furtherrnore, because they are replete in NKT cells

that express variant TCRs, complementation of function by adoptive transfer of spleen

cells from C57BL wt mice can be attributed to the presence of Type 1 NKT cells in the
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donor population. The adoptive transfer studies did not examine the specific mechanism

by which NKT cells provide protection against infection with HSV-I. However, they do

demonstrate that the defect in handling of HSV-I by Jc18 GKO mice can be

complemented by adoptive transfer of normal splenocytes (Chapter 6). Although methods

to purify NKT cells were not successfully developed within the study period, it was found

that transfer of populations enriched in NKT cells resulted in significantly improved

protection against HSV-1 (Chapter 6). Future studies should aim at purification by positive

selection, using magnetic cell sorting beads armed with anti-PE antibodies to select NKT

cells labelled with PE-conjugated CDld tetramers loaded with cr-GalCer. However it
should be borne in mind that NKT cells isolated using tetramers can sometimes be

paftially activated and tend to produce cytokines spontaneously in culture (Berzins et al.,

2005a). An alternative is FACS sorting, allowing purification based on expression markers

such as CDld tetramer and opTCR (Berzins et a1.,2005b). Berzins et al (2005a) have

found that sorting by FACS, based on two colour labelling of NKl.l and oBTCR,

produces greatly enriched NKT cell populations that are not activated. Nevertheless, while

activation may not always occur when using TCR-specific reagents, it is important in

adoptive transfer studies to be aware of this possibility, especially when the possible

responses of NKT cells to endogenous antigens are being tested (Campos et al., 2003,

Crowe et a1.,2002). A cautious approach is to compare the results obtained by more than

one method. For example, if un-fractionated liver or spleen produce similar results to

FACS-sorted NK1.l*opTCR* cells, it is strong evidence that NKT cells are involved,

independently of stimulation caused during their isolation (Chapter 6) (Berzins et al.,

2005b, Crowe et a1.,2002).

Studies such as these could be complemented by comparing the protective effect of NKT

cells purified from donor GKO mice that lack specific effector molecules, such as IFN-1,

TNF-ü, or perforin. This would provide essential information on the effector mechanisms

that are responsible forthe protective effects of NKT cells inHSV-1 infectedmice. This

approach has been applied successfully to characterisation of the mechanisms involved in

NKT cell-mediated rejection of transplanted MCA-induced sarcomas (Crowe et a1.,2002),

other models of cancer (Nakagawa et al.,200I, Smyth et a1.,2002b), allergy (Campos e/

al., 2003), hypersensitivity (Akbari et al., 2003) and autoimmunity (Hammond et al.,

2003, Hong et a1.,200I).
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Progress in understanding invariant NKT cell biology has been greatly facilitated by the

discovery that the glycolipid KRN7000, more commonly known as a-GalCer, is a potent

stimulator of invariant NKT cells. s-GalCer has been studied as a potential therapeutic

agent to activate invariant NKT cells in models of autoimmune disease, tumour rejection

and responses against various infectious agents (reviewed by (Yu et aL.,2005)). Given the

importance of NKT cells in combating HSV-I infection, treatment with o-GalCer was

tested in C57BL6 mice prior to and during infection with HSV-1 (Chapter 6). Intra-

peritoneal treatment of the mice with 2pg of o-GalCer, prior to and during HSV-I

infection, led to reduced incidence and severity of skin lesions and reduced viral titres in

skin and ganglia (Chapter 6). Higher doses of a -GalCer augmented the beneficial effects

in C57BL6 mice, further reducing the incidence and severity of zosteriform lesions

(Chapter 6). However, treatments with a-GalCer did not completely abolish the disease

and more detailed investigations are needed to determine the optimum dose of cl-GalCer

and the timing of its administration.

Another important factor in determining the efficacy of o-GalCer may be the timing of

administration. Following administration of u-GalCer to C51BL6 mice, NKT cells

produce both IL-4 and IFN-y within 2-3hours. In tandem with this cytokine production,

there is apparent loss of invariant NKT cells,(as detected with cr-GalCer loaded CDld

tetramers), although as discussed in Chapter 5, this does not mean necessarily that they

have undergone apoptosis. Within 2-3 days after treatment, numbers of CDld tetramer

positive NKT cells increase, with predominantly an NK1.1- phenotype, before returning to

homeostatic levels (Crowe et al., 2003, Wilson et al., 2003). A dramatic downstream

effect of activation of invariant NKT cells, occurring between 2-24 hrs post-activation, is

the trans-activation of bystander cells, including production of IFN-^¡ by NK cells.. In fact,

NK cells are responsible for the bulk of the 'late-phase' IFN-y observed in serum

following in vivo administration of o-GalCer, and they probably contribute significantly to

the immunological efficacy of this glycolipid (Carnaud et ø1.,1999).

Thus timing of administration may prove to be critical for optimal therapeutic effects of a-

GalCer in the zosteriform model of HSV-I. Timely production of cytokines and expansion

of invariant NKT cells may important to allow the adaptive immune system to respond in

time to combat the fast kinetics of HSV replication and its movement between the skin and

the PNS. Furthermore, research is needed to dehne the downstream mechanisms of NKT
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activation in producing the anti-HSV effects of u-GalCer. In particular, it is important to

understand how activated NKT cells interact with the activation of NK cells and CD8* T

cells, as both of these cell types have been shown to be crucial in limiting the replication

and spread of HSV-1 inthis model of infection. As mentioned above, NK cells appearto

be the main source of IFN-y after o-GalCer stimulation invivo (Hayakawa et a1.,2001)

and IFN-y has a major influence on the severity of HSV-I infection.

It is clear from the work described in this thesis that NKT cells have an important role

during the course of HSV-I infection, especially in providing a "kick-start" to the

protective immune response and thus tipping the balance in favour of the host. However,

the question remains as to how these cells become activated after exposure to HSV-1 or

other viruses. In other words, what is the nature of the ligand, presented in the context of
CDld molecules, that is recognised by NKT cells? The simplest explanation may be that

virus-specific hydrophobic peptides are involved in this recognition, possibly engaging

with variant TCRs of Type 2 NKT cells. Alternatively, endogenous glycolipid antigens,

exposed as a result of tissue damage during infection, could act as antigens to invariant

Type 1 NKT cells (Hansen et aL.,2004). Like NK cells, CD1-restricted NKT cells express

molecules encoded by the natural killer complex (NKC) (reviewed by (Yokoyama et al.,

2003)). Examples of molecules encoded by the NKC include NKR-P1, and members of
the Ly49 and NKG2 superfamilies. These receptors are involved in the control of NK cell

functions and regulate cytotoxic activity and cytokine production. It is possible that

activation of these receptors during viral infections could also influence NKT cell

function. Finally, many of the effects mediated by NKT cells during viral infection seem to

require the action of pro-inflammatory cytokines. Therefore, it is possible that cytokines

such as IL-I2 or IL-18, produced by macrophages, could trigger NKT cell activation in an

antigen-independent manner (reviewed by (Hansen et aL.,2004)).

As more understanding is gained about how NKT cells become activated during HSV-I

infection, and how they mediate their antiviral effects, it is possible that other ways will be

developed to modulate and activate this interesting subset to the benefit of the host. In the

context of the work described herein, drugs with properties similar to s-GalCer might be

used in prophylaxis against severe HSV infections in susceptible individuals, such in

prevention of neonatal herpes simplex infection. Finally, the adjuvant-like properties of o-

GalCer raise the possibility that it could be used to enhance the effrcacy of anti-viral
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vaccines. A better understanding of the ligands that are recognised by CDld-restricted

NKT cells, their requirements for activation, and the way in which they mediate their

antiviral effects will provide important insights into the role of these cells in host defence

against infectious diseases. Such understanding may ultimately provide avenues for

effective therapeutic approaches to treatment of serious herpes virus infections and for

prevention of human herpesvirus diseases.
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AMENDMENTS

p10 line 2- insert "At the cellular level, infection has three distinct stage--" at the start
of the sentence

p13 paragtaph 3, line 4- insert "This suggests that innate and cellular immunityplay
an imPortan¿-"

p16 paragraph 1, line 9-insert "Recent studies have also shown that micro RNAs
encoded by LATs may be important in protecting infected neurons from apoptosis
(Branco et al2006).

p20 paragraph 3, line 3- insert the word "of'between prevention and infection.
p22 pangraph 1, line 4-insert ulggs,' after,,Burchettet al.,'
p22 paragraph 2,line 2-change,,Canntin', to,,Cantin',.
p25 paragraphl,line 2-change,,CDg" to,,CDg+',
p25- insert definition of pc-gB : 'þlasmid DNA-encoding glycoprotein B',
p32 parcgraph2,line 1 "Tol" change to ,,Toll_like,'.

p79 title "1.4.6 Hypotheses" chang e to ,,Aims and hypotheses',
p96 insert "definition of pSLAT4: a 0+78 kb SphI fragment (nucleotides
119292+120078) of HSV-1 strain 17 in pBluescribe M13 plasmid".
p98 GraphPad Prism software was used for statistical analysis of data.
pl27 paragtaph2,line 8- "dose of lx10s is 1O-fold less" should read,,dose of lxl0s is
1000-fold less"

p146 paragraph 2, line 5- "ate thought to be of uttermost importance" change to ,,are

thought tobe of crucial importance".

p158 paragraph 5-"It is important to note that neuronal destruction in the ganglia of
HSV-I infected mice has been described only once previously." should read ,,It is
important to note that neuronal destructi on on this scale in the ganglia of HSV-1 infected
mice has been described only once previously."




